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Abstract: Atmospheric ducting is an anomalous atmospheric structure that affects electromagnetic
wave propagation. In the context of global warming, the navigation capacity of the Arctic is increased,
and the atmospheric duct can affect communication and navigation in the Arctic. In this study, based
on the European Centre for Medium-Range Weather Forecasts reanalysis data (ERA-interim), the
climate characteristics and their variations of atmospheric ducts over the Arctic polar region (north
of 60◦ N) from 1989 to 2018 were analyzed, including the occurrence frequency, spatial distribution,
thickness and intensity of the atmospheric ducts. The results show that the overall frequency of
atmospheric ducts in the Arctic is low, with the average frequency of all types of ducts being less
than 10% throughout the year. The frequency of surface ducts is 2~3 times that of elevated ducts.
More than 90% of the atmospheric ducts in the Arctic have a trapped layer with a thickness of less
than 100 m, and the average thickness of surface ducts is higher than that of the elevated ducts.
The intensity of the Arctic surface ducts is stronger than that of the elevated ducts, with an average
intensity of 2.1 M (±2.3 M) to 4.5 M (±4.5 M) for the surface ducts and 1.7 M (±2 M) to 2.5 M (±2.9 M)
for the elevated ducts. There is a positive correlation between the ducts’ trapped layer thickness
and duct intensity. The variation in atmospheric ducts is responsive to the changes in atmospheric
circulation and the sea ice extent. This anomalous circulation changes surface wind in the Arctic,
which affects the formation and maintenance of the ducts. The trends of ducts in the Arctic Ocean are
consistent with those of the Arctic Sea ice extent, while the Arctic continental and coastal ducts show
the opposite trend.

Keywords: Arctic atmosphere ducts; spatial and temporal distribution; trapping layer thickness;
intensity of ducts; Arctic oscillation; sea ice extent; variation and influence factor analysis

1. Introduction

Arctic atmospheric ducts can trap electromagnetic waves due to the inhomogeneous
atmospheric refractive index, and affect communications and radar detection signals be-
yond the visible range. Climate and environmental changes in the Arctic have a direct
impact on the world, while the reduction of Arctic Sea ice further aggravates global warm-
ing through the ice radiation feedback mechanism. The melting of glacial permafrost will
bring ecological and economic damage to countries near the polar circle [1,2], which has
encouraged an increasing number of scientists to explore Arctic sailing routes and seek
their commercial value [3,4]. Many countries have deployed various unmanned scientific
research equipment in the Arctic, most of which relies on radio and satellite signals [5–7].
These trends will increase the demand for marine navigation and communication technolo-
gies in the Arctic. Therefore, the Arctic atmospheric duct, as a special weather process that
affects polar communication signals, is worthy of in-depth analysis.
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Atmospheric ducts are triggered by two kinds of atmospheric conditions, one in
which atmospheric humidity decreases sharply with height, and the other in which the
atmospheric temperature increases with height [8]. The calculation of the atmospheric
refractive index can achieve the qualitative analysis of atmospheric ducts. The temperature,
humidity and pressure from the ground to the stratosphere must be provided.

The study of ducting characteristics by GPS atmospheric sounding is mainly aimed
at regions with data observation. Patterson [9] used global radiosonde measurements to
study atmospheric ducts’ distribution patterns related radiosonde sites around the world
throughout a period of six years, and Babin [10] used helicopter measurements to analyze
the seasonal variations of surface ducts located on Wallops Island, Virginia. Lang [11]
studied the ducts of the American mainland and found that the precipitation correlates
positively with the probability of ducts caused by the vertical moisture gradient, while the
relation is negative when the ducts are caused by temperature inversion. Yan [12] focused
on the ducts in Alaska and found the Arctic vortex area and intensity index were signifi-
cantly negatively correlated with the occurrence of atmospheric ducts. The characteristics of
atmospheric ducts in the offshore and coastal areas of China have been analyzed using ship-
based GPS and shore-based GPS sounding [13–16]. With the use of atmospheric numerical
models, research on local and global ducting characteristics is gradually enriched. Chen [17]
pointed out that ducts in offshore China exhibit obvious seasonal variations, based on the
mesoscale weather numerical model MM5 (Fifth Generation Penn State/NCAR Mesoscale
Model). Cheng et al. [18] used ERA-Interim to analyze the characteristics of low-altitude
ducts in offshore China, and showed that the overall atmospheric duct frequency was
22%. The characteristics of global atmospheric ducts have been analyzed, including the
basic characteristics of the seasonal variation of ducting frequency and thickness [8,19]. It
has also been proved that the reanalysis data can accurately reflect the characteristics of
atmospheric ducting.

