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Abstract: The continuous improvement in the seaworthiness of Arctic shipping routes has caused an
urgent international demand for meteorological and sea ice information. In view of the diversity of
Arctic meteorological and sea ice information websites and the uneven service levels of the websites,
and to assist Arctic navigation ships in selecting timely, stable, and reliable meteorological and
sea ice information, this paper summarizes the websites providing Arctic meteorological and sea
ice information. Constructing an evaluation indicator system for the service level of the Arctic
meteorological and sea ice information websites from the two dimensions of data quality and
browsing experience, this system integrates the cloud model, the Dempster-Shafer (D-S) evidence
theory, and the Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) method
to construct a corresponding service-level evaluation and decision optimization process of Arctic
meteorological and sea ice information websites. Finally, through case analysis, the feasibility of this
research method is demonstrated.

Keywords: Arctic navigation; website evaluation; cloud model; decision-making optimization

1. Introduction

Compared with traditional shipping routes, the opening of Arctic shipping routes has
greatly shortened the distance from Asia or North America to Europe and brought great
benefits to the shipping industry. The extent of sea ice in the Arctic has been shrinking
since 1970, and predictive studies indicate that there will be an “ice-free summer”, making
Arctic shipping routes an increasingly important shipping strategy [1]. Obtaining timely
and accurate information on the navigational environment in the Arctic region can assist
ships in making the correct decision and reduce the navigational risk to a certain extent. In
addition, the International Maritime Organization (IMO) has implemented an e-navigation
strategy to exchange maritime information electronically between the ship end and shore
end [2]. Therefore, accurate and timely polar navigation information is of great significance.

Paying attention to the environmental variables involved in research related to Arctic
navigation safety, Sahin and Kum [3] used the improved fuzzy analytic hierarchy process
to summarize various navigational risk factors in the Arctic region, including harsh envi-
ronmental conditions and lack of hydrometeorological information. Zhang et al. (2020)
constructed a real-time assessment and prediction model for the maritime risk state of Arc-
tic shipping routes by categorizing the factors affecting navigation in the Arctic region into
solid and dynamic factors (such as sea temperature, wind, and sea ice concentration) [4].
To determine an economically safe shipping route in the Arctic Ocean, Lee et al. (2021)
combined sea ice concentration, sea ice thickness, sea ice type, wind, wave, ocean current
and other risk factors to conduct risk assessments of navigation conditions [5]. Based on
the improved polar operational limit assessment risk indexing system (POLARIS), Li et al.
(2020) built a navigation plan model by comprehensively considering sea ice, waves, ocean
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currents, wind, and temperature [6]. Li et al. (2021) have constructed a risk assessment
model for LNG carriers sailing in Arctic waters by using dynamic Bayesian networks and
combining wind, sea temperature, wave and sea ice density data [7]. Based on the sea ice
status data from 2011 to 2020, An et al. (2022) identified three key waters and navigation
windows affecting the safety of navigation ships along the Northeast Passage [3]. Yang et al.
(2024) comprehensively analyzed 149 relevant pieces of literature exploring the main risk
factors and data sources considered by different risk assessment models [9]. Considering
the variables involved in the above research, the variables concerned in this paper are
divided into two categories: sea ice information and meteorological information. Sea ice in-
formation includes sea ice concentration, sea ice thickness and sea ice type. Meteorological
information includes wind, sea temperature, waves, and ocean currents.

Reviewing the relevant research on Arctic navigation safety and noting the website
sources of relevant research environmental data, Kotovirta et al. (2009) built an ice route
navigation optimization system based on the sea ice information provided by the Swedish
Meteorological and Hydrological Institute [10]. Nam et al. (2013) used information on
sea ice, sea temperature, wind, and waves to construct a navigation model to determine
the best Arctic shipping routes, with data from the European Centre for Medium-Range
Weather Forecasts (ECMWFEF) [11]. Liu et al. (2016) designed an autonomous ice navigation
system using the sea ice information of the Canadian Ice Service [12]. Knol et al. (2018)
analyzed the service types and service objects of three websites, namely BarentsWatch,
Polar View and Arctic Web [13]. Zhang et al. (2019) built a data-driven model using sea
ice, wind, wave, sea temperature and other data from the National Marine Environmental
Forecasting Center to predict the energy efficiency of Arctic ships [14]. Li et al. (2020)
comprehensively considered sea ice, waves, ocean currents, wind and temperature, and
conducted a path optimization study considering fuel consumption. The data came from
the UK Met Office [6]. Wu et al. (2022) used the data of the National Snow and Ice Data
Center (NSIDC) to build a ship navigation information service system [15]. Chen et al.
(2023) used the sea ice concentration and sea ice thickness data products provided by the
Copernicus Marine Environment Monitoring Service (CMEMS) to achieve multi-objective
route optimization of the Arctic route [16]. Inoue (2021) introduced the predictable nature of
Arctic weather and sea ice and mentioned the ECMWEF data [17]. The above representative
data sources are evaluated in Section 2.1.

Many scholars have conducted research on website evaluation. Li et al. (2011) con-
ducted an evaluation of Chinese e-commerce websites in terms of content, ease of use,
offers, and emotional factors [18]. Li et al. (2020) combined a gray fuzzy comprehensive
analysis and entropy weight Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS) method to explore the factors of successful website design from the
aspects of information quality, website design, service quality, security and privacy [19].
However, the service level evaluation and decision-making optimization problem of the
Arctic meteorological and sea ice information websites has the characteristics of fuzziness,
randomness and uncertainty. Cloud models can complete the conversion between qual-
itative and quantitative information and effectively solve the problems of fuzziness and
randomness in evaluation problems [20]. The Dempster—Shafer (D-S) evidence theory
can integrate multi-dimensional information membership based on its strong information
synthesis ability, thus effectively solving the uncertainty of evaluation problems [21]. Then,
the TOPSIS method can be used to make optimal decisions for different alternatives with
the same evaluation level [22], thus realizing an evaluation of the service level of the Arctic
meteorological and sea ice information websites and optimal decision-making.

Since Arctic meteorological and sea ice information is relatively limited and scattered
among different sources, this paper will collect and summarize open-source information
websites and website information status. In view of the diversity of Arctic meteorological
and sea ice information websites, the uneven service levels of websites, and to assist ships
in selecting timely, stable and reliable information, this paper integrates a cloud model, the
D-S evidence theory and the TOPSIS method to construct a service level evaluation and
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optimization process suitable for Arctic meteorological and sea ice information websites to
assist ships in making correct decisions and reduce navigation risks.

