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Abstract Rapid retreat of Arctic sea ice extends the area of open ocean for new trans-Arctic shipping
routes. However, the projected routes may be too optimistic in terms of savings in shipping costs from
shortened trans-Arctic distances as they do not consider the increased sea fog frequency (SFF) over areas of the
retreating sea ice. We show that delays due to sea fog can be 1-4 days, about 23%-27% along the Northwest
Passage and 4%—11% along the Northern Sea Route than previous estimated. We design a route based on

the projected sea-ice extent and SFF. The new route can reduce the sailing time by 0.3—1 day by detouring

the routes with lighter impacts of sea fog. More importantly the new route will lower the risk of catastrophic
accidents compared to the shortest route and saves the additional costs due to unscheduled port calls.

Plain Language Summary Rapid loss of sea ice under global warming opens up the Arctic Ocean
to shipping. The available trans-Arctic shipping in the near future will strongly decrease sailing time and
financial costs from the Far East to Northwest Europe. Previous designs of trans-Arctic shipping routes mainly
considered sea ice distribution, but ignored the important effect of frequent and high-risk polar sea fog. Here,
we project Arctic sea fog frequency in 21st century and evaluate its influence on trans-Arctic shipping routes.
The results highlight the necessity to redesign the routes by including sea fog effect for safer ship navigation.

1. Introduction

The increase of open water area as a result of sea-ice retreat has boosted socio-economic developments in the
Arctic, such as oil extraction, Arctic tourism, and trans-Arctic shipping routes (Gossling & Hall, 2006; Stroeve
et al., 2008; Theocharis et al., 2018). The latter has particularly received more international interest after the 2021
Suez Canal Blockage. Ship companies can realize the greatest advantage because present travels of more than
20,000 km from the Far East to Northwest Europe via the Suez Canal can be reduced to about 10,000 km and the
average sailing times can be shortened from 20 days in the 1990s to 11 days on average in 2012-2013 if either
the Northern Sea Route (NSR) via north of the Russian Federation through the Arctic or the Northwest Passage
(NWP) via the Canadian Arctic Archipelago are used (Nordquist et al., 2010; Schgyen & Brathen, 2011). Taking
into account canal fees, fuel costs, and other variables that determine freight rates, this shortcut can tremendously
reduce the costs of a large container ship company every year. The cost savings would be even higher for ships
that are too large to pass through Panama and Suez Canals and so currently still sail around the Cape of Good
Hope and Cape Horn (Hong, 2012). However, the occurrence of fog may slow down or even stop these marine
operations in the ocean with floating ice, leading to significant economic costs (Buixadé Farré et al., 2014).
Vessels equipped with cutting-edge instruments such as radar, searchlights, and radios can reduce but not avoid
collisions. Even the highly instrumented ice-breaker R.V. Xuelong collided with an iceberg in thick fog during
its 35th voyage. In the open ocean without sea ice, sea fog has little impact on the speed of the ship. However,
when encountering sea fog in sea-ice area, common open-water (OW) and even Polar Class 6 (PC6) vessels have
to reduce their speeds by nearly 40% to increase navigational safety (Figure S1 in Supporting Information S1).
Previous assessments of future optimal navigation routes in the Arctic are primarily based on sea ice conditions
under the representative concentration pathway (RCP) 4.5 and 8.5 climate-forcing scenarios (Li et al., 2020;
Melia et al., 2016; Smith & Stephenson, 2013; Wei et al., 2020). It is worth noting that the impact of sea ice drift
and growler icebergs is included in the changing sea ice conditions composed by sea ice thickness and sea ice
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concentration (Marko et al., 1982; Wagner et al., 2021). In order to assess the impact of sea fog on the potential
shipping routes, we use a combination of present-day reanalysis and model simulations to project sea fog varia-
bility in 21st century and design new routes based on sea ice and sea fog changes.

2. Data and Methods
2.1. Data

Observations from International Comprehensive Ocean-Atmosphere Data Set (Freeman et al., 2017) are used to
obtain Arctic sea fog during 1979-2018.

