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Abstract

International flights from North America to Asia usually take tracks across the Arctic region for
reducing fuel and operating costs. For example, the track of United Airlines flight 895 (UAL895)
traveling from Chicago to Hong Kong via the Arctic region usually uses the following three routes: the
Atlantic, central Arctic, and Pacific routes. Using a reanalysis product, we show that flight routes depend
on the location and strength of the upper flow over the Arctic Ocean, which has a seasonal variation.
During summer, when anticyclonic flow associated with blocking occurs over the Pacific Arctic region,
UALB95 flights choose the Pacific and Atlantic routes to avoid a strong head wind. In addition, when the
jet stream is strong over the Atlantic—Arctic region (the northern parts of Greenland and Barents Seas),
the Atlantic route is selected to take advantage of strong tail winds resulting from the blocking over this
region. During winter and, especially, years with less sea ice in the Bering Sea, the frequency of Alaskan
blocking has increased, indicating that the prediction of the sea-ice extent over the Bering Sea would
provide useful information for aircraft operation over the Arctic region.
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1. Introduction Therefore, avoiding headwinds and enhancing the
Aircrafts contribute to the emissions of carbon probability of tailwinds would reduce aircraft fuel
dioxide (CQ), water vapor (KHO) and oxides of consumption. Previous studies have reported that the
nitrogen, leading to global climate change (Lee andchange in the phase of atmospheric circulation over the
others 2009; 2010). Aircraft CQO, emissions have Atlantic sector causes changes in the position and
increased to 2.5% of the total anthropogenic emittedstrength of the jet stream, and thereby influences

CQO; over the previous 50 years (Lee and others 2009)aircraft routes (Irvine and othe?2813; Kim and others
The strengthened column-averaged, north—souti2016; Williams 2016). Kim and others (2016) indicated
temperature-gradient response to the increase in CCcertain links between the route and travel time of a
has caused an increased level of upper-level clear-aitight from New York to London and the phase of the
turbulence, which is a major cause of aviation incidentsNorth Atlantic Oscillation (NAO). In the positive phase
(e.g., injured passengers, structural damage, fligh{NAO+), when the jet stream tends to shift northward
delays) (Sharman and others 2006). Previous studiesver the northern Atlantic Ocean, flight times become
have reported an increase in the frequency and intensitghorter than during the negative phase (NAO-). In
of turbulence at upper levels for a doubling of the,CO addition, the number and timing of the route varies with
concentration (Wiiams and Joshi 2013, Williams and the season because of differences in the strength and
others 2017, Storer and others 2017). A reduction inlocation of the jet stream in summer and winter (Irvine
fuel usage would, therefore, help to reduce operatingand others 2013). In contrast, over the Pacific Ocean,
costs and minimize climate impacts. changes in atmospheric circulation over high and low
Two approaches to reduce aircraft emissions are théatitudes (e.g., resulting from the Arctic and El Nifio
development of technologies (e.g., efficient engines,Southern Oscillations) affect the flight time of aircraft
clean fuels, body and wing forms) and the improvementat mid-latitudes (Karnauskas and others 2015).
of air-traffic management (e.g., shortening flight times), Therefore, the route and season are strongly influenced
which may be optimized by monitoring the upper by atmospheric circulation patterns over the Northern
atmospheric circulation, because aircraft routes anddemisphere.
flight lengths mainly depend on the horizontal wind Polar routes exist to minimize the total travel time
speed at upper levels (Palopo and others 2010)and fuel consumption of aircraft travelling from one
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continent to another. The commencement of crossrpol
flight began in 1998 when entry into Russian aicgpa
was permitted by the Russian Government (Jacobson
and others 2011). The number of international figh
that use the Arctic route has been increasing ¢ene
decades, with several companies currently using the
cross-polar flight track throughout the year.

The United Airlines (UAL) flight 895 travels from
Chicago (ORD) to Hong Kong (HKG) almost every day,
which, to minimize the distance and time of flight,
passes over the Arctic region (Fig. 1a). Howeughf
UALB895 does not always travel the shortest roubenfr
ORD to HKG, suggesting the dependence of the Arctic
route on the upper level flow over the Arctic Oceale
investigate here the relationship between the ffligh
track and the upper-level atmospheric circulation,
particularly during the summer and winter seasons.