2. Construction of the Indicator System
2.1. Research Objects

The International Code for Ships Operating in Polar Waters (Polar Code) and Guidance on
Arctic Navigation in the Northeast Route clearly point out that the bridge of polar ships must
obtain the latest weather and sea ice information to be able to know the developing weather
and sea ice trends [23,24]. However, sea ice and meteorological environment conditions in the
Arctic are complex and changeable, resulting in relatively limited meteorological and sea ice
information in the region. These data are distributed among various databases and websites.
Therefore, Arctic meteorological information websites and sea ice information websites were
used as research objects, and the main information sources were collected and summarized.
Meteorological information mainly includes wind, sea temperature, ocean currents and waves.
Sea ice information includes sea ice concentration, sea ice thickness and sea ice type. Tables 1
and 2 show detailed information from meteorological and sea ice websites indicating time
resolution, spatial resolution, time range, data presentation form and acquisition method
provided by each website.

Table 1. Meteorological information.

Serial . . Time . Data Presentation
Number Websites Variables Resolution/h Time Scale Form Web Address
Arctic and Antarctic http:/ /old.aari.ru/clgmi/
1 Research Institute Sea temperature 24 5-day forecast Isopleth map forecast/_fc_1.php (accessed on
(AARI) 9 October 2023)
China Marine http:/ /www.oceanguide.org.
2 Forecasting Center Waves 1 5-day forecast Colormap cn/IceIndexHome/SeaWavelce
accessed on 9 October
CMFC d on 9 October 2023
Image (including
uropean Centre for Wind 3 15-day forecast R https:/ /charts.ecmwf.int
European C f y C(]:latatofwmi1 https:/ /ch Fint/
3 Medium-Range trection an ?facets=%7B%22Parameters%
Weather Forecasts Sea temperature 3 15-day forecast Cgi’o‘;’r‘;r;p 22:[%22Wind %22]%7D
(ECMWF) Waves o1 8-day forecast Colormap (accessed on 9 October 2023)
Global Map of Wind X . . ) https://earth.nullschool.net/
4 (GMW) Wind real time real time Virtual earth (accessed on 9 October 2023)
Wind 6 6-day forecast GIF (including
Marine Traffic specific data) https:/ /www.shipxy.com/
5 MT Sea temperature 6 6-day forecast Sea chart ps: don9 O t}b“ ) 2023
(MT) Ocean currents 6 6-day forecast Sea chart (accessed on 9 October )
Waves 6 6-day forecast Sea chart
Wind real time previous day 2-day Colormap
forecast
National Maritime . previous day 2-day
6 Search and Rescue Sea temperature real ime forecast Colormap http://www.marinesar.cn/
Support System . previous day 2-day (accessed on 9 October 2023)
(NMSRSS) Waves real time forecast Colormap
Ocean currents real time prevu}us day 2-day Sea chart
orecast
Image (including
National Marine Wind 6 10-day forecast ga ta (?f wind .
. irection and http:/ /voyage.oceanguide.org.
Environmental yag : :
7 Forecasting Center power) cn/home/polar (accessed on 9
(NMEgF Q) Sea temperature 6 10-day forecast Colormap October 2023)
Waves 6 10-day forecast Sea chart
Ocean currents 6 10-day forecast Sea chart
. Image (including
. Since 1 March 2012 . o
Northern_Sea Ro_ute Wind 24 8-day forecast wind direction https:/ /arctic-lio.com /nsr_ice/
8 Infom]l?stig}r(l) Office ] marks and power) (accessed on 9 October 2023)
( ) Ocean currents 24 since 2012 Colormap

8-day forecast
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Table 1. Cont.

Serial . . Time . Data Presentation
Number Websites Variables Resolution/h Time Scale Form Web Address
since 2020
Wind 24 (valid for the last 2 Document of .NC
The Copernicus days)
Marine since 2020 https://data.marine.
9 Environment Sea temperature 24 (valid for the last 2 Document of .NC copernicus.eu/products
Monitoring Service ) days) (accessed on 9 October 2023)
(CMEMS) Waves 24 ll-Scllg;efgrogclast Document of .NC
since 2018
Ocean currents 24 (valid on the day) Document of .NC
. Image (including
Wind 24 sér_l;ea 22(1)3235(11 wind direction
Weather News y marks and power) http:/ /weathernews.com/
g i s 2 phSH  opemmap G/ e cesed
Ocean currents 24 since 2012 GIF
8-day forecast
Table 2. Sea ice information.
Serial . . Spatial Time . Data Presen-
Number Websites Variables Resolution Resolution/h Time Scale tation Form Web Address
China Marine Sea ice http:/ /www.oceanguide.org.cn/
1 Forecasting Center concentration Not provided 24 5-day forecast 1 IndexHome (accessed on 9
(CMFCQ) October 2023)
. since 2002 https://data.seaiceportal.de/
Sea 1ce. 3.125 km 24 valid for the relaunch/concentration.ph
concentration b
5 Meereis Portal previous day) ’ (accessed on 9 October 2023)
(MP) since 2010 https://data.seaiceportal.de/
Sea ice thickness 12.5 km 24 (valid for the relaunch/thickness.php (accessed
previous day) on 9 October 2023)
Mercator Seaticet‘ 5 24 9 (siincef' 2022 ¢ http:/ /bulletin.mercator-ocean.
3 Ocean-Ocean concentration Y 3 fr/en/PSY4#2/50.1/-36.9
Forecasters Sea ice thickness 5 24 9 z;:;iorecast (accessed on 9 October 2023)
(MOQOF) i
NERSC Arctic Sea . previous day is y )
4 Ice Observing Sea tlceﬁ Not provided 24 reserved 2-day 4 ( httpsA/d/ ]CQ;) ng;t;sm;gé?,)
System (NERSC) concentration forecast accessed on 9 October
Northern Sea Route . . ol e
5 Information Office Sea e Not provided 24 14-day forecast 5 https://arctic-lio.com/nsr_ice/
(NSRIO) concentration (accessed on 9 October 2023)
The Copernicus Sea ice' 3 km 24 since 2019 https:/ /data.marine.copernicus.
Marine concentration 7-day forecast eu/product/ ARCTIC
6 Environment Sea ice thickness 3km 24  Since 2019 6 ANALYSISFORECAST PHY_
Monitoring Service aay "zrgfgs ICE_002_011/description
(CMEMS) Sea ice type 3 km 24 7—211:;?0recast (accessed on 9 October 2023)
Sea ice since 2005
. 10 km 24 (valid for the . e
: EUMETSAT concentration previous day) , httpz / / t()%/l ﬂ{c u‘fncts;tutﬁ/
(EUMETSAT) since 2005 (P“’ ““5 5“; (‘)“t F;)“’ ;0“2;)
Sea ice type 10 km 24 (valid for the accessec on 7 Lctober
previous day)
Sea ice since 2022 https:/ /data.seaice.uni-bremen.
Uni ity of concentration 3.125 km 24 (valid for the de/amsr2/asi_daygrid_swath/
8 névers1 Yo previous day) 8 (accessed on 9 October 2023)
Temen since 2010 https:/ /data.seaice.uni-bremen.
UOB p
( ) Sea ice thickness 12.5km 24 (valid for the de/smos/ (accessed on 9 October
previous day) 2023)
Sea ice . . SR i
9 U.S. National Ice concentration Not provided 48 1-day forecast 9 . htt‘p:s, CA\/ L{S}CQ%Lntcr.g()x /
Center (USNIC) - ) ) roducts/ArcticCharts (accessed
Sea ice type Not provided 168 since 2016 on 9 October 2023)
. http:/ /weathernews.com/GIC/
10 ‘;ﬁi‘?g?xﬁ}%s conigitlrcaetion Not provided 24 14-day forecast 10 data/index.html (accessed on 9

October 2023)

2.2. Construction of Evaluation Indicator System

Based on relevant research and the characteristics of Arctic meteorological and sea
ice information, this paper presents an evaluation system for the service level of Arctic
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meteorological and sea ice information websites from both quantitative and qualitative
aspects, as shown in Figure 1.