The 6-hourly daily ERA-Interim from European Centre for Medium-Range Weather Forecasts (Dee et al., 2011)
during 1979-2018 are used as initial and boundary conditions to estimate the occurrence of fog in a regional
climate model.

Sea ice concentration and sea ice thickness of Ocean Reanalysis System 5 (ORASS) are used to represent histor-
ical sea ice conditions, as the atmospheric forcing is from ERA-Interim.

To project the future sea ice and sea fog, we use monthly sea ice concentration, sea ice thickness, relative humid-
ity (RH) and atmospheric stability (defined as the temperature inversion between 925 hPa and 2 m above ground)
from climate models in the Fifth Phase of the Coupled Model Intercomparison Project (CMIPS) during 1979—
2005 from historical experiment and during 2006-2099 under RCP4.5 and 8.5. In order to reduce the inter-model
bias on sea fog simulation, we choose six “best” models in CMIPS, which can well capture the historical sea fog
frequency (SFF) in the Arctic (see Text S1 in Supporting Information S1). They are ACCESS1-0, HadGEM2-CC,
CanESM2, GISS-E2-R, GISS-E2-R-CC, and GISS-E2-H.

2.2. Model Simulated Fog Results and the Definition of Fog

We use the Polar-optimized version of the Weather Research and Forecasting Model (PWRF) (Bromwich
et al., 2009) to simulate the liquid water content in bottom model level and then apply the fog-diagnostic scheme
suggested by Stoelinga and Warner (1999) to determine whether fog occurs (see Text S2 in Supporting Informa-
tion S1). Direct simulation of sea fog in this way requires 6-hourly atmospheric fields, with at least 25-hPa vertical
resolution within the boundary layer, as the initial and boundary conditions. This kind of data is usually unavail-
able in future projections based on the CMIPS. To project the future Arctic sea fog variability, we first simulate
the historical Arctic SFF during 1979-2018 using PWRF with 6-hourly atmospheric fields from ERA-Interim
reanalysis data sets (PWRF-ERA). Then we derive a semi-empirical multi-variable linear relationship between
the Arctic SFF with the RH and atmospheric stability based on this hindcast simulation (see Text S3 in Supporting
Information S1). We note that though the Arctic will experience a new climate state in the future (Landrum &
Holland, 2020), the historical relationship between SFF, RH, and atmospheric stability remains reasonable well in
the future scenario (Figure S2 in Supporting Information S1). Finally, the future Arctic SFF is estimated using the
CMIPS multi-model ensemble means RH and atmospheric stability and the derived semi-empirical relationships.

We define SFF as the fraction of Arctic sea fog days in each summer (July—September) (Hanesiak & Wang, 2005;
Sugimoto et al., 2013). A day is defined as fog day, if at least one 6-hourly model output in this day is foggy.
Based on the simulations of PWRF-ERA, the SFF is highly correlated (>0.7) with the RH over most of the Arctic
Ocean except the north Beaufort Sea (Figure S3 in Supporting Information S1). The strong correlation between
SFF and RH is expected because high RH, which means that the atmosphere approaches 100% more frequently
(Figure S4 in Supporting Information S1), is a necessary (but not sufficient) condition for the onset of fog (Isaac
et al., 2020). Atmospheric stability is another necessary condition for the onset of fog over the north Beaufort
Sea, where the atmospheric stability is shown to be well correlated with SFF (~0.4; Figure S3 in Supporting
Information S1). The simulation suggests that a northward-propagating Beaufort high-pressure center enhances
local atmospheric stability while an eastward-propagating Beaufort high enhances the local RH (Figure S5 in
Supporting Information S1).

