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Abstract: In this study, a diagnostic model for lower atmospheric ducts was developed
using the polar weather research and forecasting model. A five-year simulation was
then conducted across the entire Arctic region to investigate the temporal and spatial
characteristics of lower atmospheric ducts. The model demonstrated excellent performance
in simulating modified atmospheric refractivity, with root mean square errors ranging from
0 M to 5 M. The five-year simulation results revealed that duct occurrence rates across
the Arctic region were all below 1% and exhibited a negative relationship with latitude.
Regarding the difference between surface ducts and elevated ducts, a higher frequency of
surface ducts was detected in the Arctic region. The height and thickness of surface ducts
were generally lower than those of elevated ducts, but the strength of surface ducts was
slightly greater. Regionally, surface ducts mainly occurred in the land areas surrounding
the Arctic Ocean, while more elevated ducts were found in the North Atlantic Sea area.
Additionally, a negative correlation was observed between the polar vortex indices and
the characteristics of ducts, particularly for surface ducts. The ducts in Greenland were
notably influenced by polar vortex activity, whereas the ducts in other regions, such as the
Norwegian Sea and Kara Sea, were less affected.

Keywords: lower atmospheric duct; spatio-temporal characteristic; climatic simulation;
seasonal variation; Arctic Sea

1. Introduction
Atmospheric duct is a phenomenon characterized by abnormal electromagnetic wave

propagation, typically caused by the uneven vertical distributions of the atmospheric
refractivity. This special weather phenomenon can induce a significant impact on the
propagation of electromagnetic waves [1]. During this phenomenon, electromagnetic
waves become trapped at specific altitudes due to excessive bending of their trajectories.
This trapping significantly impacts the performance of radio equipment [2,3]. For example,
atmospheric ducts can cause local mobile base stations to receive signals from beyond
their normal communication range. These additional signals often lead to same-frequency
interferences during local signal transmission and reception, resulting in communication
delays or interruptions [4]. Atmospheric ducts can also enable over-the-horizon detection
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of radar signals while creating blind detection zones at certain altitudes, which significantly
impacts radar target detection [5–7]. Within the trapping layer formed by the ducts, the
path loss of radio wave propagation is substantially reduced [8,9]. Consequently, the
effective range of radar and microwave signal transmitters increases [10]. For example,
in April 2022, a coastal radar in Odessa, Ukraine, detected a target at more than twice
its standard effective detection range, which led to the launch of two anti-ship missiles,
which struck and ultimately sank the Russian ship “Moskva”. Norin et al. [11] analyzed the
weather conditions during the event and simulated the radar wave propagation process.
Their findings revealed the presence of a strong atmospheric duct occurred in the Black Sea
area. In such a ducting environment, ground radar signals could detect targets at greater
distances with reduced losses. This study theoretically confirmed the feasibility of beyond-
visual-range missile strikes. In the marine environment, the isotropic nature of the sea
surface makes atmospheric ducting more frequent. Therefore, a thorough understanding of
the temporal and spatial variations of marine atmosphere can have practical applications
in various fields, including ship navigation, communication planning, radar design, and
more [12].

Lower atmospheric ducts are typically defined as those occurring in the lower and
middle troposphere, generally at altitudes below 500 hPa or 5000 m. Atmospheric ducting
can occur in regions across nearly all latitudes, provided specific conditions are met. These
ducts are mainly caused by abnormal vertical variations in atmospheric refractivity, which
are influenced by the distribution of temperature and humidity [13]. Bean et al. [14]
developed an empirical model to calculate the atmospheric refractivity index (N) using
air temperature, pressure, and water vapor pressure. Their study identified temperature
inversions and sharp decreases in humidity as the key weather conditions contributing to
the formation of atmospheric ducts. The inversion phenomenon does not necessarily result
in the formation of atmospheric ducts, but atmospheric ducts are often accompanied by
inversion layers. The vertical gradient of air temperature is a critical factor influencing the
gradient of the atmospheric refractive index. In the Arctic region, temperature inversions
contribute to the frequent occurrence of atmospheric ducts. Inversion layers are typically
associated with abrupt changes in the atmospheric refractive index gradient, which facilitate
and enhance the formation of atmospheric ducts to some extent. These inversions usually
occur near the surface and promote the development of surface ducts. This is the primary
reason why surface ducts are significantly more common than elevated ducts. The intensity
of surface ducts is directly influenced by the thickness and strength of the inversion
layer. Consequently, the presence of an inversion not only increases the likelihood of duct
formation but also enhances the properties of existing ducts. Inversions occurring at higher
altitudes can facilitate the formation of elevated ducts. These elevated ducts typically form
above the inversion layer and enable the transmission of radio waves without interference
from the complex terrain of the earth. While high-altitude inversion phenomena are less
common in the Arctic, when they do occur, they tend to be extensive and intense, leading
to large-scale elevated duct phenomena. This relationship is represented by the following
empirical model:

N =
77.6

T

(
P + 4810

e
T

)
, (1)

where N denotes the atmospheric refractivity index (N—units), T denotes the atmospheric
temperature (K), P denotes the atmospheric pressure (hPa), and e denotes the water va-
por pressure (hPa). The water vapor pressure e can be calculated using the following
equation [15]:

e =
qP

ε + (1 − ε)q
, (2)
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where q is the specific humidity (g/kg) and ε is a constant (usually 0.622).
The atmospheric refractivity index can be adjusted to the modified atmospheric refrac-

tivity index by accounting for the curvature effects of the earth at different altitudes:

M = N +
h

Re
× 106 = N + 0.157h, (3)

where M is the modified atmospheric refractivity index (M—unit); Re is the radius of the earth
(6371 km); and h is height (m). The characteristics of lower atmospheric ducts can be analyzed
based on the vertical gradient distribution of the modified atmospheric refractivity.

Numerous studies have explored the spatial and temporal characteristics of the lower
atmospheric ducts in various seas worldwide using numerical simulations. For example,
Zhu et al. [16] employed the fifth-generation Pennsylvania State University National Center
for Atmospheric Research Mesoscale Model (MM5) to simulate the lower atmospheric
ducts in the Persian Gulf region. Their findings revealed that the simple surface ducts,
surface ducts with base heights, and elevated ducts were all distributed from northwest to
southeast. The spatial patterns of these ducts were influenced by sea–land wind circulation
and changes in the atmospheric boundary layer. Similarly, Atkinson et al. [17] developed
a duct prediction model using MM5. The evaluation in the Persian Gulf region showed
that the simulated atmospheric duct characteristics closely matched the observed data.
Burk et al. [18] used the U.S. Navy Operational Regional Atmospheric Prediction System
(NORAPS) to simulate the weather conditions associated with atmospheric ducts in the
coastal regions of the Southern California Bight. They found that sea−land wind circulation
altered the structure of the atmospheric boundary layer, often resulting in the formation
of more stratocumulus clouds at the top of the boundary layer. These changes also led to
more significant diurnal variations of atmospheric ducts in the region. Haack and Burk [19]
employed the Coupled Ocean–Atmosphere Mesoscale Prediction System (COAMPS) to
simulate the mechanisms of atmospheric duct formation off the coast of California. They
discovered that as the height of the atmospheric boundary layer decreased, surface ducts
were strengthened, typically accompanied by a weaker elevated duct above.