2. Data and methodology
2.1 Meteorological data

We use 6-h ERA-Interim reanalysis data from
January 1979 to December 2016 on a 0.75° x 0.75°
latitude/longitude grid produced by the European
Centre for Medium-Range Weather Forecasts (Dee and
others 2011) for determination of the geopotential
height, wind speed, sea-surface temperature, and
sea-ice concentration. We mainly focus on the
atmospheric circulations during summer (from May to
August, hereafter MJJA) and winter (from Decemioer t
March, hereafter DJFM). To calculate the frequeoty
blocking events over the Northern Hemisphere, we
apply a blocking index defined by D’Andrea and othe
(1998). At each longitude, the meridional gradieft
geopotential height at 250 hPa (Z250) between the
southern and northern parts of Z25GHGS and
GHGN) are calculated as

GHGS = Z(wo) - Z(ws) | (wo-ws)
and

GHGN = Z(yn) - Z(wo) / (yn-wo)

@)
@
respectively, where

Yn= 76.5°4

wo= 60.0°4\
ws= 43.5°A

®3)

for A= 0%, 0.75° 1.5°, 2.25° 3.0° 3.75° 4.5°.

A specific longitude on a given day is locally aefi as
being blocked if both of the following conditionsea
satisfied (for at least one value &}

GHGS> 0 (4)
and
GHGN < -5 m/(degrees latitude) (5)
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Fig. 1 (a) All flight tracks (thin lines) and tr

representative track (thick lines) for the AtlantiR,
orange), central Arctic (CR, blue) and Pacific esut
(PR, red) for May 2016. The time and distance fer t
representative tracks are shown.

(b) Monthly average frequency of each routarfr
2011-2016. Gray bars show the number of flights
from Chicago (ORD) to Hong Kong (HKG) via the
Arctic region from 2011-2016.

(c) Ice-cover anomaly during December and Marc
from the climatology over the Bering Sea (60-70°N,
180-210°E) from ERA-Interim. The green line shows
the frequency of flights taking the Atlantic route.

2.2 Flight track data

Flight information is obtained from the flightarea

website (https://flightaware.com), which providds t
location, height and total flight time of commeitcia
flights all over the world. We focus on flight UARS
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from ORD to HKG over the Arctic region (Fig. 1la), to previous studies (Matsueda 2009, Matsueda and
whose average total flight time is about 16 h ddpen  Endo 2017, Hoffman and others 2014). We show the
on the flight track. Flight information is avail&bsince  difference in the frequency of summer blocking @sen
2011, which is a relatively long time period congzhr between the central-Arctic-route and Pacific-rodiys
with other flights for this route. in Fig. 3(a), where, over the Pacific region (ambun
We use the northernmost position of aircraft aher  150°E and 130°W), two peaks of the difference ia th
Atlantic (15°W-15°E) and Pacific (165°E-165°W) frequency of blocking are clearly seen. The incesas
Arctic regions to classify UAL895 flight tracks, the blocking frequency are consistent with a peositi
resulting in three routes: the Atlantic route (herard ~ Z250 anomaly over eastern Asia and Alaska/northern
of 75°N over the Atlantic—Arctic region or northwdaof Canada (Fig. 2(a)). When the blocking dominates ove
87°N over the Pacific—Arctic region), the centrattc the Pacific-Arctic region, flight UAL895 takes the
route (from 72°N to 87°N over the Pacific—Arctic Pacific route to avoid the strong head wind assedia
region) and the Pacific route (southward of 72°Nrov with this blocking pattern. This result suggestst tthe
the Pacific—Arctic region). Examples of flight tkacfor blocking events over the Pacific—Arctic regions and
each route in May 2016 are shown in Fig. 1(a).ies t eastern Asia are the fundamental phenomena gogernin
central Arctic route is the most efficient and ¢her  flight routes during summer.
route between ORD and HKG, it is the most common
of the three routes throughout the year (Fig. 1@®dth 3.2 Winter
the Atlantic and Pacific routes have a longer dis¢a We focus on the difference in atmospheric cirboia
compared with the central Arctic route, howeveaghit between the central Arctic and Atlantic routes, kghe
UAL895 sometimes chooses them at a frequencythe latter is more frequent during winter (Fig. ))(b
depending on the season. While the Pacific routesha Using the same composite maps as in Fig. 2(a), but
higher frequency during MJJA, the Atlantic routestaa  focusing on the winter case (Fig. 2(b)), we set fia
higher frequency during DJFM, indicating that the Atlantic-route days, positive Z250 anomalies appear
aircraft routing over the Arctic region dependstha over Alaska and western Canada, causing head-wind
atmospheric circulation and season. anomalies from the central Arctic to the Canadian
Arctic Archipelago. In contrast, tail-wind anomalie
3. Relationship between the Arctic flight route exist from northern Greenland to central Siberibe T