3. Arctic Sea Fog Change

The climatological SFF derived from the PWRF-ERA shows that the SFF along the coast is higher than 20%,
and less than 6% in the central Arctic (Figures l1a and 1b). This spatial distribution is similar to observations and
previous studies (Eastman & Warren, 2010; Koracin & Dorman, 2017). The historical SFF over the Arctic Ocean
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Figure 1. Climatological distribution of summertime Arctic sea fog frequency (SFF). (a) and (b) are the SFF climatology derived from ship observations and the
PWRF-ERA, respectively. The shaded grid in (a) represents observation with data more than 10 years. (c), (d) are spatial pattern of the linear trend of the SFF derived
from the PWRF-ERA and the historical run of the Coupled Model Intercomparison Project (CMIP5) models during 1979-2018. (e) and (f) are the linear trend of the
projected SFF under RCP4.5 and 8.5 scenarios during 2006-2099. (g) Shows the time series of regional averaged SFF over the ocean north of 70°N based on PWRF-
ERA (black), the historical CMIPS5 (gray), the RCP4.5 (blue) and 8.5 (red). Shading indicates + one standard deviation. (h) Shows the fog change and SST change
over regions which are open water in previous and current years. Error bars show the mean and one standard deviation. (i) Is the relationship between fog and sea ice
change over regions where sea ice in the previous year is larger than 10% but melts into open water in the current year (sea ice less than 1%). (h) and (i) are based on

PWRF-ERA.

north of 70°N during the past 40 years simulated by the PWRF-ERA exhibits a decreasing trend in the central
Arctic and increasing trend along the coast (Figure 1c). The regional mean SFF during 1979-2005 is decreas-
ing with the rate of —0.44% =+ 0.21% every decade (Figure 1g), because the saturation vapor pressure increases
faster than the partial pressure of water vapor, especially over the open water area (Figure 1h). However, the SFF
increases significantly over the newly open water regions (Figure 1i) due to the increasing moisture and latent
heat exchange between the air and the relatively warm sea surface (Bintanja & Selten, 2014). Notably, the SFF
usually increases substantially over the new open water regions where sea ice concentration is more than 40% in
the previous year (Figure 1i). These new open water regions are often chosen as the new shipping routes (Smith
& Stephenson, 2013) because of the shorter distances, but the impact of increased fog events have not been
considered in those studies.

The well-chosen CMIP5 models (see Text S1 in Supporting Information S1) can capture the spatial structure of
the linear trend of the historical SFF variability (Figures 1d and 1g). The decreasing trend of the ensemble-mean
SFF is —0.35% =+ 0.18% during 1979-2005. In future, the decreasing trend of the SFF is —0.18% =+ 0.03% during
2006-2099 under both RCPs. But spatially, the SFF increases along the coastal area (Figures le and 1f), which
will exert significant impacts on the ship activities in this area.

4. Impacts of Sea Fog on the Shipping Routes
4.1. Historical Period

We may estimate the impacts of sea fog on the transit time along the shipping routes using the hindcast simula-
tions during 2000-2018. Previous studies have designed trans-Arctic routes based on the capability of PC6 and
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Figure 2. Navigation routes for hypothetical ships to cross the Arctic Ocean along Northern Sea Route (NSR) and North West Passage (NWP) during 2000-2018.

(a) Red and blue line represents the Route-H of NSR and NWP every year, respectively. White line indicates the isopleth of 45% sea ice concentration. Simulated sea
fog frequency are shaded. (b) and (c) are total sailing time along NSR and NWP respectively. The line with circle markers indicates the Route-H only based on sea ice
conditions; The line with triangle markers indicates the Route-H considering the deceleration of sea fog. The gap means that no route is available due to sea ice cover.

OW vessels for medium-to-low sea ice conditions (Li et al., 2020; Melia et al., 2016; Smith & Stephenson, 2013;
Wei et al., 2020). We employ the same method to derive the trans-Arctic routes from July to September for a
container ship with moderately ice-strengthened PC6 (Table S2 in Supporting Information S1), which is used
in more than half of the global seaborne trade with diverse types of commodities transported (Ducruet, 2013;
Munim et al., 2022).

Figure 2a shows the derived shipping routes for hypothetical ships crossing the Arctic Ocean, starting from
Rotterdam or St. John’s and terminating at Bering Strait (hereafter referred as Route-H). If only the impact of
sea ice is considered, the sailing time along Route-H is about 12 days (Figures 2b and 2c). The total distance of
Route-H is about 8,150 km for NSR and 7,960 km for NWP.