However, most previous studies have focused on duct characteristics in low- and
mid-latitude regions, with relatively few studies on lower atmospheric duct modeling in
high-latitude seas, where human activity is limited. The Arctic region, predominantly
covered by the Arctic Ocean, is mainly composed of sea ice and glaciers. It experiences a
cold climate, with much of its surface frozen year-round, violent storms during the cold
season, and sea spray in the warmer months. As global greenhouse gas concentrations rise,
the Arctic climate is changing rapidly. The temperature in the Arctic has been observed to
increase at twice the rate of the global average [20], and sea ice in Arctic waters is melting
at an accelerated pace, with multi-year sea ice cover now reduced to less than one-third of
its previous extent [21]. These changes in the meteorological and hydrological environment
are expected to impact the characteristics of lower atmospheric duct phenomena.

In the few studies on Arctic atmospheric duct characteristics, researchers have typically
relied on single-station observations or reanalysis datasets for duct diagnosis and analysis.
For example, Qin et al. [22] used the ERA–Interim reanalysis data from the European Centre
for Medium-Range Weather Forecasts (ECMWF) to analyze the climatic characteristics and
variations of atmospheric ducts in the Arctic from 1989 to 2018. Their findings revealed that
the overall frequency of atmospheric ducts in the Arctic was relatively low, with surface
ducts occurring two to three times more frequently than elevated ducts. Zhu et al. [23]
analyzed the characteristics of atmospheric ducts in the Svalbard Islands in the Arctic
using reanalysis data. They found that the surface duct occurrence rate was 12.6%, with an
average intensity of 1.30 M and an average thickness of 13 m.
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The characteristics of atmospheric ducts are derived from diagnostic information on
the vertical distribution of atmospheric refractivity anomalies. For reanalysis data with
lower resolution and fewer vertical layers, the refractivity profiles tend to be relatively
smooth. While the mean error between these profiles and sounding data is not large, the
diagnostic atmospheric duct information based on these profiles may differ significantly
from the sounding data. In previous studies, we compared model simulation results with
direct diagnostics from reanalysis data and found that atmospheric duct information from
numerical models was more accurate [24,25]. Therefore, to better simulate and analyze
Arctic atmospheric ducts, this study uses a numerical model driven by reanalysis data to
conduct dynamic downscaling simulations.

The Polar Weather Research and Forecasting (PWRF) model was developed for polar
weather simulations by the Polar Meteorology Group at the Byrd Polar and Climate
Research Centre, Ohio State University. The PWRF model builds on the original weather
research and forecasting (WRF) model and incorporates considerations for sea ice surfaces
and corresponding parameterization modifications. PWRF is widely used in polar research.
For example, Hines et al. [26] applied this model in simulations of the western Arctic
and found that the results matched well with near-surface observations. The correlation
coefficients between the sounding observations and simulated air pressure, temperature,
and wind speed typically exceeded 0.7. Similarly, Deb et al. [27] also used the PWRF
model to simulate the weather processes in West Antarctica and found that the model
performed well in simulating surface air pressure, with correlation coefficients greater than
0.97. The model also demonstrated better performance in simulating inland wind speeds
compared with coastal regions. Additionally, Wilson et al. [28] found that the tropospheric
temperatures simulated by the PWRF model, with deviations typically less than 1 ◦C,
generally agreed with ERA-Interim reanalysis data. In this study, the PWRF model will
be used to develop a diagnostic scheme for lower atmospheric ducts. We conducted a
five-year continuous simulation for the entire Arctic region. The goal of this study is to
analyze the spatial and temporal variability of lower atmospheric ducts through long-term
dynamic downscaling simulations.

Studying the spatio-temporal characteristics and long-term variation patterns of atmo-
spheric ducts in the Arctic region provides valuable insights for the design and deployment
of communication and radar systems in this area. The presence and changes in atmospheric
ducts can significantly impact the propagation range, stability, and quality of electromag-
netic signals. Particularly in the unique environment of the polar regions, the duct effect can
lead to complex propagation conditions. Therefore, when designing and deploying com-
munication and radar systems, it is essential to consider the long-term variation patterns
of local atmospheric ducts. This will help optimize system parameters such as frequency
selection, signal transmission power, antenna design, and deployment location and conse-
quently improve signal coverage, communication stability, and surveillance capabilities.
Furthermore, our study explores the relationships between atmospheric elements, polar
vortex indices, and atmospheric ducts. This research can help researchers understand the
formation and variation patterns of polar atmospheric ducts, provide valuable meteoro-
logical data to support the design of various radio systems, and ensure their efficient and
reliable operation in the harsh polar environment.

The second section of this paper provides a description of the model, the duct diagnos-
tic process, and the validation data used. The third section presents the experimental design
and model configuration of the PWRF, based on the results of the previous sensitivity tests.
In the fourth section, we will briefly evaluate the simulation results and then analyze the
spatial and temporal characteristics of the lower atmospheric ducts. Finally, in the fifth
section presents the conclusion and discusses the uncertainties in the results.
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2. Model and Data Description
2.1. Polar WRF Model

The WRF model is one of the most commonly used weather simulation tools. However,
it has relatively large errors when simulating polar weather. To address this, the Polar WRF
(PWRF) model was developed as a polar version of the WRF model [29]. Compared with
the standard WRF model, PWRF includes a sea ice scheme in the land surface model. The
parameters for calculating sea ice thickness and snow depth in this scheme are adjusted
dynamically. As a result, the sea-ice albedo and snow water equivalent on sea ice are no
longer fixed but vary with seasonal changes. Additionally, the snow thermal processes and
surface heat flux processes of the model were modified to better suit the environmental
characteristics of the polar regions [30,31]. PWRF has proven to be an excellent tool and is
widely used for polar weather modeling.

In this study, the Polar WRF model is used to simulate meteorological processes in
Arctic regions and allows for a more accurate representation of the unique environmental
conditions in the Arctic. The following are several aspects that address these polar-specific
conditions: The geographical features of the Arctic region are highly distinctive, with
vast oceans, ice-covered land, and the seasonal alternation of day and night. Traditional
meteorological models are often unsuitable for this polar environment. However, the
Polar WRF model can better predict characteristics such as ice surface albedo, heat flux,
and atmospheric stability. This model is capable of simulating long-term climate data
and capturing the long-term impacts of polar seasonality and day–night variations on the
atmosphere, including seasonal fluctuations in air temperature, wind speed, and humidity.
The model can also accurately simulate atmospheric stability in cold regions, including the
formation of the inversion layer, humidity distribution, and heat exchange. Additionally,
cloud and precipitation systems in the Arctic typically contain higher concentrations of ice
crystals and aerosols. The PWRF simulates these characteristics using a specialized cloud
microphysics process module, which accurately calculates cloud formation, precipitation
patterns, and the interaction between cold and warm air masses. In the simulation of
the lower atmosphere, the polar WRF features a unique design for the generation of the
inversion layer, which allows it to precisely simulate the thickness, intensity, and duration
of the inversion layer. Additionally, the model accounts for factors such as radiative cooling
and heat transfer, which influence the behavior of the inversion layer.