Evaluation system for the service level of Arctic meteorological and

sea ice information websites

wind sea ice concentration
Evaluation Meteorological ocean current Sea ice ) .
bi ) - ) ] sea ice thickness
objects information sea temperature information
wave sea ice type
__________________ .
1
Spatial resolution Ry 1
1
. . Query convenience
Time resolution Ry,
RZI
. Data Days of forecast data R .
Evaluation . ay e Browsing
L quality .
indicators . Experience R,
Ry Data presentation form R4
o Web layout neatness
Data stability Rys
Ra2
Timeliness of data Ry¢

Figure 1. Evaluation system for the service level of Arctic meteorological and sea ice information
websites.

This system includes two primary indicators and eight secondary indicators:

(1) Data quality (R1)

Spatial resolution (Rj7) refers to the measure of the smallest discernible detail in an
image or data.

Time resolution (Rjy) is the time frequency of data image publication, that is, how
often the website publishes information.

Days of forecast data (R13) refers to the time range of future conditions provided in
the meteorological and sea ice information.

Data presentation form (Ry4) mainly includes image, numerical data, text data and
other forms.

Data stability (Rj5) is the stability of the time frequency of data release in the range
of one month, that is, whether the website publishes information in accordance with the
provided time resolution law, as shown in Equation (1).

n
Si=1- )
where S; represents the monthly stability rate of data; n; indicates the number of days in a
month when the data are unstable; N represents the total number of days in the research
month. This paper takes May 2023 data as an example, and N = 31.

Timeliness of data (Rj¢) refers to whether the published data reflect the latest infor-
mation, expressed by the number of days between the date on which the information is
available and the date on which the information is published.

(2) Browsing experience (Ry)

Query convenience (Rj1) refers to the degree to which the user can easily and quickly
access the required information in the process of information retrieval.

Web layout neatness (Rp2) refers to the organization and presentation of layout, font,
color and other elements in web design, so that the web content is clear, beautiful and easy
to read.
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In meteorological information, information on the variables is generally provided in
the form of pictures, charts or dynamic interactive maps. It is difficult to know their spatial
resolution, therefore, the spatial resolution indicator is not considered in the evaluation of
meteorological information websites.

3. Model and Methods
3.1. Evaluated Websites
To achieve the evaluation and optimization of Arctic meteorological and sea ice

information websites under different service levels, this paper constructs a set of evaluation
and optimization processes suitable for these websites, as shown in Figure 2.

‘ Construction of Evaluation Indicator System I

subjective weight objective weight !
. ]d g based on improved Calculate the |
ased on the BWM CRITIC Weights of |

[
[
\
[
1 [ ] Evaluation |
[
[
[
[
[

: v - Indicator }
Determine the combined |
[
[

weightbased on game theory

‘ Criteria for ranking indicator I

¥

‘ Construct the baseline cloud I
I

X-condition cloud generator

v Service
! Assessment

D-S evidence theory

2
‘ Determine the basic probability distribution I

[
[
[
[
[
[
[
[
[
[
[
[
} ‘ Construct indicator membership matrix I Level
[
[
[
[
[
[
[
[
[
[
[

‘ Calculate the evidence fusion result I

,,,,,,,,,,,,,,,,, I ———————
R A
‘ Positive ideal cloud I ‘ Negative ideal cloud I
|
T
TOPSIS method .
f Decision

Optimization
‘ Calculate the average closeness I

v

‘ Determine the priority of alternatives I

Figure 2. Flow chart of assessment and decision-making optimization.

Firstly, the subjective and objective weights of indicators are calculated by the Best-
Worst Method (BWM) and improved CRiteria Importance Through Intercriteria Correlation
(CRITIC) method, respectively, and the combined weight of each indicator is obtained by
game theory. Secondly, the base cloud is constructed according to the grade evaluation
criteria of the indicators, the membership degree of each indicator is calculated using the
X-condition cloud generator, and then converted into the basic probability distribution
through the D-S evidence theory for evidence fusion. Finally, the optimal order of the final
decision is determined by the average closeness value according to the TOPSIS method.

3.2. Calculate the Weights of Evaluation Indicator
3.2.1. Obtaining Subjective Weight Based on the BWM

According to the importance of the best indicator Xg and the worst indicator Xyy
relative to other indexes, two comparison vectors Cg = {CBl, Cpp,Cpz, - -+ , CB]-} and
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Cw = {C1W/ Cow, Caw, -+ - , Cjw} are determined respectively [25]. Then, the following
calculation formula is used to calculate the subjective weight of each indicator.

wp .
| <k

il R
"‘JW Lljw‘gk
n

Z w] =1
j=1

min ks.t.

)

where k is absolute error, and the optimization goal is to minimize it, wp represents the
weight of the best indicator, wj is the best weight of the indicator j, a Bj represents the ratio
of the importance of the best indicator X to that of the indicator X, ww represents the
weight of the worst indicator, and 4y represents the ratio of importance of the indicator X;
to the worst indicator Xyy.

3.2.2. Obtaining Objective Weight Based on Improved CRITIC

The CRITIC method is an objective weight assignment method proposed by Diak-
oulaki et al. [26]. Its basic idea is to comprehensively measure the objective weight of each
indicator by the contrast intensity and conflict between the evaluation indicators. First, we
describe a decision matrix and find the normalization of the decision matrix, as shown in
Equations (3) and (4).

Aij — Ajmin
Xjj = ———— (3)
jmax jmin
A — s
jmax 1]
Xij = —————— (4)

Ajmax — Ajmin
where x;; represents data after standardized processing, 4;; represents the original data
value of the indicators, aj;,,, represents the maximum value of indicator j, and ay,
represents the minimum value of indicator j.
Based on the improved CRITIC method [27], the objective weight of each indicator is
calculated by the level of contrast, the degree of conflict, and the amount of data between
each indicator, as shown in Equation (5).

G
n
j=1Cj

CU]: /j:1/2r """ , n (5)

where C; represents the amount of data, w; is the objective weight of indicator ;.