To show the SFF along the Route-H, we use the cumulative distance traveled from Rotterdam or St. John's as
the abscissa along the route (Figure S6 in Supporting Information S1). NSR experienced frequent sea fog during
2000-2018. There is more than 1,850 km of the voyage along NSR with SFF exceeding 20% (defined as a high-
SFF region). The maximum SFF can reach 36%. Compared with NSR, sea fog along the NWP is more frequent,
more than 2,690 km of high-SFF region. The maximum SFF can reach 45%.

To quantify the impacts of sea fog on Route-H, we introduce a deceleration coefficient to account for the fact
that ships need to slow down sailing in sea fog (Text S4 and Table S4 in Supporting Information S1). The higher
SFF along the route, the larger deceleration coefficient will be. We estimate that the total sailing time along the
NSR and the NWP will increase by about 1.6-3.9 and 2.9-4.5 days when the impacts of sea fog are considered
(Figure 2), which is 10%—40% of the average sailing time.

4.2. Future

We investigate the impacts of sea fog on the potential trans-Arctic routes in the future under the projections
with the significant melt of Arctic sea ice. We derive the routes from July to September in nine non-overlapping
10-year segments from 2006 to 2095, using CMIP5 multi-model ensemble means of sea ice under RCP4.5 and
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8.5 (hereafter referred as Route-I). Route-I is also planned for a container ship with moderately ice-strengthened
PC6 (Table S2 in Supporting Information S1).

Consistent with the previous plans, the Route-I tends to shift to higher latitudes and will go through the central
Arctic Ocean by midcentury under the Arctic warming (Figure 3). Due to the shorter sailing distance, the sailing
time of Route-I decreases from 11 days during 2006-2015 to 10 days during 20862095 along the NSR, and
decreases from 12 to 11 days along the NWP (Figure 4).

The high SFF region along the NSR (Figure 5a) is in the Fram Strait (2,900-3,400 km) and the Chukchi Sea
(6,400-7,000 km). The maximum SFF along the NSR reaches more than 25% during 2006-2015, as the route
approaches the Eurasian coast. The high-SFF region reduces from 530 km during 20062015 to 185 km during
2086-2095. Along the NWP, the maximum SFF is about 35%, located in the Baffin Bay (3,000-3,700 km) and
the Beaufort Sea (6,000-7,000 km). The high-SFF region can reach about 2,350 km during the 21st century
(Figure 5b). These results are similar between RCP4.5 and 8.5.

Both the NSR and the NWP are inevitably affected by sea fog in the 21st century. Sea fog along the NWP is
more frequent and persistent, which will increase the sailing time by 2.5-3 days, about 23%-26% than previous
estimations (Figure 4). Along the NSR, the impact of sea fog is relatively weaker but the sailing time will still
increase 0.5 day due to the high-SFF in some regions. Therefore, designing an optimal route to avoid heavy fog
regions should be part of the voyage plan.

5. Re-Designing Shipping Routes by Minimizing the Impacts of Sea Fog

Can we reduce the delays by detouring from some sea fog regions? We re-optimize the Route-I using a cost
function that considers the change of the cruising speeds under different sea-fog and sea-ice conditions. The
cost function is minimized with respect to the sailing time. Thus, the new route, referred to as Route-F, has the
shortest sailing time (GEF-UNDP-IMO GloMEEP Project and members of the GIA, 2020) (Text S4 and Figure
S7 in Supporting Information S1). Based on the CMIP5 multi-model ensemble means of sea ice and the SFF,
we compute the path and the sailing time of the Route-F every 10 years in 21st century under both RCPs.