Due to the lack of observational data, the study of the Arctic ducts is still less intensive
than that of other regions. Recent research shows that the frequency of atmospheric ducting
in the Arctic is significantly lower than that in other sea areas of the world, with an incidence
of less than 50% [8,19]. Although previous studies have researched the Arctic [20], the
research area is still relatively limited and the time span is still short, given that only 10-year
data from 16 stations along the coast of the Arctic continent were analyzed, while the basic
statistical characteristics of the ducts, such as strength and height, are not sufficiently clear.

Weather systems and ocean processes, such as blocking highs, polar cyclones, low-
level ocean jets and the North Atlantic Current, which trigger moisture inversion, the
subsidence of air masses and the passing of cold air over warm land, lead to differences in
the frequency, height and intensity of atmospheric ducts [21–27]. However, there have been
few studies on the relationship between atmospheric ducting and large-scale atmospheric
circulation, especially in the Arctic region.

ERA-Interim reanalysis data of 60 vertical layers with a horizontal resolution of
0.75◦ × 0.75◦ were used in this research. This dataset can capture the shape of the mean
temperature, wind speed and specific humidity profiles well in the Arctic [28–30]. GPS
sounding data in the Arctic Ocean obtained during the sixth to ninth Chinese Arctic
scientific expeditions (held in 2014, 2016, 2017 and 2018) are provided for comparison with
the reanalysis data in Section 3.1. Based on the ERA-Interim data, the climate characteristics
of Arctic atmospheric ducts are investigated for the period of 1989–2018 in Section 3.1 to
Section 3.3. Additionally, the response of the Arctic atmospheric ducts to atmospheric
circulation and sea ice is in Section 3.4. The climatological analysis of the spatial and
temporal distribution and intensity of the atmospheric ducts can serve as a reference for
both the improvement of the atmospheric duct detection, prediction and diagnosis system,
and the further use of atmospheric ducts for the operation of ship-borne radio systems in
the Arctic.
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2. Data and Methods
2.1. Data

The ERA-Interim data released by the ECMWF (European Centre for Medium-Range
Weather Forecasts) were used to perform a climate analysis of the atmospheric ducting
characteristics [31,32]. The data assimilation system used is the Integrated Forecast System
(IFS) Cy31r2. The system includes a 4-dimensional variational analysis (4D-Var) with
a 12 h analysis window. The spatial resolution of the data set is approximately 80 km
(T255 spectral, 0.75◦ × 0.75◦) on 60 levels from the surface up to 0.1 hPa. The assimilated
data include operational observation data, radiosonde data, wind data from reprocessed
meteorological satellites, satellite altimeter data and clear sky radiation from geostationary
satellites. There are 11 layers below 1000 m at sea: the influence of orography is not
considered. Forecasts were provided at 00, 06, 12 and 18 Universal Time.

The Arctic Oscillation (AO) is a large-scale mode of climate variability, and a cli-
mate pattern characterized by winds circulating counterclockwise around the Arctic at
around 55◦ N latitude. It is an important climatic index representing the atmospheric
circulation in the Arctic region, which can be divided into positive phase and a negative
phase [33]. In Section 3.4 the AO index was obtained from the National Oceanic and Atmo-
spheric Administration (http://www.esrl.noaa.gov/psd/data/climateindices, accessed on
28 November 2022). The data used in the composite analysis of Section 3.4 were chosen
from ERA5, the monthly product (ERA5 monthly averaged data on single levels from 1959
to present), which mainly uses its 500 hPa geopotential height, sea level pressure and wind
speed at 10 m. The ERA5 dataset is the latest reanalysis from the European Centre for
Medium-Range Weather Forecasts (ECMWF) based on its previous generation ERA-Interim
dataset. Compared with the previous ERA-Interim dataset, the ERA5 dataset has longer
time coverage, a more accurate data assimilation system and finer spatial resolution [34].

The sea ice extent from NOAA (https://masie_web.apps.nsidc.org/pub/DATASETS/
NOAA/G02135/seaice_analysis, accessed on 6 September 2022) is calculated as the areal
sum of sea ice covering the ocean where the sea ice concentration (SIC) exceeds a threshold,
which is calculated as the sum of all ocean elements having a sea ice concentration of at
least 15%.