3.2.3. Obtaining Combined Weight Based on Game Theory

Combining the weights obtained by using the BWM method and the improved CRITIC,
obtain the combined weights, as shown in Equation (6).

w = p1w] + Paw; (6)

Using the game theory [28], the weight matrix is optimized by linear combination to
obtain the minimum optimization value, as shown in Equation (7).

min(H,BlwlT + Bowl — wy H + ||Brws + Baws — aJ2||) 7)

The above formula is calculated to determine the final combined weight, as shown in
Equation (8).
w = Prwy + Pows ®)
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where w is the combined weight calculated by game theory, ; represents weight coefficient
and B; > 0, and w] represents single weight matrix.

3.3. Service Level Assessment
3.3.1. Construct the Base Cloud Based on Cloud Model

The golden section search method and interval constraint method were used to calculate
the basic data characteristics of qualitative and quantitative indicators, respectively, and the
base cloud for evaluating the service level of Arctic meteorological and sea ice information
websites was constructed. Based on relevant literature analysis and expert opinion consulta-
tion, the Arctic meteorological and sea ice information website service levels were divided
into five grades: Excellent [8.0, 10.0], Very Good [6.0, 8.0), Good [4.0, 6.0), Fair [2.0, 4.0), and
Poor [0.0, 2.0). All five levels were represented by cloud digital characteristics.

For the qualitative index, the golden section method was used to calculate stan-
dard cloud digital features and the efficient domain was [0, 10]; the quantitative index
was conducted by the interval division method. Each generated five clouds, which are
D_p = (Ex—2, En-2, He-2), D1 = (Ex—1, Ey—1, He-1), Do = (Exo, Eno, Heo), D41 =
(Ext+1, Eny1, Hey1), D2 = (Ext2, Enta, Hey2)-

The calculation formulae of qualitative indicators are as follows:

Ex—2 = Xpin
Ex—1 = Exo — 0.382(Ex0 — Xynin)
ExO = M (9)
Exi1=Eyn+ 0-382(xmax - Exo)

Exy2 = Xmax

0.382(Xpmax —Xpin
Enq =Epq = %
Eqo = 0.618E, 1 (10)
En+1

Ey o= En+2 = 0618

H,
He1 = Het1 = o4ig
He—2 = Heqp = 061?13 (11)
Hy=0

The calculation formula of quantitative indicators is as shown in Equation (12).

x0 —
EnO — Qmazx.;ngin (12)
Hp =D

E — Qmin erQmax

where D_; indicates a base cloud with the “Poor” rating, E,_», E,_», H,_», respectively,
represent the expectation value, entropy and hyperentropy of the base cloud at this evalua-
tion level; D_; indicates a base cloud with the “Fair” rating, E,_1, E,,_1, H,_1, respectively,
represent the expectation value, entropy and hyperentropy of the base cloud at this evalu-
ation level; Dy indicates a base cloud with the “Good” rating, E,o, E,o, Heo, respectively,
represent the expectation value, entropy and hyperentropy of the base cloud at this evalu-
ation level; D indicates a base cloud with the “Very Good” rating, Ex11, E;+1, Het1,
respectively, represent the expectation value; and D, indicates a base cloud with the “Excel-
lent” rating, Ex1p, E,4+2, He4p, respectively, represent the expectation value. Qin, Qmax,
respectively, represent the upper and lower limits of the evaluation interval, belong to
the boundary values of the adjacent service level evaluation interval, and have the same
membership degree of 0.5 for the adjacent service levels.

=ex —ﬂ = ex _M _
e e [ 2(E}) 1_ ! [ 8(Ep)? ]_0'5 -
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3.3.2. Calculating the Degree of Membership Based on the Conditional Cloud Generator

A cloud generator is an algorithm for generating cloud models. Different output
results and cloud images can be obtained by inputting different initial parameters [29].
The evaluation indicator system of Arctic meteorological and sea ice information website
service levels includes qualitative and quantitative indicators. Therefore, this paper selects
the X-condition cloud generator to complete the calculation of the indicator membership
degree, and the algorithm is implemented as follows:

Input three numerical eigenvalues (Ey, E;, H.), cloud drop number (N) and known
quantitative values (xg).

Numerical calculation output:

O — oy | L (FE0)’
p(x) P[ 2(E’,;)2] (14)

where i(x) represents the membership degree of a quantitative number x belonging to
a qualitative concept C, E, represents the expectation value, and Ej represents random
numbers generated by the cloud generator.

Output the degree of membership (x) of a qualitative concept.

3.3.3. Evidence Synthesis Based on the D-S Evidence Theory

Transform each element y;; in the membership matrix into a function that conforms
to the evidence theory m;;(A;j). Assuming that my, my, - - - -- , my are basic probability
distribution functions on the same identification framework, a combination rule of mass
functions can be defined as follows:

0,(A=2)
mass(A) = Tna,=aTlhi<icn mi(Ai) (15)
1-K

where K = Y n4.—g [Ti<i<n mi(A;), representing the degree of conflict between the evi-
dence.

3.4. Decision Optimization Based on the TOPSIS Method

The average closeness value between the alternatives and the two ideal clouds is
calculated. A larger difference indicates the alternatives are closer to the ideal options, and
the scheme corresponding to the maximum average of the two is generally taken as the
best scheme for comprehensive decision-making [22].

ﬂ i
_ Y2 Y2
y=1.
y,;; Z (16)
T +
y 7{1’%1 yzr
yi - Ergl y;
Aly) = max  (v") =¥/
R __ (17)
Ay, ) =y — _min_ ()

where A(y"), A(y; ), respectively, represent the average closeness value difference be-
tween alternative options i and the positive and negative ideal clouds.
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4. Example Demonstration

Ten open-source websites that provide Arctic meteorological information and ten
open-source websites that provide sea ice information were selected. Qualitative indicators
include data presentation form, query convenience, and web layout neatness. Expert
scoring within the range of [0, 10] was employed to obtain the original data. Quantitative
indices included spatial resolution, time resolution, days of forecast data, data stability, and
timeliness of data. The original data status of meteorological and sea ice information can
be found in Tables 3 and 4.

Table 3. Original data of meteorological information.