and upper-atmospheric circulation positive Z250 anomaly dominates over the Barenés Se
3.1 Summer enhancing anticyclonic flow at the upper level. For

During summer, flight UAL895 chooses the central Pacific-route days, positive Z250 anomalies arendou
Arctic or Pacific routes almost exclusively (Figb)). ~ over Alaska and western Canada, however, a positive

To understand the difference in upper atmospheridV250 anomaly is not clearly seen over the Bareats S
circulation patterns between the central Arctic and(not shown).
Pacific routes, we constructed maps of geopotential
i ; 7250 & WS250 DJFM
height and wind speed at 250 hPa (2250 and W250) | mJa (b) AR—CR
subtracting the composites of central-Arctic-rodays (¢ "Rk TR
from those of Pacific-route days during summerukég o
2(a) shows the differences in Z250 and W250 betwee
the Pacific- and central-Arctic-route days during

summer, with positive anomalies of Z250 found ove |-

Archipelago are consistent with an anticyclone flow
associated with positive Z250 anomalies. In cohtras
the tail-wind anomalies associated with positivec@2

anomalies are seen from eastern Asia to Canac

Therefore, the Pacific route is very favorable flaght . . . . :
. - . Fig. 2 (a) Difference maps in geopotential heigt250
UAL895 when the head wind over the Pacific—Arctic [m]: shading) and air velocity (vectors [m/s]) 02

region is strengthened, and the tail-wind anomaly i ppa petween the Pacific (PR) and central Arctic)(CR
strong from Alaska to eastern Asia. routes for summer (MJJA).

The positive anomalies of Z250 suggest the irsea () pifference maps in geopotential height hg
in the frequency of summer blocking over easteri@As  [m]) and velocity (vectors [m/s]) at 250 hPa betwee
and the Beaufort Sea during Pacific-route days. The the Atlantic (AR) and central Arctic routes for weén
peak blocking events over the European-Atlantic and (DJFM). Black contours show the representative
Pacific regions are significant weather events aling tracks as shown in Fig. 1a.

I I I I I B
—90 —70 50 —30 30 50 70 90 3" [m/s]
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During winter, relatively higher blocking frequees  forms an anticyclonic circulation anomaly over east
are found over the European—Atlantic and PacificSiberia. In addition, the El Nifio-Southern Oscitat
sectors for Atlantic-route and central-Arctic dayeere  and the development of the Okhotsk High determine
is a difference in blocking frequencies over the the degree of summer blocking over the eastern Asia
European—Atlantic sector (between 2@t 50°E) and region (Park and Ahn 2014).
the Pacific region (between 150°E and 130°W) in .
winter (Fig. 3b), although the amplitude of difface is g')o ;ﬁj,{‘,iﬁﬁgf“&?" each route
smaller than that in summer. The peak European-15
Atlantic (Pacific) blocking difference results froi
positive anomaly of Z250 over the Barents Sea (from 10
Alaska to western Canada), suggesting that theewint
blocking over the Pacific and European-Atlantic 5
sectors impacts the aircraft route over the Aro@ean.