Due to the lack of comparison and the verification of fixed-point observation data
in the Arctic Ocean, the atmospheric profile data of the GPS radiosonde observation [35]
during the sixth to ninth Chinese National Arctic Research Expeditions (CHINARE, held in
2014, 2016, 2017 and 2018) were compared with the reanalysis data to ensure that the ERA-
Interim data better reflect the characteristics of the atmospheric profile in the Arctic and
the reliability of the atmospheric duct results we calculated based on them. The sounding
observations were carried out on the vessel XueLong, about 10 m above the sea surface.
The observation frequency is two to three times 00 (UTC), 06 (UTC) and 12 (UTC). During
the sixth to eighth Arctic expeditions, the Changfeng-CF-06-A radiosonde was used, with
temperature and humidity measurement ranges of −90 to 50 ◦C and 0 to 100%, resolutions
of 0.1 ◦C and 1%, errors of 0.5 ◦C and 5% and a response time of less than 1.5 s [36]. During
the ninth Arctic expedition, the VaisalaRS41 radiosonde was used, with temperature and
humidity measurements ranging from −90 to 60 ◦C and 0–100%, resolutions of 0.01 ◦C and
0.1%, errors of 0.2 ◦C and 3%, and a response time of 0.5 s [35].

2.2. Methods

The occurrence of atmospheric ducts is defined by the change in the atmospheric refrac-
tive index [37]. When considering the curvature of the ground, the modified atmospheric
refractive index is often used to characterize the atmospheric refraction state [18,19], which is
a function of atmospheric pressure, temperature and water vapor pressure, as follows:

M =
77.6

T

(
P + 4810

e
T

)
+ 0.157Z (1)

http://www.esrl.noaa.gov/psd/data/climateindices
https://masie_web.apps.nsidc.org/pub/DATASETS/NOAA/G02135/seaice_analysis
https://masie_web.apps.nsidc.org/pub/DATASETS/NOAA/G02135/seaice_analysis
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In each layer, M represents the corrected atmospheric refractive index (M), P (hPa)
denotes the pressure at the full level (https://rda.ucar.edu/datasets/ds627.2/docs/Eta_
coordinate/index.html#sec2, accessed on 3 September 2022), E denotes water vapor pres-
sure (hPa), T denotes air temperature (K) and Z represents altitude above the Earth’s surface
and the sea surface (m). Z shall be converted through geopotential height h to eliminate
continental topography.

h = (
φ

g0 )/1000 (2)

H = (Re × h)/(Re − h) (3)

Z = H − Ze (4)

ϕ (m2/s2) in Equation (2) is geopotential for each level, g0 = 9.8 m/s2. Re (km) in
Equation (3) is the radius of the Earth, h (km) is the geopotential height and H (km) is the
geometric height. Ze (km) in Equation (4) is the geoid height from the EGM96 Geopotential
Model. Note that the actual height of each model level may vary slightly among model grid
points because of horizontal variations in virtual temperature and surface pressure [8,38].

Rogers’ [39] water vapor pressure formula (Equation (5)) was used to calculate the atmo-
spheric ducts from the reanalysis data, and the modified Tetens equation (Equation (6)) [11,40,41]
was used to calculate the water vapor pressure from GPS atmospheric sounding:

e =
qP

ε + (1 − ε)q
(5)

E = 6.112 exp
(

17.67t
t + 243.5

)
(6)

In Equation (5), q represents the specific humidity (kg/kg) of each layer of the atmo-
sphere, ε with a constant value of 0.622. In Equation (6), E is the saturation water vapor
pressure (hPa) at temperature T (◦C).

When the corrected refractive index gradient is negative ( dM
dz < 0), and an atmospheric

duct is determined to be present, then the refractive index of the atmosphere at the bottom
of the negative gradient layer is denoted as Mmax. The height of the bottom of this layer
serves as the base of the atmospheric ducts hmin, up to a height such that dM

dz > 0, at which
height the refractive index of the atmosphere is denoted as Mmin. The height of this layer
serves as the top hmax; this layer is called the trapped layer [42]. Meanwhile, several values
representing the characteristics of the atmospheric duct can be calculated, including the
trapped layer thickness ht, as shown in Equation (7), and the intensity of the duct, as shown
in Equation (8) [20]. It should be noted that the trapped layer thickness of the surface duct
represents the top height and thickness of this kind of duct:

Trapped layer thickness: ht = hmax − hmin (7)

Intensity of the ducts: ∆M = Mmax − Mmin (8)

At present, the internationally recognized atmospheric ducts can be divided into three
types, according to the shape of the atmospheric refractive index profile and the height [42]:
simple surface ducts (Figure 1a), surface ducts with a base layer (Figure 1b) and elevated
ducts (Figure 1c). In this study, both surface ducts and surface ducts with a base layer are
considered to be surface ducts, and the cases of surface ducts and elevated ducts in the
Arctic region are both discussed.

https://rda.ucar.edu/datasets/ds627.2/docs/Eta_coordinate/index.html#sec2
https://rda.ucar.edu/datasets/ds627.2/docs/Eta_coordinate/index.html#sec2
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Figure 1. Type diagram of atmospheric duct, where h is the trapped layer thickness and M is the
strength: (a) simple surface duct; (b) surface S-shaped duct; (c) elevated duct.