. . Time Reso- Days of Data Ifre- Data Timeliness Query Con- Web
Websites Variables . Forecast sentation oys : Layout
lution/h Stability of Data/d venience
Data/d Form Neatness
AARI Sea temper- 24 5 3.2 0 0 22 45
ature
CMFC Wave 1 5 7.7 1.00 0 95 95
Wind 3 15 43 0 0 3.0 5.4
ECMwE  Oc@ temper- 3 15 45 0 0 29 5.8
ature
Wave 24 8 5.2 0 0 3.1 6.3
GMW Wind 0 0 7.2 1.00 0 9.2 9.1
Wind 6 6 7.8 1.00 0 8.7 9.1
Sea temper- 6 6 74 1.00 0 8.5 9.2
MT ature
Wave 6 6 7.6 1.00 0 8.9 9.2
Ocean 6 6 73 1.00 0 8.6 9.2
current
Wind 0 3 8.1 1.00 0 9.4 9.4
Sea ttemp e 0 3 8.0 1.00 0 9.2 9.4
NMSRSS ature
Wave 0 3 8.1 1.00 0 9.2 9.4
Ocean 0 3 8.2 1.00 0 9.6 9.4
current
Wind 6 10 3.3 1.00 0 43 3.3
NMEFC Wave 6 10 2.0 0 0 438 33
Wind 24 8 6.7 1.00 0 72 8.1
NSRIO Ocean 24 8 5.3 1.00 0 6.9 8.1
current
Wind 24 0 2.2 1.00 2 5.2 5.7
Sea temper- 24 0 2.6 1.00 2 44 5.7
CMEMS ature
Wave 24 11 2.8 1.00 0 44 5.7
Ocean 24 0 3.3 1.00 0 42 5.7
current
Wind 24 8 6.2 1.00 0 93 8.8
WNI Ocean 24 8 5.4 1.00 0 9.1 8.8

current
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Table 4. Original data of sea ice information.

. . Spatial Time Res- Days of Data l?re- Data Timeliness Query Web
Websites  Variables Resolu- olution/h Forecast  sentation Stabilit of Data/d Conve- Layout
tion/km Data/d Form y nience Neatness

Sea ice
CMEC concentra- - 1.00 0.71 7.7 1.00 0.929 9.5 9.3
tion

Sea ice
concentra- 3.125 1.00 0.00 9.2 1.00 0.929 9.1 9.0
MP tion
Sea ice

. 12.5 1.00 0.00 9.1 0.58 0.929 9.1 8.9
thickness

Sea ice
concentra- 7 1.00 0.14 8.3 1.00 0.929 7.8 7.8
MOOF tion
Sea ice

. 7 1.00 0.14 8.4 1.00 0.929 7.8 8.0
thickness

Sea ice
NERSC concentra- - 1.00 0.00 5.2 1.00 0.786 8.4 8.6
tion

Sea ice
NSRIO concentra- - 1.00 0.71 8.0 1.00 1.000 8.1 9.0
tion

Sea ice
concentra- 3 1.00 1.00 3.5 1.00 1.000 5.7 7.7
tion
CMEMS Sea ice
thickness
Sea ice

type
Sea ice
concentra- 10 1.00 0.00 7.2 1.00 0.929 8.4 7.7
EUMETSAT tion
Sea ice
type
Sea ice

concentra- 3.125 1.00 0.00 9.5 1.00 0.929 9.6 9.6
UOB tion

Sea ice
thickness

3 1.00 1.00 3.3 1.00 1.000 5.7 7.5

3 1.00 1.00 3.5 1.00 1.000 5.7 6.1

20 1.00 0.00 7.0 1.00 0.929 8.4 7.6

12.5 1.00 0.00 9.3 0.87 0.929 9.6 9.2

Sea ice
concentra- - 0.54 0.00 4.0 1.00 0.929 55 5.1
USNIC tion
Sea ice
type
Sea ice
WNI concentra- - 1.00 0.71 8.2 1.00 1.000 8.8 9.2
tion

- 0.54 0.00 4.1 1.00 0.929 5.5 5.1

A dash (“-”) in the table indicates that the website does not provide relevant information and has an arbitrarily large
value when calculating. Spatial resolution is a cost indicator. In sea ice information, the maximum resolution that
each website can provide is 20 km. For sites that cannot provide spatial resolution, we can give an arbitrarily large
value (such as 30), and the normalized value is 0 which is the worst performance. To eliminate the dimensional
influences between different indicators, it is necessary to normalize them. The benefit indicator includes days
of forecast data, data presentation form, data stability, query convenience and web layout neatness, which are
calculated using Formula (3). The cost indicator includes spatial resolution, time resolution and timeliness of data,
which are calculated using Formula (4).
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4.1. Determine the Weights of Evaluation Indicators

First, authoritative experts in the research field were invited to determine the best
and worst indicators in the evaluation indicators, in which the best indicator (Xp) is the
time resolution (Rj2), and the worst indicator (Xyy) is the query convenience (Rp;). Then,
experts scored the importance of the best and worst indicators relative to other indicators,
and acquired two comparative vectors of meteorological information: Cp = (1, 2, 3, 5, 4,
6,7),Cw=(7,6,4,3,5,2, 1)T. Two comparative vectors of sea ice information were also
acquired: Cp =1{2,1,4,3,6,5,7,8),Cw=(8,5,4,7,3,6, 2, 1)T. The subjective weight wq
based on expert experience was calculated by the BWM method, and the objective weight
of each indicator w, was calculated by using the improved CRITIC. Finally, the combined
weight w was calculated based on game theory. The results are shown in Tables 5 and 6.

Table 5. Weights of evaluation indicators (meteorological information).

Indicators Subjective Objective Combined

Weight wq Weight w; Weight w
Time resolution (Rip) 0.288 0.271 0.280
Days of forecast data (R13) 0.233 0.285 0.252
Data presentation form (Rq4) 0.195 0.087 0.145
Data stability (Ris) 0.075 0.086 0.080
Data timelines (R1¢) 0.121 0.088 0.105
Query convenience (Rp1) 0.060 0.101 0.079
Web layout neatness (R31) 0.038 0.082 0.059

Table 6. Weights of evaluation indicators (sea ice information).

Indicators Subjective Objective Combined

Weight wq Weight w; Weight w
Spatial resolution (R11) 0.167 0.209 0.199
Time resolution (Rip) 0.249 0.052 0.100
Days of forecast data (R13) 0.156 0.459 0.384
Data presentation form (Rq4) 0.203 0.070 0.103
Data stability (Ris) 0.044 0.054 0.052
Data timelines (R1¢) 0.107 0.052 0.066
Query convenience (Rp1) 0.041 0.049 0.047
Web layout neatness (R31) 0.033 0.055 0.049

4.2. Evaluating the Service Level

(1) Constructing the baseline cloud
The grading interval division method was used to set the grading interval of each
quantitative indicator, as shown in Table 7.

Table 7. Classification criteria for quantitative indicators.

Grades R11 R12 R13 R15 R16
Excellent [0.8,1] [0.8,1] [0.8,1] [0.8,1] [0.8, 1]
Very Good [0.6, 0.8) [0.6, 0.8) [0.6, 0.8) [0.6,0.8) [0.6, 0.8)
Good [0.4, 0.6) [0.4, 0.6) [0.4, 0.6) [0.4, 0.6) [0.4, 0.6)
Fair [0.2,0.4) [0.2, 0.4) [0.2, 0.4) [0.2, 0.4) [0.2,0.4)
Poor [0,0.2) [0,0.2) [0,0.2) [0,0.2) [0,0.2)

The cloud digital characteristic values of each evaluation indicator under five eval-
uation levels were calculated. For qualitative indicators, the effective domain is [0, 10],
which means that x,,;;, is 0 and x4y is 10. The golden section method was used to calculate
the cloud digital characteristic values of qualitative indicators by Equations (9)—(11). The
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interval division method was used to obtain the cloud digital characteristic values of the
quantitative data by substituting into Equation (12) based on the criteria for the ranking of
quantitative indicators that have been classified. The hyperentropy of the qualitative and
quantitative indicators in the cloud digital characteristic values was 1/10 of the entropy
value. The digital characteristic values of the baseline cloud are shown in Table 8, and the
corresponding baseline cloud image is shown in Figures 3 and 4. The evaluation clouds of
each level were intertwined in pairs on the interval and there was a certain uncertainty.