2.2. Diagnosis Scheme of Lower Atmospheric Ducts

Previous studies have shown some disagreement regarding the classification of lower
atmospheric ducts. Some studies classified the ducts into three types based on their
formation mechanisms and spatial distribution: evaporation ducts, surface ducts with
base heights, and elevated ducts [32]. Other studies proposed a four-type classification,
including simple surface ducts, S-type surface ducts with base heights, elevated ducts and
composite ducts [33]. The primary disagreement lies in the distinction between evaporation
ducts and composite ducts.

In this study, we considered the classifications from both types of studies and clas-
sified the lower atmospheric ducts into five categories based on the refractivity profile
characteristics (as shown in Figure 1). These categories include evaporation ducts, simple
surface ducts, S-type surface ducts with base heights, elevated ducts, and composite ducts.
Among them, the height of evaporation ducts typically ranges from 1 to 40 m [34]. Owing
to the difficulty in accurately simulating these ducts with numerical models, researchers
typically rely on empirical formulas for their simulations. Therefore, this study does not
focus on evaporation ducts but instead concentrates on diagnosing the characteristics of
the other lower atmospheric ducts.
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Figure 1. Typical modified refractivity profiles of lower atmospheric duct types distinguished in this
study include (a) evaporation ducts, (b) surface ducts, (c) surface-based ducts, (d) elevated ducts,
and (e) composite ducts; ht is trapping layer top height, hc is trapping layer bottom height, and hb is
duct bottom height.

Figure 2 illustrates the flowchart of the lower atmospheric duct diagnostic module
developed in this study based on the outputs of PWRF. The process mainly involves the
following steps:

(a) Read the air temperature, humidity, altitude, and pressure outputs from PWRF. Then,
calculate the modified atmospheric refractivity index (M) using Equations (1)–(3). Set
the initial altitude to h0 = 0 and check for the occurrence of a duct, which starts from
the lowest layer.

(b) Starting from the initial height h0, look upwards to identify the first point of maximum
modified atmospheric refractivity M(h). If no maximum values are found, there is
no duct layer, and the diagnosis ends; if maximum values are found, continue the
diagnostic process.

(c) Check whether the diagnosed duct intensity exceeds the set threshold. If it does, label
it as the first-layer duct; otherwise, classify it as atmospheric disturbance.

(d) If the first-layer duct exists, determine whether the modified atmospheric refractivity
at the top of the duct is less than or equal to the refractivity of the lowest layer. If so,
classify it as a surface duct; otherwise, label it as an elevated duct.

(e) For a surface duct, determine whether the modified atmospheric refractivity at the
base of the duct is greater than the refractivity at the lowest height. If so, the duct is
classified as a surface duct with a base height; otherwise, it is considered a simple
surface duct near the sea surface.

(f) Calculate the average height of the duct, which is the mean of the top and bottom
heights of the duct. The duct thickness is the difference in height between the top and
bottom of the duct.

(g) Determine whether the current ht is the maximum height; if not, return to step (c) and
continue searching at a higher altitude. If it is the maximum height, proceed with
the diagnosis.

(h) Check whether the duct consists of more than one layer. If not, the current duct is a
single-layer duct. If it has multiple layers, it is classified as a composite duct.
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2.3. Diagnosis Scheme of Polar Vortex Ducts

The polar vortex is a large-scale cold vortex system and a crucial component of the
atmospheric circulation in the polar regions. It is a cyclone system characterized by the
rotation of cold air at high altitudes. In the Arctic, the polar vortex mainly resides in the
middle of the troposphere and extends into the stratosphere. It plays a significant role
in influencing weather patterns in the region. In this study, we explored the relationship
between the polar vortex and atmospheric duct characteristics by calculating the intensity
and area index of the polar vortex.

The calculation of polar vortex indices varied slightly among previous studies. The
indices were mainly derived by diagnosing the geopotential height at 500 hPa, a level
where the intensity and shape of the polar vortex are known to be more stable. For example,
Burnett [35], Davis and Benkovic [36], and Markham [37] all used geopotential heights at
500 hPa to investigate the variability of the polar vortex. This study also adopted their
diagnostic approach.

2.3.1. Calculation of Polar Vortex Intensity

The monthly mean Polar Vortex Intensity (PVI) index was calculated using the method
proposed by Erik W. Kolstad [38]:

PVI = ∑(Z′ cos φ)

∑ cos φ
, (4)
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Here, Z′ = Z − Z, and Z is the geopotential height at 500 hPa, Z is the climatological
state mean, and φ is the latitude. All grid points across the entire Arctic region were
included in the calculation process.

2.3.2. Calculation of Polar Vortex Area

Albert Peterlin et al. [39] calculated the area enclosed by the 500 hPa geopotential
height and defined this area as the polar vortex area (PVA) index. This study adopted the
same method to calculate the PVA index, using the following equation:

PVA =
∫ π

2
φ

∫ λ2

λ1

Re
2 cos φdφdλ = Re

2(1 − sin φ)(λ2 − λ1), (5)

where Re is the radius of the Earth, φ is the latitude of the polar vortex boundary, and λ is
the longitude of the enclosed area.

2.4. Observation Data for Evaluation

The simulation results were validated using sounding data from three representative
radiosonde stations: Ostrov Dikson (ID 20674, Russia), Barrow (ID 70026, United States),
and Danmarkshavn (ID 04320, Greenland). The data was sourced from the University of
Wyoming’s website (http://weather.uwyo.edu/ (accessed on 1 April 2024)). The observed
meteorological elements were recorded twice a day (00 h UTC and 12 h UTC) and included
air pressure, geopotential height, temperature, dew point temperature, relative humidity,
and other relevant parameters.

Additionally, the ECMWF Reanalysis v5 (ERA5) data [40], the fifth generation of
atmospheric reanalysis data produced by the ECMWF, was also included in this study as
a reference. This dataset is accessible at https://www.ecmwf.int/en/forecasts/dataset/
ecmwf-reanalysis-v5 (accessed on 5 November 2023). The ERA5 dataset was generated
using the general circulation model, which integrates observational data from various
sources, such as ground stations and satellites. It has been widely utilized as reference data
for model evaluation and mechanism analysis. The dataset features a spatial resolution
of 0.25◦ × 0.25◦, a vertical resolution of 37 layers ranging from 1000 hPa to 1 hPa, and a
temporal resolution of one h.