3. Results
3.1. Comparison of GPS Sounding Observations and Reanalysis Data in the Arctic

The occurrence of atmospheric ducting is determined by the modified atmospheric
refractive index. In this section, the atmospheric sounding data obtained from the sixth to
ninth CHINARE (Figure 2) are evaluated as true values, and the ability of ERA-Interim
to calculate the modified atmospheric refractive index is evaluated. The scatter map
comparing the modified atmospheric refractive index calculated by ERA-Interim and
the GPS atmospheric sounding is shown in Figure 3a. The deviation distribution of the
modified atmospheric refractive index with height is given in Figure 3b, and the mean
deviation (M.D.) relative deviation (R.D.), Root-Mean-Square Error (RMSE) and median
deviation were calculated, as shown in Figure 3b. Among these, the median deviation is
the element in the middle of the deviation array after the elements are arranged from small
to large, and the other formulas are as follows:

M.D. = [
n

∑
i=1

(Xi − Yi)]/n (9)

R.D. =
n
∑

i=1
(Xi − Yi)]/

n
∑

i=1
Yi (10)

RMSE =

√√√√ 1
N − 1

N

∑
i=1

(xi−x)2 (11)

In Equation (7), Xi represents the modified atmospheric refractive index calculated
by ERA-Interim, Yi represents the modified atmospheric refractive index calculated by
atmospheric sounding data, n is the number of samples for each layer, xi is the deviation,
x is the mean deviation and N is the total samples.

To obtain a better comparison, the modified atmospheric refractive index derived from
ERA-interim and GPS atmosphere sounding observation are plotted in Figure 3a. The red
dashed line is the regression of the reanalysis data against the observation data. As demonstrated
in Figure 3a, the correlation coefficient between them is about 0.982, r2 = 0.96 (p < 0.05). This
figure illustrates a high linear correspondence between the modified atmospheric refractive
index calculated by the reanalysis data and the observation data.
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refractive index with height.

Figure 3b shows the statistics of the corrected atmospheric refractive index deviation
from the ground to the height of 1000 m. The mean and median deviation have similar
distribution curves, indicating that the deviation distribution is symmetrical with the average.
The mean deviation range is −3 to 4 M. The mean deviation and median deviation are positive
below 500 m, illustrating that the modified atmospheric refractive index calculated from the
reanalysis data is higher than that from the observation data, while the opposite is true above
500 m. On the other hand, the distribution of the mean deviation increases sharply with a
height below 120 m, and then the average deviation between 120 m and 500 m decreases,
while the deviation increases when it is greater than 500 m, but its increase amplitude is smaller
than that below 120 m. The mean deviation of 300 m to 600 m is relatively small compared to
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those below 200 m and above 600 m, at less than 1 M, and the maximum deviation is −4 M at
1000 m. The RMSE and R.D. are 7.22 M and 0.17%, respectively.

Although deviation occurs when using reanalysis data to calculate the modified
atmospheric refractive index at different heights, the ERA-Interim data can accurately
reflect the vertical variation characteristics of the index from the significant correlation with
the observed data. Therefore, these data can be used to analyze the climatology state of
atmospheric ducts in the Arctic. In addition, previous studies [43,44] also show that the
data are reliable in describing the vertical characteristics of the atmosphere, and they are
also used in the study of atmospheric ducting [19].

3.2. Spatial Characteristics of Atmospheric Duct Frequencies

Next, the spatial distribution and monthly variation of total Arctic ducts are further
analyzed. The results in Figure 4 indicate that the occurrence frequency of the Arctic
ducts is lower than those of the middle and low latitudes and the Antarctic region, which
is consistent with the results of Wang [19]. Duct frequency exhibits significant regional
differences. Ducts in the Arctic mainly occur near the coast of the continent, with two
high-value regions located between the north of Greenland to the north of Baffin Bay, and
the north of Russia between 120–150◦ E and 60–70◦ N, near the central Siberian plateau
and the Chersky Mountains. The frequency of ducting in the period ranging from winter
to early spring on the north coast of Greenland can reach more than 80%, which is much
higher than the average of the Arctic. At the same time, the frequency of ducting north of
80◦ N is lower than that in the lower latitudes, and changes depending on the month, with
the frequency in summer being significantly lower than that in other seasons.