Along the NWP, the Route-F can gain back 0.3—-1 days of sailing time compared to the Route-I (Figure 4b), albeit
it is longer. The Route-F through the Canadian Arctic Archipelago is similar to the Route-I because of the island
locations; the major detours are the northward shifts of the Route-F relative to the Route-I along the Alaska
coastline to avoid high-SFF regions (Figure 3). The shift along the Alaska coast segment (6,000-7,000 km)
becomes gradually obvious due to the retreat of sea ice over the Beaufort Sea before the midcentury. After the
midcentury, the impacts of the SFF becomes dominant. By the end of this century, the SFF over this segment will
decrease by 10%-13% (Figure 5d). Although the length of the Route-F is longer than the Route-I, the decrease
in sea fog along the Route-F helps for saving the sailing time up to 1 day. In RCP4.5, with the high-SFF region
along the NWP, the routes between St. John's and Bering Strait switch the transit via the NSR during 2026-2035
and 2056-2065 (Figure S8 in Supporting Information S1). Although the routes are about 1,000 km longer than
the NWP through the Canadian Arctic Archipelago, the high-SFF region is reduced by 1,260 km (Figure S9 in
Supporting Information S1).

In contrast, along the NSR, the Route-F can only gain back 0.1-0.4 days of sailing time compared to the Route-I
(Figure 4). The Route-F tends to avoid high-SFF region along the Eurasian coast to navigate at higher latitudes
during the first half of the century. After the midcentury, the Route-F tends to avoid the northeast coast of Green-
land and shifts eastward to the Fram Strait. The route no longer passes through the high-SFF region by the end of
this century. The detour of Route-F is similar under RCP4.5 (Figures S8 and S9 in Supporting Information S1).

We further compare the Route-F with the traditional routes such as the Suez Canal and the Panama Canal (Table
S5 in Supporting Information S1). These routes start from Shanghai and terminate at St. John's and Rotterdam.
The result shows that the Route-F of NSR or NWP can still save 30%—33% of the distance and 20%—-30% of the
time of traditional routes on average in the 21st century, suggesting great economic benefits of the Route-F.

6. Conclusions

Previously designed shipping routes based on the shortest distance are not necessarily the safest routes because
the presence of sea fog along the routes has not been considered. For safety, the captain may reduce the cruising

SONG ET AL.

50f9

85U8017 SUOWILLIOD 3AIIER1D 3|l |dde au Aq peuseoh ake saoiie YO ‘88N JO S3|n1 104 ARIGIT BUIIUO AB]IA UO (SUOHIPUOD-PUE-SWLBI WO A8 | 1M ARe1d] | BUIIUO//SARY) SUORIPUOD pUe SW L 34} 88S *[£202/S0/TT] uo AriqiTauliuo A|im ‘WNIDT13E - A1V 3ONIAIAT Aq S6E20T 192202/620T 0T/10p/L00 43| imAeiq 1 jeuluo'sandnfe//sdny Wwoiy pepeo|umoq ‘g ‘€202 ‘L008776T



AN .
I Geophysical Research Letters 10.1029/2022GL 102395
a 2006-2015 b 2016-2025 ¢ 2026-2035

15 20 25 30 35 40
SFF(%)

Figure 3. The routes along Northern Sea Route and Northwest Passage every decade under RCP8.5. Red and blue lines represent Route-I and Route-F, respectively.
White line is the isopleth of 45% sea ice concentration. Projected sea fog frequency are shaded.

speed when sailing in sea fog. By parameterizing the captain's decision as a reduction of the cruising speed
in sea fog, we found that the sailing time of the shortest routes should have been 5%-25%, or 1-4 days, more
than previously estimated. Our finding is particularly important along newly formed sea-ice margins, not only
because a safe voyage is more difficult along the margins, but also because sea fog here is projected to be
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increasing under global warming. Our result highlights the importance of Arctic sea fog when designing the
trans-Arctic shipping routes in the future when Arctic sea ice continues its decline but still covers the NSR and
the NWP to some extent.

The re-designed trans-Arctic shipping routes based on both sea fog and sea ice conditions over a decade window
are helpful for strategic decision-making for ship operations and capacity building. Although our analysis is based
on monthly data sets, and the results may not be applied directly on the operational decision-making, applying the
method suggested in this analysis to real-time data can provide short-term navigation services for ship owners.
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