3. Experimental Design
In this study, the area north of 60◦ N was selected as the study region. Figure 3 shows

the topographic height map within the PWRF simulation, with yellow dots marking the
locations of the three sounding stations used for model validation.

The model grids had dimensions of 2644 × 202, with a horizontal resolution of ap-
proximately 15 km and 51 vertical layers. According to previous sensitivity tests, the
parameterization schemes used in PWRF were as follows: the WRF Single Moment 6 class
(WSM6) scheme [41] for cloud microphysics, the MM5 scheme [42] for the surface layer
process, the Yonsei University (YSU) scheme [43] for the boundary layer process, the Rapid
Radiative Transfer Model (RRTM) longwave radiation scheme [44], the Dudhia scheme [45]
for shortwave radiation, and the Grell–Freitas scheme [46] for cumulus cloud parame-
terization. The grid nudging method [47] was applied for boundary field processing in
PWRF. This method involved a grid-to-grid relaxation forcing term to approximate the
analytical field. Essentially, it was a four-dimensional assimilation technique that periodi-
cally integrated regional and boundary information from the driving field to constrain the
simulation results, thereby enhancing simulation accuracy.

http://weather.uwyo.edu/
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
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Figure 3. Topographic map of the domain used in the polar WRF model for this study. The locations
of the three sounding stations for validation are marked with yellow dots. The three areas framed
by black lines represent the typical regions selected for the subsequent statistical analysis, where A
represents Greenland, B represents the Norwegian Sea, and C represents the Kara Sea.

The driving dataset used was the ERA5 reanalysis data. The long-term simulation ran
from 00:00 UTC on 31 December 2016 to 00:00 UTC on 1 January 2022, which covered a
total of five years. As PWRF is a mesoscale weather model, continuous integration over
such a long period can lead to error accumulation. Previous studies have shown that
dividing long-term continuous integration into shorter segments effectively reduces error
growth in extended simulations [48]. Therefore, based on prior sensitivity analyses, this
study employed a segmented integration approach for the long-term simulations. The
PWRF model was run for six days at a time, with the results from the first day used for
spin-up and the following five days used for analysis. The atmospheric duct phenomena
were isolated extreme events, which differed from continuously varying variables such as
temperature and humidity; hence, this segmented approach did not affect the statistical
analysis of atmospheric duct characteristics.

4. Results
4.1. Error Evaluation of the Historical Simulations at Radiosonde Stations

The error evaluation was conducted using data from three radiosonde stations—Ostrov
Dikson, Barrow, and Danmarkshavn—covering the year 2017. Figure 4 presents the vertical
profiles of statistical indices of modified atmospheric refractivity, with the interpolated
ERA5 reanalysis data shown for comparison. The statistical indices included the mean
error (ME), correlation coefficient (CC), and root mean square error (RMSE). The formulas
for these indices are as follows:

ME =
∑n

i=1(yi − xi)

n
, (6)

CC =
∑n

i=1(xi − x)(yi − y)√
∑n

i=1(xi − x)2(yi − y)2
, (7)
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RMSE =

√
∑n

i=1(xi − yi)
2

n
, (8)

where x = ∑n
i=1 xi

n , y = ∑n
i=1 yi
n , i represents the i-th data point, used to identify specific

observed and simulated data, and n represents the total number of data points. xi is the
observed data, and yi is the simulated data.
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Atmosphere 2025, 16, 11 11 of 24

Figure 4a–c display the profiles of the MEs for the modified atmospheric refractivity at
the three stations. As shown in the figure, the MEs for both PWRF and ERA5 ranged from
−4 M to 4 M and exhibited similar trends. An extreme error was observed below 3000 m
for both the simulation and ERA5 data. Above 3000 m, the errors gradually decreased
with increasing height. Compared with the ERA5 reanalysis data, the PWRF simulations
exhibited lower MEs, with mean values of 0.04 M, −0.06 M, and 1.56 M at the three stations,
respectively. In contrast, the MEs for the ERA5 data were −1.18 M, −1.46 M, and 0.59 M.
Figure 4d–f show the profiles of the CCs. Overall, the correlation between the simulation
and observation decreased with increasing height and then increased again. A minimum
value occurred between 5000 m and 7000 m, which was also the height range where the
difference between the PWRF and ERA5 data was largest. On average, the CCs between
PWRF and the observations were 0.79, 0.92, and 0.73 at the three stations. The CCs for
ERA5 were slightly lower, with values of 0.77, 0.87, and 0.69. Figure 4g–i show the profiles
of the RMSEs. The RMSE values ranged from 0 M to 4 M within the height range of
10,000 m. PWRF had lower RMSE values of 2.17 M, 1.68 M, and 3.46 M, while the ERA5
data exhibited higher RMSE values of 2.58 M, 2.33 M, and 3.48 M, respectively.

Overall, the modified atmospheric refractivity simulated by PWRF performed slightly
better than the ERA5 reanalysis data at all three radiosonde stations. The errors in the PWRF
simulations remained stable up to a height of 10,000 m, which demonstrated high accuracy.
This stability made PWRF well-suited for the subsequent atmospheric duct diagnosis.

4.2. Spatial Distributions of the Lower Atmospheric Duct Characteristics

According to the duct diagnostics from the five-year simulation, the characteristics of
Arctic lower atmospheric ducts were statistically analyzed. Figure 5 shows the multi-year
mean spatial distributions of the occurrence rates for the four types of lower ducts defined
in Section 2.2. In Figure 5a, the average occurrence rate of simple surface ducts across
the entire region was 0.23%. Simple surface ducts were characterized by the modified
atmospheric refractivity at the duct top being lower than at ground level. These ducts
featured a duct layer that directly included a grounded trapping layer. As shown in
Figure 5a, this type of duct mainly occurred in land areas surrounding the Arctic Ocean.
The formation of simple surface ducts was likely driven by the development of cold high-
pressure systems and local radiative cooling, which created temperature inversions. In
terms of regional distribution, the occurrence rate of simple surface ducts was higher on
land than over the oceans, and the rates were greater at lower latitudes compared with
higher latitudes. The occurrence of atmospheric ducts was influenced by factors such as
air temperature, humidity, sea surface temperature (SST), and air pressure. When changes
in air pressure were minimal, variations in air temperature and humidity became the
main factors determining the occurrence of atmospheric ducts. Many previous studies
have found that the incidence rate of surface ducts over land was higher than that over
the sea. The rapid changes in land surface temperatures contributed to the formation of
a temperature inversion layer and significant changes in the humidity gradient due to
local radiative cooling. In contrast, the temperature on the ocean surface, with its larger
specific heat capacity, changed more slowly, and the humidity difference near the sea
surface was smaller. The formation of surface ducts over the sea might be more dependent
on regional air advection movements, with less influence from local factors, which could
explain the lower incidence rate of surface ducts over the sea compared with land. As
for elevated ducts, these occurred at relatively high altitudes and were less influenced by
the underlying surface. They were mainly caused by weather activities. Therefore, the
difference in distribution between the sea and land was not as pronounced as it was for
surface ducts. Regarding the latitudinal variations in the incidence rate of ducts within the