Table 1 shows further data statistics, the average frequency of the total ducts through-
out the entire Arctic is 4.0–9.9%, of which that of the surface ducts is 2.8–7.3%, and that
of the elevated ducts is 1.0–2.6%. The Arctic landmass is mainly located from 60 to 70◦ N.
The average frequency of ducting in this region is 4.4–12.9%, that of the surface ducts is
2.9–8.8%, and that of the elevated ducts is 1.2–4.0%; 70–80◦ N is mainly the surrounding
area of the Arctic Ocean, and has a low sea ice concentration. The average frequency of the
total ducts in the 70–80◦ N region is 3.8–11.8%, that of the surface ducts is 2.0–8.0%, and
that of the elevated ducts is 1.3–2.9%; the 80–90◦ N region has high sea ice concentration
area all year round. The total frequency of ducting is 1.2–5.0%, among which that of the
surface ducts is 0.6–4.0%, and that of the elevated ducts is 0.5–1.0%.

In winter, the frequency of atmospheric ducts in the 60–70◦ N region is the highest,
which is obviously higher than that in the Arctic Ocean region in the same period, mean-
while, the frequency is obviously more than that in summer. Hao [20] counted the data
from three sounding stations in Greenland, and found that 93% of atmospheric duct events
in February were accompanied by a thicker radiation inversion layer of the boundary layer,
while in summer is 88%. It is speculated that the radiation inversion of the land is the
main reason for the formation of the winter ducts. Moreover, the water vapor transported
through the Atlantic Warm Current, extratropical cyclone and other processes is blocked in
the inversion layer, resulting in a sharp decrease in humidity with height. This can also be
seen from the increase in the frequency of the total ducts in winter.

Table 1. Average frequency of atmospheric ducts in different regions of the Arctic.

Parameter Total Ducts/% Surface Ducts/% Elevated Ducts/%

Latitude Spr. Sum. Aut. Win. Spr. Sum. Aut. Win. Spr. Sum. Aut. Win.

60◦ N–70◦ N 7.1 10.2 4.4 12.9 5.9 7.4 2.9 8.8 1.2 2.9 1.5 4.0
70◦ N–80◦ N 5.7 3.8 4.9 11.8 4.5 2.0 3.3 8.8 1.3 1.8 1.6 2.9
80◦ N–90◦ N 3.1 1.2 2.7 5.0 2.6 0.6 2.1 4.0 0.5 0.6 0.5 1.0

Total 5.3 5.1 4.0 9.9 4.3 3.3 2.8 7.3 1.0 1.8 1.2 2.7
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In addition, atmospheric circulation and sea ice may also be connected to the sea-
sonal and inter-annual fluctuations of atmospheric ducts. In Section 3.4, we will go into
more detail about how atmospheric circulation and sea ice extent affect the frequency of
atmospheric ducts.

Figures 5 and 6 show the spatial distribution of the monthly frequency of surface ducts
and elevated ducts, respectively. The occurrences of surface and elevated ducts differ in
frequency, but coincide in spatial distribution. Specifically, the frequency of surface ducts is
greater than that of elevated ones (Table 1). The area with a high frequency of surface ducts is
located in the coastal area, especially in the north and west of Greenland. Another area with
more surface ducts is located northward of Eurasia in winter. The extremum center of the
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elevated ducts is located on land, including Greenland and the northern part of the Eurasian
continent. In the cold season, the extremum is more significant than in the warm season.
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3.3. Height and Intensity Characteristics of Atmospheric Ducts
3.3.1. Height Characteristics of Atmospheric Ducts

Figure 7 shows the frequency of the trapped layer thickness of surface ducts in each
season (Figure 7a) and their monthly variation (Figure 7b). The results show that 60–80%
of the layers are less than 100 m in each season, while 20–30% of the ducts are trapped in
layers between 100 and 200 m. The trapped layers of the ducts that are more than 200 m
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thick account for less than 5% in all seasons. The monthly average captured layer thickness
of the surface ducts is shown in Figure 7b. The seasonal variation in surface duct thickness
is not particularly obvious, only shown to be slightly larger in winter and summer than
that in spring and autumn. The maximum layer is 75 m (±35 m) in July and the minimum
is 68 m (±35 m) in April.
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Figure 8 shows the seasonal frequency and monthly average changes of the trapped
layer thickness (Figure 8a,b), bottom height (Figure 8c,d) and top height (Figure 8e,f) of the
elevated ducts in the Arctic. The interval span of the trapped layer thickness (Figure 8a) is
between 0 and 700 m, and more than 90% of it is less than 100 m, except in summer. The
frequency of trapped layer thickness below 100 m is greater than that of the surface ducts,
but the frequency above 200 m is also higher than that of the surface ducts. Figure 8c shows
that the base height of the elevated ducts is between 30 and 600 m, but most ducts occur
at a low height, and the frequency of the bottom height below 100 m is also above 90%,
except in summer. In summer, not only is the trapped layer thickness of the elevated ducts
thicker, but the bottom height of the ducts is also higher. Figure 8d shows the top height
distribution of the elevated ducts. More than 85% of elevated ducts’ top height are lower
than 200 m.