Table 8. The digital characteristic values of the baseline cloud.

Grades Excellent Very Good Good Fair Poor
Ryp (1, 0.085, 0.0085) (0.7,0.085,0.0085)  (0.5,0.085,0.0085) (0.3, 0.085, 0.0085) (0, 0.085, 0.0085)
Ry (1, 0.085, 0.0085) (0.7,0.085,0.0085)  (0.5,0.085,0.0085) (0.3, 0.085, 0.0085) (0, 0.085, 0.0085)
Ri3 (1, 0.085, 0.0085) (0.7,0.085,0.0085) (0.5, 0.085,0.0085) (0.3, 0.085, 0.0085) (0, 0.085, 0.0085)
R4 (10, 1.030, 0.079) (6.91, 0.637, 0.049) (5,0.393, 0.03) (3.09, 0.637, 0.049) (0, 1.03, 0.079)
Ri5 (1, 0.085, 0.0085) (0.7,0.085,0.0085)  (0.5,0.085,0.0085) (0.3, 0.085, 0.0085) (0, 0.085, 0.0085)
Ri6 (1, 0.085, 0.0085) (0.7,0.085,0.0085) (0.5, 0.085,0.0085) (0.3, 0.085, 0.0085) (0, 0.085, 0.0085)
Ry (10, 1.030, 0.079) (6.91, 0.637, 0.049) (5,0.393, 0.03) (3.09, 0.637, 0.049) (0, 1.03, 0.079)
Ry (10, 1.030, 0.079) (6.91, 0.637, 0.049) (5,0.393, 0.03) (3.09, 0.637, 0.049) (0, 1.03, 0.079)
. Poor . Good . Excellent

+  Fair + Very Good
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e
%

e
2

o
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0.2}
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Figure 3. Baseline cloud images of the qualitative indicators.

(2) Calculating the membership based on the conditional cloud generator

Membership degree was calculated according to the baseline cloud digital charac-
teristic values (Ex, E;, He) and quantified data of indicators (x¢) at different levels. For
example, the cloud digital characteristic values of spatial resolution in the evaluation level
of “Excellent” were (1, 0.085, 0.008) and the quantified data of University of Bremen (UOB)
were x( = 0.995. Using the X-conditional cloud generator to generate 3000 random numbers
and substituting them into Equation (14) yielded the membership degree of 0.998. The
above calculations were performed sequentially thus forming the membership degree
matrix. Due to space constraints, only the UOB is used here as an example, as shown in
Table 9.
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Figure 4. Baseline cloud images of the quantitative indicators.

Table 9. The membership degree of the cloud model for sea ice concentration information provided

by the UOB (u).
Grades Excellent Very Good Good Fair Poor
R11 0.998 0.004 0.000 0.000 0.000
Ry 1.000 0.003 0.000 0.000 0.000
Ri3 0.000 0.000 0.000 0.003 1.000
Ria 0.884 0.001 0.000 0.000 0.000
Ri5 1.000 0.056 0.001 0.001 0.000
Ryg 0.702 0.030 0.000 0.000 0.000
Roq 0.924 0.000 0.000 0.000 0.000
Rp» 0.924 0.001 0.000 0.000 0.000

(3) Evidentialization of the membership degree

The membership degree 1, obtained by the cloud model was converted into the basic
probability distribution consistent with the definition of the evidence theory, for example,
the basic probability distribution of the spatial resolution of the UOB in the evaluation
grade “Excellent”: 0.998/(0.998 + 0.004 + 0.000 + 0.000 + 0.000) = 0.996. For the UOB, the
basic probability distribution of sea ice concentration for the event {Excellent, Very Good,
Good, Fair, Poor} is shown in Table 10.

Table 10. Basic probability distribution of sea ice concentration of the UOB.

Grades Excellent Very Good Good Fair Poor
Ry1 0.996 0.004 0.000 0.000 0.000
Ryz 0.997 0.003 0.000 0.000 0.000
Ris 0.000 0.000 0.000 0.003 0.997
Rig 0.999 0.001 0.000 0.000 0.000
Ri5 0.945 0.053 0.001 0.001 0.000
Rie 0.959 0.041 0.000 0.000 0.000
Ry 0.999 0.001 0.000 0.000 0.000
Rao 0.999 0.001 0.000 0.000 0.000

(4) Synthesizing the evidence
The basic probability distribution of each evaluation indicator was weighted first,
and the event {Excellent, Very Good, Good, Fair, Poor} was synthesized by the evidence
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synthesis rule. Taking the calculation of sea ice concentration of the UOB in the evaluation
grade “Excellent” as an example, after being weighted according to the weights assigned
to each indicator, the resulting weighted evidence was (0.0019, 0, 0, 0, 0.0004) and seven
pieces of evidence for each evaluation indicator were obtained. By substituting these values
into a Formula (15), the membership degree of the UOB’s sea ice concentration fell within
the “Excellent” evaluation grade with a degree of confidence at 0.977. According to the
above calculation steps, the membership degree of each variable of the UOB could finally
be obtained, as shown in Table 11. It can be seen in the table that the UOB had the best
performance in terms of sea ice concentration information and the worst performance in
terms of sea ice type information.

Table 11. Grade probability of the variables of the UOB.

Website Variables Excellent Very Good Good Fair Poor
Uni . ‘ Sea ice concentration 0.977 0.000 0.000 0.000 0.023
n];"erS”Y ° Sea ice thickness 0.567 0.001 0.000 0.000 0.432
remen Sea ice type 0.000 0.000 0.000 0.000 1.000

Similar to the previous calculation, the three variables from the UOB were further
synthesized using the evidence synthesis rule. From the perspective of variables available
on the website, it was considered that each variable had the same importance, that of
one-third. Then, the weighted evidence could be obtained as (0.515, 0, 0, 0, 0.485), and three
pieces of evidence from each variable could be determined. The membership degree of the
UOB in the evaluation grade “Excellent” was 0.544 by substituting the above figures into
Equation (15). The website service level evaluation of the UOB was ultimately determined
based on the following probabilities: {Excellent, Very Good, Good, Fair, Poor}: {0.544, 0, O,
0, 0.456}.