Atmosphere 2025, 16, 11 12 of 24

Arctic region, the key factors were the changes in the vertical gradients of air temperature
and humidity. The closer to the North Pole, the more pronounced the influence of high
polar pressure became. Under the influence of prevailing downdrafts throughout the year,
the atmospheric stratification near the North Pole remained relatively stable, with minimal
changes in the vertical gradients of air temperature and humidity, which thus inhibited
the formation of ducts. In contrast, at lower latitudes, the temperature of the underlying
surface was higher, and the vertical movement of air was more frequent, which made the
occurrence of ducts more likely.
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Figure 5b shows the distribution of occurrence rates of surface ducts with a base
height. These ducts consisted of an elevated trapping layer superimposed on top of a
grounded base layer with a small refractivity gradient, which was typically associated
with atmospheric advection activities. Unlike Figure 5a, the occurrence rates for this type
of surface duct were very low, with an average rate of 0.0012%, which suggested that
surface ducts in the Arctic region were almost entirely simple surface ducts without base
heights. For simplicity, both types of surface ducts were analyzed together to examine their
variation characteristics.

Similarly, Figure 5c,d illustrate the occurrence rates of single-layer elevated ducts and
multilayer composite ducts, respectively. Elevated ducts, characterized by a raised lower
boundary, typically form in the lower troposphere below an altitude of 3000 m. They are
usually created by an elevated trapping layer positioned above an elevated base layer.
As shown in Figure 5c, the average occurrence rate of elevated ducts was 0.016%, mainly
concentrated in parts of the Norwegian Sea and Greenland Sea. This distribution might
be attributed to the frequent occurrence of sea fog in these regions, where elevated ducts
often form within the inversion layer at the fog top. Composite ducts are predominantly
associated with intense atmospheric uplift processes, which are exceedingly rare in the
Arctic region. As shown in Figure 5d, the occurrence rates of composite duct were nearly
zero throughout the five-year simulation period. Consequently, single-layer elevated ducts
were used as a representative parameter for all elevated ducts in subsequent analyses.
Overall, most ducts were identified on land surrounding the Arctic Ocean and in the
Norwegian Sea, which aligned broadly with the findings of Hao et al. [49]. Surface ducts
were predominantly observed over land, while elevated ducts were mainly found in
the North Atlantic region. The spatial extent of surface ducts was considerably larger
than that of elevated ducts, and the occurrence rate of ducts generally decreased with
increasing latitude.

Figure 6 illustrates the spatial distribution of three key characteristics—average height,
thickness, and strength—for surface and elevated ducts. The average height was calculated
as the mean value of the bottom and top heights of the duct layer. To account for topo-
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graphic differences between land and sea, all duct heights were adjusted by subtracting
the local topographic elevation. Figure 6a depicts the distribution of the average height of
surface ducts, with a regional mean of approximately 57.29 m. The highest surface ducts
were located around the Norwegian Sea and reached up to 69.08 m, followed by those
over much of the Asian continent. Overall, surface duct heights over land were slightly
higher than those over the ocean. The height of surface ducts generally decreased with
increasing latitude. The spatial distribution of elevated duct heights was closely related
to surface temperatures. Influenced by warm ocean currents, the North Atlantic region
had warmer and more dynamic sea surface temperatures compared with other regions at
similar latitudes, which led to a higher occurrence rate of elevated ducts and their formation
at greater altitudes. As shown in Figure 6d, the elevated ducts in the Norwegian Sea region
had an average height of 214.83 m, which was much higher than the Arctic-wide average of
150.26 m. The spatial distributions of duct thickness are presented in Figure 6b,e for surface
and elevated ducts, respectively. Similar to the average height distribution, the North
Atlantic and its coastal areas exhibited the thickest surface and elevated ducts. Figure 6c,f
illustrate the distribution of duct strength, which closely aligns with the patterns observed
for height and thickness. These observations suggested that elevated ducts occurring at
greater heights tended to have thicker and stronger duct layers.
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Overall, the average height, thickness, and strength of surface ducts were highest in the
region near the Norwegian Sea. Outside this area, the surface ducts over land were generally
higher and stronger than those over the ocean, with a decreasing trend as increased. In
contrast, the distribution of elevated ducts showed no significant differences between land
and sea. Several centers of extreme values were observed in the Norwegian Sea across
the Asian continent. The strongest elevated ducts occurred in the Norwegian Sea, where
the influence of warm currents was most pronounced. In the Arctic region, variations in
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atmospheric pressure and temperature driven by latitude differences significantly affected
duct occurrence. In the oceanic area north of 75◦ N, both types of ducts were rarely observed,
likely due to the persistent influence of polar high-pressure systems and descending cold
air, which inhibited the formation of near-surface temperature inversions that typically
promote atmospheric ducting.

4.3. Temporal Variations of the Lower Atmospheric Duct Characteristics

In addition to analyzing the climatological mean state, we examined the seasonal
variability of lower atmospheric duct characteristics across different regions. Accord-
ing to the regional distributions of duct occurrence probabilities, three representative
areas—Greenland, the Norwegian Sea, and the Kara Sea—were selected to study regional
variability. The locations of these three regions are indicated in Figure 3.

Figure 7 presents histograms depicting the monthly variation in occurrence rates for
surface and elevated ducts across the three representative regions alongside line plots
illustrating the peak monthly occurrence rates.
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Figure 7. Monthly variation in the diagnosed duct occurrence rates in the (a) Arctic, (b) Greenland
Island, (c) Norwegian Sea, and (d) Kara Sea. Red bars represent the occurrence rates of surface ducts,
blue bars represent the occurrence rates of elevated ducts, and the line indicates the highest monthly
occurrence rates.