The monthly variation of the trapped layer thickness of the elevated ducts is shown
in Figure 8b. Combined with a thickness percentage of more than 100 m and the monthly
variation of the thickness, the thickness of the elevated ducts in summer is slightly higher
than that in other seasons. Seasonal variation of elevated ducts thickness is more obvious
than that of the surface ducts. The average elevated trapped layer thickness in summer is
60 m (±40 m), while that in the other months is 40 m (±15 m). The captured layer thickness
of the elevated ducts is lower than that of the surface ducts.
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3.3.2. Statistics of Atmospheric Duct Intensities

The statistics of the total atmospheric duct intensities in each season are shown in
Figure 9a. In general, the absolute value of atmospheric ducting strength greater than 10 M
is considered a strong duct [19]. The frequency of a <1 M intensity in all seasons except
winter is more than 30% in the Arctic, while the intensity of more than half of the ducts
throughout the year is less than 3 M. The results show that the strength of ducts in Arctic is
weak on average. Although the overall strength of ducts is weak, there are some strong
events, albeit at a very low frequency. The frequency of strong ducts in winter is the greatest
among all seasons, and the average intensity in winter is the strongest. This conclusion is
also verified in Figure 9b, which shows the statistics of the monthly average intensity of
different types of ducts, and also reflects two characteristics of intensity changes: 1. The
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overall intensity of the elevated ducts is weaker than the surface ones. The annual average
intensity of the elevated ducts ranges from 1.7 M (±2 M) to 2.5 M (±2.9 M), while the
annual average intensity of the surface ducts ranges from 2.1 M (±2.3 M) to 4.5 M (±4.5 M).
2. The atmospheric duct intensity is strongest in winter, rather weak in spring and autumn,
and slightly stronger in summer.
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The reason for the strongest atmospheric duct strength in the Arctic in winter is
consistent with the cause of the number of atmospheric ducts discussed above, both of
which are related to the enhancement of radiation inversion in the Arctic mainland. Based
on the atmospheric sounding data of several coasts around the Arctic, Hao [20] found that
the strength of the Arctic atmospheric duct is strongest in summer, followed by winter.
This study shows that the intensity of ducts in winter is strongest, followed by summer.
This difference mainly occurs because the former statistical data were concentrated on the
coast observation, while the reanalysis data cover the whole Arctic. The results show that
the increase in and enhancement of the Arctic atmospheric duct in winter mainly occurred
in the continental region of the Arctic (60◦ N–70◦ N).

Summer is the most important period for navigation in the Arctic. The analysis of
this study shows that the strength and number of ducts in this period are second only
to those in winter. The changes during this period may be the combined influence of
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permanent atmospheric activity centers, atmospheric circulation and seasonal variations
in mesoscale weather systems in the middle to high latitudes and polar regions. Firstly,
with the beginning of the warm season, the gradual strengthening of the Greenland high-
pressure center triggers a sinking temperature inversion, which, as mentioned in the
previous discussion, is the main cause of ducts on land mass. Secondly, there was more
blocking activity high over the Asian continent, which carries large amounts of water and
heat to the Arctic. In addition, there were also more cyclones entering the polar regions
from middle and high latitudes in summer. These cyclones also transfer heat and water
vapor to the polar regions [45]. The change in water vapor is closely related to the formation
of ducts. These possible effects deserve further investigation.

3.3.3. Correlation between Atmospheric Duct Intensity and Trapped Layer Thickness

Next, the correlation coefficient between the trapped layer thickness and the intensity
of the ducts is calculated, and the results are shown in Table 2. The results show that both
the surface and elevated ducts have a positive correlation with the thickness of the trapped
layer (p < 0.05). The positive correlation of surface ducts is more obvious than that of
elevated ducts, especially in summer. This result indicates that the strength of the ducts is
stronger when the trapped layer thickness of the duct is thicker.

Table 2. Correlation coefficient between the trapped layer thickness and intensity of atmospheric
ducts (statistical significance at the 95% confidence level based on Student’s t-test).

Month Correlation
Coefficient (Surface)

Confidence
Interval

Correlation
Coefficient (Elevated)

Confidence
Interval

1 0.230 * 0.229–0.231 0.256 * 0.254–0.257
0.228 * 0.227–0.229 0.253 * 0.252–0.254

3 0.232 * 0.231–0.233 0.246 * 0.245–0.247
4 0.234 * 0.233–0.234 0.243 * 0.241–0.244
5 0.263 * 0.262–0.263 0.203 * 0.202–0.204
6 0.315 * 0.314–0.315 0.201 * 0.200–0.202
7 0.338 * 0.337–0.339 0.249 * 0.247–0.250
8 0.310 * 0.309–0.311 0.232 * 0.230–0.233
9 0.298 * 0.297–0.299 0.231 * 0.299–0.232
10 0.273 * 0.272~0.274 0.210 * 0.209–0.211
11 0.220 * 0.219–0.221 0.216 * 0.215–0.217
12 0.227 * 0.226–0.227 0.244 * 0.243–0.245

* represents p < 0.05.