According to the above evaluation steps, other websites were evaluated and calculated
in turn. The final service level evaluation probability of the meteorological and sea ice
information websites is shown in Tables 12 and 13, respectively. “Excellent” and “Poor”
may coexist in the final evaluation results. It can be seen in Table 11 that the grade of sea ice
type of the UOB was “Poor”, and the membership degree was 1. Influenced by the grade of
sea ice type, the probabilities of “Excellent” and “Poor” in the final evaluation result of the
UOB were closer after evidence fusion, but the evaluation grades of sea ice concentration
and sea ice thickness were more satisfactory. The final evaluation result was “Excellent”.

Table 12. Grade probability of service level of meteorological information websites.

Websites Excellent Very Good Good Fair Poor
AARI 0.0000 0.0000 0.0000 0.0026 0.9974
CMEC 0.0121 0.0000 0.0000 0.0000 0.9879
ECMWEF 0.8756 0.0000 0.0247 0.0000 0.0997
GMW 0.0121 0.0000 0.0000 0.0000 0.9879
MT 0.0082 0.9918 0.0000 0.0000 0.0000
NMSRSS 1.0000 0.0000 0.0000 0.0000 0.0000
NMEFC 0.0000 0.9401 0.0000 0.0000 0.0599
NSRIO 0.0000 0.0008 0.0122 0.0000 0.9870
CMEMS 0.0000 0.0001 0.0000 0.0000 0.9999

WNI 0.0338 0.0000 0.0033 0.0000 0.9629
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Table 13. Grade probability of service level of sea ice information websites.

Websites Excellent Very Good Good Fair Poor
CMEC 0.0000 0.0918 0.0000 0.0000 0.9082
MP 0.3758 0.0000 0.0000 0.0000 0.6242
MOOF 0.8811 0.0000 0.0000 0.0000 0.1189
NERSC 0.1079 0.0000 0.0000 0.0000 0.8921
NSRIO 0.0000 0.0894 0.0000 0.0000 0.9106
CMEMS 1.0000 0.0000 0.0000 0.0000 0.0000
EUMETSAT 0.0000 0.0181 0.0000 0.0000 0.9819
UOB 0.5444 0.0000 0.0000 0.0000 0.4556
USNIC 0.1079 0.0000 0.0000 0.0000 0.8921
WNI 0.0048 0.0337 0.0000 0.0000 0.9615

In short, among the meteorological information websites, the evaluation grades of
ECMWF and NMSRSS were {Excellent}, the evaluation grades of MT and NMEFC were
{Very Good}, and the remaining were {Poor}. Among the sea ice information websites, the
evaluation grades of UOB, CMEMS and MOOF were {Excellent} and the remaining were
{Poor}.

4.3. Decision Optimization

Based on the TOPSIS method, different alternatives under the same evaluation level
were further selected. First, the basic probability distribution of positive and negative
ideal clouds was calculated in the same way as the above calculation method, as shown in
Table 14.

Table 14. The basic probability distribution of positive and negative ideal clouds.

The Basic Probability Distribution

Categories
Excellent Very Good Good Fair Poor
positive ideal 1.000 0.000 0.000 0.000 0.000
clouds
negative 0.000 0.000 0.000 0.000 1.000

ideal clouds

According to Formulas (16) and (17), the closeness between each alternative and positive
and negative ideal cloud was calculated. Taking the UOB as an example, the distance between
the UOB and the positive ideal cloud was the absolute value of the difference between the
membership degree of the evaluation grade of the UOB and the basic probability of the
positive ideal cloud. This closeness was the difference between the mean maximum 0.4 and
each website. That is, the corresponding difference between (0.544, 0, 0, 0, 0.456) and (1, 0, 0, 0,
0, 0) was taken as absolute value, and the result was (0.456, 0, 0, 0, 0.456). The mean value was
obtained by (0.456 + 0 + 0 + 0 + 0.456) /5 = 0.182 and the closeness was obtained by 0.4 — 0.182
= 0.218. The closeness to the negative ideal cloud was the difference between each website
and the mean minimum 0, which was 0.128 — 0 = 0.128. Taking the websites that provide sea
ice information as examples, the calculation results are shown in Tables 15 and 16.
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Table 15. The distance between each alternative and the positive ideal cloud.

Websites Excellent Very Good Good Fair Poor A‘\;:lrzfe Closeness
CMFC 1.000 0.092 0.000 0.000 0.908 0.400 0.000
MP 0.624 0.000 0.000 0.000 0.624 0.250 0.150
MOOF 0.119 0.000 0.000 0.000 0.119 0.048 0.352
NERSC 0.892 0.000 0.000 0.000 0.892 0.357 0.043
NSRIO 1.000 0.089 0.000 0.000 0.911 0.400 0.000
CMEMS 0.000 0.000 0.000 0.000 0.000 0.000 0.400
EUMETSAT 1.000 0.018 0.000 0.000 0.982 0.400 0.000
UoOB 0.456 0.000 0.000 0.000 0.456 0.182 0.218
USNIC 0.892 0.000 0.000 0.000 0.892 0.357 0.043
WNI 0.995 0.034 0.000 0.000 0.961 0.398 0.002

Table 16. The distance between each alternative and the negative ideal cloud.

Websites Excellent Very Good Good Fair Poor A‘\;:lrle:ge Closeness
CMEC 0.000 0.092 0.000 0.000 0.092 0.037 0.037
MP 0.376 0.000 0.000 0.000 0.376 0.150 0.150
MOOF 0.881 0.000 0.000 0.000 0.881 0.352 0.352
NERSC 0.108 0.000 0.000 0.000 0.108 0.043 0.043
NSRIO 0.000 0.089 0.000 0.000 0.089 0.036 0.036
CMEMS 1.000 0.000 0.000 0.000 1.000 0.400 0.400
EUMETSAT 0.000 0.018 0.000 0.000 0.018 0.007 0.007
UOB 0.544 0.000 0.000 0.000 0.544 0.218 0.218
USNIC 0.108 0.000 0.000 0.000 0.108 0.043 0.043
WNI 0.005 0.034 0.000 0.000 0.039 0.015 0.015

Combined with the service level of each alternative, the average closeness between
each alternative and positive and negative ideal cloud in meteorological and sea ice infor-
mation was calculated respectively, as shown in Tables 17 and 18.

Table 17. The average closeness and difference between each alternative and positive and negative
ideal cloud (meteorological information websites).

Difference in Closeness to Difference in Closeness to

Websites Positive Ideal Cloud Negative Ideal Cloud Average Closeness
AARI 0.001 0.000 0.001
CMEFC 0.005 0.005 0.005

ECMWEF 0.360 0.350 0.355
GMW 0.005 0.005 0.005

MT 0.400 0.003 0.202

NMSRSS 0.400 0.400 0.400

NMEFC 0.376 0.000 0.188
NSRIO 0.005 0.000 0.003

CMEMS 0.000 0.000 0.000

WNI 0.015 0.014 0.014
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Table 18. The average closeness and difference between each alternative and positive and negative
ideal cloud (sea ice information websites).