The monthly rate distributions of surface and elevated ducts for the entire Arctic
region (north of 66◦34′ N) are shown in Figure 7a. Overall, the occurrence rates of ducts in
the Arctic region (Figure 7a) were relatively low, all remaining below 1%, with surface ducts
exhibiting a much higher rate than elevated ducts. On average, the highest duct occurrence
rates were observed in winter, followed by summer, while autumn had the lowest rates.
This seasonal distribution differed significantly from those observed in mid-latitude and
low-latitude regions, as revealed by previous studies [24]. Surface ducts accounted for the
majority of all ducts, while elevated ducts, which were highly correlated with weather
activity, occurred more frequently in summer and winter. The distribution of the highest
monthly occurrence rates generally aligned with the average distribution, with the peak
rate being over 100% higher than the average. The months with the greatest discrepancy
between peak and average probabilities largely corresponded to those with the highest
duct occurrence rates. Figure 7b–d display the monthly occurrence rate distributions for
the Greenland, Norwegian Sea, and Kara Sea regions, respectively. Compared with the
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entire Arctic region (Figure 7a), these three areas had a higher occurrence rate of ducts,
although none exceeded 5%. As shown in Figure 5, the Greenland and Kara Sea regions in
Figure 7b,d were high-frequency areas for surface ducts, with their seasonal variation being
similar to the regional average shown in Figure 7a. In Figure 7c, atmospheric ducts in the
Norwegian Sea region were concentrated in the summer, with a very low occurrence rate
in the winter. Compared with other regions, in the Norwegian Sea, the occurrence rates of
elevated ducts during the summer were significantly higher, which suggested that weather
activity in this area was more active. The seasonal distribution of ducts in the Norwegian
Sea was similar to the duct characteristics observed in some mid-latitude maritime regions,
likely due to the influence of the North Atlantic Drift and higher temperatures in the area.
According to multi-year mean distributions of sea surface temperature, the Norwegian Sea
region exhibited relatively higher temperatures and a warmer climate, which contributed
to the unique duct characteristics in this area. We also examined the duct characteristics
in the Bering Strait region. However, owing to the lower sea temperature and weaker
influence of warm currents in that area, the seasonal distribution of ducts was more similar
to that shown in Figure 7a.

Additionally, Table 1 provides statistics on the CCs between 2 m air temperature (T2m),
2 m relative humidity (RH2m), sea surface temperature (SST), sea level pressure (SLP), and
the occurrence rate of ducts. In the Arctic region, surface ducts and elevated ducts exhibited
different correlations with these variables. In the Arctic region, surface ducts and elevated
ducts exhibited different correlations with these variables. On average, T2m showed the
highest correlation with the incidence rate of ducts across the entire region. Specifically,
the correlation between the incidence rate of surface ducts and T2m was 0.58, while the
correlations between other factors and the incidence rate of ducts did not reach this level.
This high correlation suggested that higher air temperatures in the Arctic region were
associated with a greater probability of duct occurrence. The CC values in the Arctic region
differed from those in mid-latitude areas. In mid-latitude regions, SST typically showed a
stronger correlation with surface ducts. In Greenland, the occurrence of surface ducts was
closely related to temperature and humidity, with CC values of −0.75 for temperature and
−0.57 for humidity. Similarly, in the Kara Sea, surface ducts exhibited a strong negative
correlation with both temperature and humidity, with CC values of −0.63 and −0.70,
respectively. These findings further confirmed that in cold polar environments, a drop in
temperature and humidity was a key factor for duct formation. In contrast, surface ducts in
the Norwegian Sea displayed a positive correlation with various variables, which indicated
that warmer conditions promoted the formation of more surface ducts. Higher temperature,
humidity, sea surface temperature, and sea surface pressure all contributed to this trend. In
this region, duct formation was most strongly influenced by changes in pressure.

Table 1. CCs between the occurrence rate of ducts and surface meteorological elements.

Duct
Occurrence

Rate

CC with T2m CC with RH2m CC with SST CC with SLP

Surface
Duct

Elevated
Duct

Surface
Duct

Elevated
Duct

Surface
Duct

Elevated
Duct

Surface
Duct

Elevated
Duct

Arctic 0.58 0.27 0.21 −0.02 −0.18 0.02 0.31 −0.10
Greenland

Island −0.75 0.38 −0.57 0.34 −0.41 0.17 −0.67 0.06
Norwegian

sea 0.31 0.41 0.36 0.45 0.15 0.30 0.49 0.50
Kara sea −0.63 −0.37 −0.70 −0.42 −0.37 −0.22 −0.08 0.17

Figure 8 shows the monthly mean height, thickness, and strength of surface and
elevated ducts in the Arctic region (north of the Arctic Circle) and three typical areas. Data
for certain months are missing in some regions due to the absence of duct phenomena.
Figure 8a,d,g,j display the duct heights for the Arctic regional averages and the three typical
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areas. During the warmer summer months, when air movement was more active, ducts
tended to form at higher altitudes. Surface duct heights were generally around 70 m, while
elevated duct heights were around 360 m, both of which were lower compared with duct
heights in mid-latitude regions. Surface duct height did not vary significantly throughout
the year, with an average height of 56.47 m in the Arctic region (Figure 8a). The average
heights in the Greenland (Figure 8d), Norwegian Sea (Figure 8g), and Kara Sea (Figure 8j)
regions were 53.30 m, 64.00 m, and 56.28 m, respectively.
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Figure 8. Monthly variations of the diagnosed duct characteristics, including (a) heights, (b) thickness,
and (c) strength in the Arctic; (d) heights, (e) thickness, and (f) strength in Greenland Island; the
ducts’ (g) heights, (h) thickness, and (i) strength in the Norwegian Sea; and the ducts’ (j) heights,
(k) thickness and (l) strength in the Kara Sea. The red columns represent surface duct characteristics,
and the blue columns represent elevated duct characteristics.

Elevated duct heights were generally higher than surface duct heights, with an average
of 143.40 m for the entire Arctic region (Figure 8a). The average heights for the Greenland
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(Figure 8d), Norwegian Sea (Figure 8g), and Kara Sea (Figure 8j) regions were 121.17 m,
191.11 m, and 167.90 m, respectively. Seasonal differences in duct heights were not signif-
icant for the entire Arctic region (Figure 8a) or in Greenland (Figure 8d), but they were
more pronounced in the Norwegian Sea (Figure 8g) or Kara Sea (Figure 8j). In these areas,
duct heights were higher in the summer, which indicated more intense weather activity
during the warmer months. Unlike the relatively consistent distribution throughout the
year in the Norwegian Sea region (Figure 8g), duct heights in the Kara Sea region (Figure 8j)
were significantly higher in July and August compared with other months and reached
levels similar to Greenland’s duct heights (Figure 8d) during the winter. This distribution
corresponded with the temperature and weather activity of the region, with the peak duct
heights coinciding with the highest temperatures and periods of increased precipitation.

Figure 8b,e,h,k show the monthly distribution of duct thickness. The seasonal varia-
tions in duct thickness were generally consistent with those of duct height, with the greatest
thickness typically occurring in the summer and autumn when duct heights were at their
highest. Surface ducts generally had smaller thicknesses than elevated ducts, and their
seasonal variation was less pronounced compared with elevated ducts. In the entire Arctic
region (Figure 8b), the average thickness of surface ducts was 62.56 m, while elevated ducts
had an average thickness of 91.83, which was roughly consistent with the seasonal variation
in duct thickness reported by Qin et al. [15], according to the data from 1989 to 2018. The
variation in duct thickness throughout the year in the Greenland region (Figure 8e) was
similarly insignificant, with an average surface duct thickness of 59.00 m and an average
elevated duct thickness of 81.34 m. In the Norwegian Sea region (Figure 8h), ducts were
thicker than in other areas, with an average surface duct thickness of 69.98 m and an
elevated duct thickness of 107.19 m, which showed relatively higher thickness in June
and July. In the Kara Sea region (Figure 8k), the average thickness of surface ducts was
62.25 m, and elevated ducts had an average thickness of 98.86 m. The seasonal variation in
elevated duct thickness was quite pronounced, with maximum thickness observed in July
and August.