3.4. Response of Atmospheric Ducts to AO and Sea Ice Extent

The occurrence of atmospheric ducts is related to the influence of the atmosphere
and the underlying surface. The influence of the atmosphere includes small-scale sea
and land winds, mesoscale and even synoptic-scale cyclones and anticyclones, along with
changes in atmospheric circulation. The difference of underlying surface mainly includes
the change of sea ice and land-sea discrepancy. Because the sea ice is melting, vessels can
take advantage of channels in summer. Therefore, the relationship between the frequency of
ducts in summer and the atmospheric circulation and sea ice were studied. Both the Arctic
Oscillation (AO) index and sea ice extent for the period of 1989–2018 are standardized in
this paper. Figure 10 shows the standardized AO index in summer and the average sea
ice extent in September. September is the month of the year with the lowest Arctic sea ice
extent, and this is a reflection of how much ice retreated that year. The sea ice extent in
summer has declined significantly over the last 30 years (p < 0.05).

It can be seen from Figure 11a that the correlation between the AO and atmospheric
ducting basically exhibits zonal distribution. There is a negative correlation between the
frequency of atmospheric ducts and the AO in most regions north of 75◦ N, except in eastern
Greenland and northern Russia. A positive correlation between the frequency of atmospheric
ducts and the AO in most regions in the range of 60–75◦ N, including northern and central
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Canada, eastern Greenland, northern Russia and other regions (p < 0.05). However, there
are interruption regions in the positive latitudinal belt, which show negative correlations,
including the Alaska and Greenland (p < 0.05) regions. The northern side of Greenland and
the central and northern parts and the coast of Russia are the main duct occurrence regions,
and these regions are significantly correlated with the AO (p < 0.05).
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for the same season during the period of 1989–2018 in summer: (a) AO; (b) sea ice. The black dots
denote that the linear trend is significant at 95%.

The correlation between the sea ice extent and atmospheric ducts in summer is mainly
negative in land areas (Figure 11b), but only that in the northwestern parts of Greenland
and Russia is obvious (p < 0.05). On the contrary, the Arctic Ocean (floating ice area) is
positively correlated, especially in the outer floating ice area around 75–80◦ N, including
the north of Russia, Canada and the Greenland Sea (p < 0.05). The change in Arctic sea
ice will affect the formation and intensity of the radiation inversion layer in the Arctic
atmosphere [35]. In the dense ice area, it is easier for an inversion layer to form than in
open water, and the inversion is closely related to the formation of atmospheric ducting.
Therefore, it is speculated that the positive correlation between atmospheric ducting and
the sea ice extent in the Arctic Ocean is related to the change in radiation inversion caused
by sea ice change, but it still needs further study.

To further explain the relationship between the AO and ducting, the anomaly of the
500 hPa height field, the sea level pressure, the surface wind speed at 10 m and the duct
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counts in summer corresponding to the positive (>0.6 standard deviation) and negative
(<−0.6 standard deviation) of the AO were analyzed (Figure 12). The positive and negative
abnormal years of the AO are shown in Table 3. Completely opposite effects occur in the
500 hPa height, sea level pressure, surface wind speed and duct counts in the Arctic in
different anomaly AO years. In the positive (negative) abnormal years of AO, the polar
vortex is stronger (weaker), the sea level pressure is lower (higher), and the wind speed in
the Arctic Ocean region increases (decreases), and then the duct counts decrease (increase).
It is found in Figure 12(a-1,a-2) that when the AO index is positive, the positive anomaly
area of the wind speed basically corresponds to the ducting decrease area, including the
Arctic Ocean, northern Greenland, and the Barents Sea. The negative anomaly area of wind
speed basically corresponds to the ducting increase area, including northeast Russia, the
northern coast of Canada and northern Greenland and so on (Figure 12(b-1,b-2)). This
also shows that the AO affects the frequency of atmospheric duct generation through the
anomaly of surface wind speed in different phases.
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Table 3. Positive and negative abnormal years of AO.