0

3.3 Atmospheric response to change in Arctic sea .
ice )

The decline in Arctic winter sea ice promotes

turbulent heat release into the atmosphere, ragutia

geopotential height anomaly over the Arctic region

(Rinke and others 2013). To understand the 1° "sow 0 B0E 120E 180 120W

atmospheric response to sea-ice decline over tbhcAr (b) DJFM {AR - CR)

we focus on years with low and high sea-ice extent 15 V :

the Bering Sea (Fig. 1(c)), and investigate the

difference in the atmospheric circulation in Z2%lds

during winter (Fig. 4(a)). The Z250 anomaly pattérn

similar that for Atlantic-route days as shown irg.Fi

2(b), particularly for the Western Hemisphere,

indicating that this anomaly pattern may be a raspo

to the decline in Bering Sea ice. In fact, the freacy

of Atlantic-route days during winter was relativéligh -5

during years of low ice extent (the winters of 2Gi&l

2016), while in years with a high ice extent (thaters

of 2012 and 2013), the frequency was relatively low

compared with other years. To investigate the 15 —ow 0 60E 120E 180 120W

relationship between the sea-ice extent over thenge Fig. 3 (a) Difference in frequency of blocking [%]

Sea and the atmospheric circulation over the Namthe between the Pacific (PR) and central Arctic (CR)

Hemisphere, we performed regression analyses routes (PR-CR) in summer (MJJA) as a function of

between Z250 and the sea-ice concentration over the  longitude.

-10

Bering Sea (Fig. 4(b)), giving a positive correati (b) Difference in frequency of blocking [%]
over western Canada and a negative correlation over  between the Atlantic (AR) and central Arctic (CR)
the North Pacific. This pattern of Z250 is simikar routes (AR-CR) in winter (DJFM) as a function of
patterns of the Z250 anomaly during years withwa lo longitude.

ice extent (Fig. 4(a)) and Atlantic-route days (b)), ) )
although the amplitude of z250 is smaller than for 4 Summary and discussion o
7250 anomalies in Figs. 2(b) and 4(a), indicatihagtt We have investigated the relationship between the

the increased Alaskan blocking frequency duringsea UPPer level flow over the Northern Hemisphere and
with a low ice extent influences flight operations. flight tracks over the Arctic region. The tail wind
For composite maps as in Fig. 4(a), but focusing anomaly from northern Greenland to western Sibieria

the summer case, the Z250 anomaly pattern is differ nduced by European-Atlantic blocking, which
from the winter case in terms of the atmospheric'nﬂ“ences flight opgratlons during vylnter. Alagkan
response to sea-ice decline over the Bering Seq (nd!0Cking events during summer, which result in a
shown), because anomalous snow melting in northerfp€2d-wind anomaly from eastern Siberia to the
Eurasia leads to summer atmospheric circulationc@nadian Arctic Archipelago, impede aircraft from
anomalies (Matsumura and others 2010). Matsumur&'°SSing the central Arctic route, while the tailnds

and Yamazaki (2012) found that large surface hgatin anomaly .from Alaska to eastern Asia i_s favorable fo
associated with early snow melting in northern Bizra (he Pacific route. Our composite analysis demotesira
the impact of blocking events on aircraft routes.
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However, operational and fuel costs must b () 7250 DIFM (Low lce — High lce) (o) CI (DJFM) vs 2250 (DUFM)
discussed before the beneficial operation of figtdn
be considered. Operational costs not discussed he
include the cost of entering another country’sce,
which differs for each country. Previous studieseha
reported that the increased probability of a taihdv
minimizes the total flight time, and reduces thel fand
operational costs (Wiliams 2016, Karnauskas an
others 2016, Kim and others 2016). Based on resiilts
these studies, using the tail wind anomaly fron
northern Greenland to western Siberia and over tt
Pacific Ocean, while avoiding the head wind anomaly
area from eastern Siberia to the Canadian Arctic Fig. 4 (a) Difference maps in Z250 between yeath
Archipelago, would reduce operational and fuel sost low and high sea-ice extent in the Bering Sea for
Hence, the accurate forecast of blocking events is ~ Wwinter (DIFM). . .

. ) ) 0 (b) Regression field of Z250 with Bering Sea
important for aircraft operation over 'Fhe Arctlgm. ice cover in winte
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