Figure 8c,f,i,l show the monthly distribution of duct strength. Overall, the strength
of surface ducts was slightly higher than that of elevated ducts. The average strength of
surface ducts in the entire Arctic region (Figure 8c) was 1.82 M, while the average strength
for elevated ducts was 1.55 M. The maximum strength for both types of ducts typically
occurred in summer, consistent with the seasonal variations in height and thickness. In
Greenland (Figure 8f), the strength difference between surface and elevated ducts was more
pronounced than the regional average, with surface ducts having an average strength of
1.67 M, while elevated ducts had an average strength of only 1.08 M. In the Norwegian Sea
region (Figure 8i), the strength difference between the two types of ducts was smaller, with
the average strength of surface ducts at 1.83 M and elevated ducts at 1.71 M. In the Kara
Sea region (Figure 8l), the average strength of surface ducts was 1.39 M, while elevated
ducts had an average strength of 1.37 M. Strength values showed a significant increase
during the summer, which corresponded to the seasonal variations in height and thickness.
The peak strength of surface ducts occurred in June and July, slightly earlier than that of
elevated ducts, which peaked in July and August.

Overall, there were significant seasonal variations and regional differences in duct
height, thickness, and strength across the Arctic region. Elevated ducts were generally taller
and thicker than surface ducts, but their average strength was lower. This suggests that it
was more challenging to form strong ducts at higher altitudes in cold polar regions. Both
types of ducts typically reach their maximum height, thickness, and strength in the summer,
with these characteristics being relatively weaker in the autumn and winter. This pattern
did not align with the seasonal distribution of duct occurrence rate. That is, although the



Atmosphere 2025, 16, 11 18 of 24

duct occurrence in the Arctic region was higher in winter than in summer, the characteristic
values—such as height, thickness, and strength—were lower in winter compared with
summer. The three typical regions of Greenland, the Norwegian Sea, and the Kara Sea
exhibited significant differences in duct characteristics. The warmer Norwegian Sea region
was particularly unique, which showed seasonal variations more similar to those in mid-
latitude regions. In the Norwegian Sea, both the occurrence rate and characteristics of ducts
followed consistent seasonal patterns, with maxima typically occurring in the summer. In
contrast, the ducts in Greenland and the Kara Sea displayed seasonal changes similar to the
Arctic region’s average. The main difference was that the duct characteristics in the Kara
Sea were more pronounced during the summer, influenced by local climate effects.

Figure 9 shows the time series of the occurrence rates for surface and elevated ducts
during the simulation period. To explore the relationship between the polar vortex and
atmospheric ducts, Figure 9 also includes the time series of the PVI and PVA indices,
calculated using the method described in Section 2.3. In the entire Arctic region (Figure 9a),
the duct occurrence rate displayed a clear seasonal cycle, along with a slight decreasing
trend over the years. Surface ducts accounted for the majority of the total duct occurrence
rate, while the proportion of elevated ducts remained relatively low. The CCs between
the surface duct occurrence rate and the PVA and PVI indices were also calculated. These
coefficients were relatively low and indicated no significant correlations between the
occurrence of ducts and the development of the polar vortex. The polar vortex was mainly
associated with large-scale cold air outbreaks and changes in polar atmospheric circulation.
However, as shown in the figure, the changes in PVI and PVA did not lead to a noticeable
increase or decrease in the occurrence of ducts.
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Figure 9. Monthly series of duct occurrence rates and polar vortex indices (PVI and PVA), including
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The red and blue lines represent the occurrence rate series for surface ducts and elevated ducts,
respectively. The green and brown lines represent the PVA and PVI indices, which are the same
across all four subfigures.
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The ducts in the three typical regions (Figure 9b–d) exhibited different temporal
variations and responses to polar vortex activity. In the Greenland region (Figure 9b), there
was a slight decreasing trend in duct occurrence, with the total duct rate decreasing from
1.50% in 2017 to 1.09% in 2021. The CCs between surface duct occurrence and PVA and PVI
in this region were 0.21 and −0.04, respectively. For elevated ducts, the CCs were −0.05
and −0.13.

The total duct occurrence rate in the Norwegian Sea region (Figure 9c) showed an
increasing trend and rose from 0.16% in 2017 to 0.36% in 2019. There was a slight decrease
in 2020 and 2021, but the rate remained around 0.30%. Most of this increase was due to the
growth of elevated ducts (blue line). The CCs between surface duct occurrence and PVA
and PVI were −0.05 and 0.17, respectively. For elevated ducts, the CCs were −0.20 and
0.06, respectively.

The Kara Sea region (Figure 9d) also showed an increasing trend in duct occurrence
rate and rose from 0.12% in 2017 to 0.43% in 2021. This increase was mainly due to the
growth of surface ducts. According to Table 1 and the time series of surface meteorological
elements, this trend was likely related to global climate warming and accelerated sea ice
melting in the Kara Sea. The warming effect and transition from ice to water likely altered
the air temperature and humidity gradient near the sea surface, which may have facilitated
the formation of ducts. The CCs between duct occurrence and PVA and PVI were still
relatively low, with values of 0.03 and −0.15 for surface ducts, and 0.03 and −0.23 for
elevated ducts.

The time series of duct height, thickness, and strength in the typical regions did not
exhibit clear trends during the simulation period, so they were not displayed. However,
Table 2 lists the CCs between the series of duct height, thickness, and strength in each region
and the PVI and PVA indices. As shown in the table, although PVI and PVA had a low
correlation with duct occurrence rates, these two indices showed a strong correlation with
certain duct characteristic parameters. Overall, in the Arctic region, the negative correlation
of PVA with duct characteristics was stronger than that of PVI, with some coefficients
approaching 0.5. This correlation suggested that an expansion of the polar vortex area often
led to a reduction in duct height, thickness, and strength, while changes in the strength of
the polar vortex had minimal impact on duct characteristics. Furthermore, PVA showed a
stronger correlation with surface ducts, while its effect on higher-altitude elevated ducts
was weaker. Among the three typical regions, Greenland was notably influenced by polar
vortex activity, with CCs aligning with the Arctic regional averages. In contrast, the CCs
in the Norwegian Sea and Kara Sea regions were comparatively weak. Particularly in the
Kara Sea region, the correlations between PVA and PVI with duct parameters were nearly
zero, which indicated that variations in the polar vortex were not a key factor influencing
duct characteristics in that area.

Table 2. CCs of the duct characteristics with the polar vortex indices.