Positive AO anomaly years 1989, 1994, 1996, 2006, 2016, 2017, 2018
Negative AO anomaly years 1993, 1997, 2004, 2007, 2009, 2011, 2014, 2015

The positive phase of the AO corresponds to the very large cold vortex over the North
Pole, and leads to a flat-zonal, strong westerly circulation in the mid-latitudes, with less
fluctuation in extratropical cyclones and other synoptic scales. The polar cyclone activity
moves north [45]. Affected by the polar cyclones, sea level pressure shows a negative
anomaly and wind speed shows a positive anomaly in the Arctic Ocean, which is consistent
with the analysis results in Figure 12. This situation is not conducive to the generation of
ducting in the Arctic Ocean. However, it is advantageous for ducts near the range of 60–75◦

N in the continent region. On the contrary, the Arctic Ocean is often occupied by surface
high pressure or the upper air anti-cyclonic, while the mid-latitude circulation fluctuation
amplitude increases, the westerly belt becomes weak, and the blocking high pressure easily
forms. The north–south exchange of warm and cold air is intense, and the wind force
increases (Figure 12(b-2)), which is not conducive to the formation of atmospheric ducts in
the 60–75◦ N zone.

4. Conclusions and Discussions

This study used the ERA-Interim reanalysis data from 1989 to 2018 to calculate the
frequency, thickness, intensity and variation of different types of atmospheric ducts in the
Arctic, and to further analyze the response of Arctic atmospheric ducts to atmospheric
circulation and the Arctic Sea ice extent.
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The results show that the frequency of the total atmospheric ducts is less than 10%,
the frequency of the surface ducts is two to three times higher than the elevated ducts,
and the high-frequency region is consistent with the previous results of several sounding
observation stations around the continent in the polar region [20]. Although the frequency
of atmospheric ducts in the Arctic is relatively low, the spatial and seasonal differences in
their frequency are obvious, and the high-frequency region of the ducts can exceed 80%.

Previous studies have shown that land radiative cooling is conducive to the occurrence
of land atmospheric ducts. With the increase in latitude, the land area in the Arctic decreases.
Our research results also show that atmospheric ducting has a lower frequency in the Arctic
Ocean compared to the continental landmass, which also corresponds to the radiation
difference between land and ocean. At the same time, the high-frequency region of the
atmospheric ducts is mainly located on the coast of the Arctic and at a great height inland,
especially in the coastal area of northwestern Greenland and the inland plateau area of the
Arctic, including the Central Siberian Plateau of northern Russia, the Chersky Plateau and
the Yukon Plateau of northern Alaska. In general, the seasonal differences in the occurrence
frequency of atmospheric ducts are generally higher in winter and spring and lower in
summer and autumn, but in the Arctic continent, summer is second only to winter.

The thickness of the trapped layer of ducts is generally low, with more than 90% being
below 100 m. In winter and summer, the thickness of the surface ducts is thicker, while that
of the elevated ducts is thicker in summer. The thickness of the elevated ducts is less than
that of the surface ducts. The intensity of the ducts is generally weak. The average intensity
of the surface ducts ranges from 1.7 M (±2 M) to 2.5 M (±2.9 M), and the average intensity
of the elevated ducts ranges from 2.1 M (±2.3 M) to 4.5 M (±4.5 M), which is lower than
that of the surface ducts. The intensity of the ducts is stronger in winter, and weaker in
spring and autumn. There is a positive correlation between the intensity of the two duct
types and the thickness of the trapped layer, especially for the surface ducts in summer.

The relationship between the frequency of the Arctic atmospheric ducts in summer
and atmospheric circulation and the sea ice extent was further analyzed. The AO affects
the surface wind force in the Arctic. The variation in wind speed near the ground has a
direct influence on the formation of ducting. A weakening wind speed is beneficial to
the formation and maintenance of ducting, while a stronger wind speed is unfavorable.
When the AO is in positive (negative) phase, the surface wind speed of the central Arctic
Ocean increases (decreases) and the frequency of the atmospheric ducts there decreases
(increases). On the contrary, the surface wind speed of some regions in 60–75◦ N decreases
(increases) and the frequency of the atmospheric ducts shows an increasing (decreasing)
trend, including in northeast Russia, the northern coast of Canada and northern Greenland.

From 1989 to 2018, the Arctic Sea ice extent decreased significantly. Accompanied by
the decrease in the sea ice extent, the number of atmospheric ducts in the Arctic Ocean
also decreased, and the decrease in atmospheric ducts in the floating ice area was more
significant than that in the dense ice area. On the contrary, the number of continental and
coastal atmospheric ducts in the Arctic region increased during this time, and significantly
in some regions, including the main regions of the Arctic ducts, such as northern Greenland
and central Russia. It is thus preliminarily concluded that the sea–land difference in
the atmospheric duct variation in the Arctic is related to the change in the atmospheric
boundary layer and radiation characteristics caused by the decrease in the sea ice extent.

The results of this study will provide a reference for the detection and application of
the Arctic atmospheric ducts and the improvement of prediction and diagnosis systems.
However, the reasons underlying changing atmospheric duct characteristics in the Arctic
require further analysis.
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