Websites Difference in Closeness to Difference in Closeness to Average Closeness
Positive Ideal Cloud Negative Ideal Cloud

CMEFC 0.037 0.000 0.018
MP 0.150 0.150 0.150
MOOF 0.352 0.352 0.352
NERSC 0.043 0.043 0.043
NSRIO 0.036 0.000 0.018
CMEMS 0.400 0.400 0.400
EUMETSAT 0.007 0.000 0.004
UOB 0.218 0.218 0.218
USNIC 0.043 0.043 0.043
WNI 0.015 0.002 0.009

According to the principle that the larger the difference in average closeness, the closer
the alternatives are to the most desirable solution, these are shown in order of preference
for each alternative in meteorological and sea ice information in Table 19.

Table 19. Decision order of meteorological and sea ice information websites.

Preference Order Meteorological Information Websites Sea Ice Information Websites
1 National Maritime Search and Rescue The Copernicus Marine Environment
Support System Monitoring Service
2 Furopean Centre for Medium-Range Mercator Ocean-Ocean Forecasters
Weather Forecasts
3 Marine Traffic University of Bremen
4 National Mariqe Environmental Meereis Portal
Forecasting Center
5 Weather News Incorp NERSC Arctic Sea Ice
6 China Marine Forecasting Center U.S. National Ice Center
7 Global Map of Wind China Marine Forecasting Center
8 Northern Sea Route Information Office Northern Sea Route Information Office
9 Arctic and Antarctic Research Institute Weather News Incorp
10 The Copernicus Marine Environment The Ocean and Sea Ice Satellite
Monitoring Service Application Facility

4.4. Analyzing the Results

Through the related research in this paper, the information website service level
evaluation optimization sequence is obtained. In the meteorological information website
evaluation indicators, time resolution is an important factor affecting service level. The
time resolution of NMSRS is real time, ECMWEF is three hours, and MT and NMEFC are six
hours, all of which can meet the actual navigation needs. Most of these websites provide
information on multiple variables in a more intuitive form, and the data stability and
timeliness are also high, so the levels of information-comprehensive service are relatively
high, and they can be used as a reference for obtaining meteorological information during
navigation. For WNI, CMFE, GMW, AARI and CMEMS, from the perspective of the vari-
ables that the websites provided, these websites only provide single variable information.
On the other hand, from the perspective of website information quality, although the grade
of their data stability and presentation form are very close to the top several websites, their
comprehensive service levels are greatly affected by their large time resolution.

In the sea ice information websites, CMEMS, MOOEF, UOB and MP have a high
information service level. First, from the perspective of the variables available on the
websites, these websites can provide relatively comprehensive variable information. On the
other hand, from the perspective of the information quality of the websites, the information
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of these websites is updated regularly, and the time resolution and spatial resolution are
small, which can meet the different information needs of ships during navigation. As for
NERSC, USNIC, CMFC, NSRIO, WNI and EUMETSAT, most of them can only provide a
single variable of information with high temporal and spatial resolution, presenting a low
comprehensive service level.

This study also conducted expert interviews with captains who possess actual Arctic
sailing experience using the Delphi method. The interview results were generally consistent
with the evaluation results of this paper. In terms of the acquisition of meteorological
information, the captains prefer to use the information with smaller resolution and a
more intuitive presentation form during the voyage. In this study of this paper, NMSRSS,
ECMWEF, MT and NMEEFC all provided smaller spatial and temporal resolution and are
presented in a more intuitive way, ranking a high comprehensive service level. In addition,
the captains said that polar research ships have special characteristics in the course of
sailing, thus the demand for meteorological information is generally limited and consulted
every six hours.

In this study, NMSRSS, ECMWEF, MT and NMEFC, which ranked highly in comprehen-
sive service level, meet the actual navigation needs of ships and can be used as a reliable
information reference during the actual navigation of ships. In terms of the acquisition of
sea ice information, the UOB enjoys a high reputation in the field of sea ice research, and
the release of information has high reliability and timeliness. Thus, the captains prefer to
use the Intuitive Sea Ice Information Service (ISIS) provided by the UOB. According to this
study, the CMEMS is significantly better than the UOB in terms of information service level.
This is partly because the CMEMS provides more comprehensive data and analysis than
the UOB, covering key sea ice indicators such as sea ice concentration, sea ice thickness
and sea ice type. In addition, the CMEMS and the MOOF were respectively able to provide
steady 7-day and 1-day forecast data. Therefore, the CMEMS, MOOEF, UOB and MP can be
used as a reference of acquisition of sea ice information for captains.

The website research and evaluations for this study were completed in October 2023,
and the information published on the websites may have since been updated. This paper
only provides a set of decision-making processes for the Arctic navigation information
websites based on their actual situation and the evaluation results may have changed with
the update of the websites. The website evaluation result is only a reference and does not
represent the inevitable advantages and disadvantages of the websites. It is recommended
that relevant decision makers should consider their own needs and various factors in
combination with the evaluation results to make the most reasonable decisions.

4.5. Discussion

The above example shows that the evaluation and decision optimization process of
Arctic meteorological and sea ice information websites is effective and feasible. Currently,
there is little research on the Arctic meteorological and sea ice information services. Wu et al.
(2022) have built a ship navigation information service system based on the meteorological
and sea ice information that can be provided by a single website [15]. However, the evalua-
tion of the service level of website data has not yet been achieved. In addition, although
Knol et al. (2018) have analyzed different websites that can provide sea ice information
in Arctic waters [13], they only include qualitative analyses of the websites. This paper
constructs the evaluation indicator system for the service level of Arctic meteorological and
sea ice information websites from both the quantitative aspect (website data quality) and
the qualitative aspect (browsing experience). The evaluation and optimization of Arctic
meteorological and sea ice information websites at different service levels were achieved.

Although some progress has been made, this study still has some limitations. In the
evaluation of the websites, we only considered part of the information. Water depth is also
an important factor affecting ship navigation. However, due to data scarcity, this variable
was not considered in this paper. When water depth data are sufficient in the future, the
proposed evaluation and optimization process can still be applied.
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5. Conclusions

In the face of the uneven service levels of Arctic meteorological and sea ice information
websites, considering the randomness, fuzziness and uncertainty of evaluation problems, a
cloud model and the D-S evidence theory were used to evaluate the service level of Arctic
meteorological and sea ice information websites. Based on the TOPSIS method for multi-
attribute decision-making research, further decision optimization was achieved. Combined
with the characteristics of Arctic meteorological and sea ice information, an evaluation
indicator system for the service level of Arctic meteorological and sea ice information
websites was designed from two dimensions: data quality and browsing experience. A
set of decision optimization processes for Arctic navigation information websites was
provided to realize the evaluation of the service level and decision optimization of Arctic
meteorological and sea ice information websites, which provided a certain scientific basis
for the selection of information during ship navigation.
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