CC with PVA CC with PVI CC with PVA CC with PVI

Surface
Duct Height

Surface
Duct

Thickness

Surface
Duct

Strength

Surface
Duct Height

Surface
Duct

Thickness

Surface
Duct

Strength

Elevated
Duct Height

Elevated
Duct

Thickness

Elevated
Duct

Strength

Elevated
Duct Height

Elevated
Duct

Thickness

Elevated
Duct

Strength

Arctic −0.26 −0.43 −0.34 0.15 0.04 0.01 0.26 0.30 0.21 0.15 0.15 0.02
Greenland

Island −0.42 −0.42 0.01 0.04 0.04 0.04 −0.13 −0.13 −0.13 −0.10 −0.10 −0.10

Norwegian
Sea −0.21 −0.21 −0.21 0.05 0.05 0.05 −0.27 −0.27 −0.26 0.12 0.14 0.15

Kara Sea 0.01 0.01 0.02 −0.10 −0.10 −0.10 −0.05 −0.05 −0.04 −0.22 −0.22 −0.23

5. Conclusions and Discussion
In summary, the key conclusions of this study are as follows.
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(1) The newly developed duct diagnostic model demonstrated excellent performance.
Compared with sounding data from Ostrov Dikson, Barrow, and Danmarkshavn,
the mean errors of the simulated modified atmospheric refractivity ranged from
−1 M to 3 M, with RMSEs between 0 and 5 M. The overall simulation error level
was slightly lower than that of the ERA5 reanalysis data, and the simulation errors
decreased gradually with increasing height. The simulation results also showed a high
correlation with the observations, with an average correlation coefficient greater than
0.81, which accurately reflected the temporal variability of the modified refractivity.

(2) The average occurrence rate of ducts in the Arctic region was 0.25%, much lower
than in lower-latitude regions. Among the various types of lower atmospheric ducts,
only simple surface ducts and elevated ducts were commonly observed in the Arctic.
Surface-based and composite ducts were rarely detected during the simulation period.
The occurrence rate of surface ducts (including both simple surface ducts and surface-
based ducts) was 0.23%, much higher than the 0.016% for elevated ducts. High
occurrence areas were mainly found in Greenland Island and continental regions of
the Arctic. The occurrence rate of surface ducts on land was notably higher than that
over the ocean. Elevated ducts occurred more frequently over ocean areas, with higher
occurrence rates in the Norwegian Sea and the waters near Greenland. Most ducts
in the region were detected south of 75◦ N, and as latitude increased, the occurrence
rates of surface ducts gradually decreased.

(3) The duct height, thickness, and strength varied consistently. In areas with higher
duct height, the thickness and strength were typically higher as well. However, the
spatial distribution of surface duct height, thickness, and strength did not align with
the distribution of occurrence rates. The average height, thickness, and strength of
surface ducts were higher in the North Atlantic and Asian continent. In contrast to
surface ducts, the height, thickness, and strength of elevated ducts were more closely
related to their occurrence rates. In the North Atlantic, the characteristic parameters
of elevated ducts were significantly stronger compared with those of other regions.

(4) The seasonal variation of atmospheric ducts in the Arctic was highly pronounced.
The occurrence rate of ducts was highest in winter, followed by summer, with the
lowest rates in autumn. Most of the ducts were surface ducts, while elevated ducts
mainly occurred in summer and winter. In different regions, the seasonal variation of
ducts exhibited distinct characteristics. The occurrence rate of ducts in Greenland, the
Norwegian Sea, and the Kara Sea was higher than the Arctic average. In Greenland
and the Kara Sea, ducts occurred most frequently in winter and less often in summer.
In contrast, in the Norwegian Sea, most ducts appeared in summer, with the highest
rate of elevated ducts in the entire Arctic region. The interannual variability in the
Norwegian Sea was also the most pronounced, resulting in a significant difference
between the maximum and average duct occurrence rates. Regarding the correlation
between surface meteorological factors and duct formation, temperature and humidity
were closely related to duct occurrence. Surface ducts, in most areas, showed a clear
correlation with temperature and humidity changes, while elevated ducts had a
weaker correlation.

(5) Seasonal differences in the duct strength were more pronounced than those in duct
height and thickness. In the Arctic, surface ducts had lower values for both duct
height and thickness compared with elevated ducts, but the strength of surface ducts
was slightly greater than that of elevated ducts. Although ducts did not occur most
frequently in summer, their characteristic parameters typically reached their maxi-
mum during this season. Compared with Greenland, the Norwegian Sea and the Kara
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Sea region showed more pronounced seasonal differences in duct occurrence, which
aligned with the seasonal changes in temperature and precipitation in these areas.

(6) In terms of interannual variability, the average duct occurrence rate in the Arctic region
and Greenland showed a slight decreasing trend. However, the duct occurrence rate
in the Norwegian Sea and the Kara Sea, influenced by the North Atlantic warm
current, exhibited an increasing trend each year. Regarding the interannual variability
of duct characteristic parameters, no clear trends of annual increase or decrease
were observed.

(7) In the Arctic region, no significant correlation was found between the polar vortex
indices and the occurrence rate of atmospheric ducts. However, a clear negative
correlation existed between the polar vortex indices and the duct characteristic pa-
rameters. Furthermore, the area of the polar vortex had a greater impact on the
duct characteristics than the intensity of the polar vortex. The correlation between
the polar vortex and surface duct parameters was stronger, while its influence on
higher-altitude elevated ducts was comparatively weaker. Regionally, the Greenland
area was notably influenced by polar vortex activity, whereas the Norwegian Sea and
Kara Sea regions experienced less influence.

In this study, a diagnostic model for lower atmospheric ducts was developed using the
Polar WRF model. A dynamical downscaling simulation was then conducted to investigate
the spatial and temporal characteristics of lower atmospheric ducts in the Arctic. The
simulation results were evaluated against observations from three radiosonde stations:
Ostrov Dikson, Barrow, and Danmarkshavn. Subsequently, the temporal and spatial
variability of duct characteristics in the Arctic was analyzed based on duct diagnostics.

There are still some uncertainties in the results of this study, and further improve-
ments in model development, experimental design, and analysis are needed in the future.
Specifically, these include the following:

(1) Regarding model development, using the same parameterization scheme across the
vast Arctic region in a mesoscale weather model likely contributed to varying error
levels in different areas. Previous studies with climate models have employed different
parameterization schemes for different regions. Future simulations should follow
a similar approach to enhance the local accuracy of PWRF. Additionally, the PWRF
model did not account for dynamic feedback processes from the ocean surface, which
limited its ability to capture the ocean’s influence when studying the relationship
between atmospheric ducts and climate change. To address this, future simulations
should incorporate a coupled atmosphere-ocean model, which would yield more
objective and comprehensive results.

(2) Regarding experimental design, this study conducted simulations over a five-year
period, which was insufficient for long-term climate studies. As a result, the findings
may not fully capture interannual variability. Future studies should extend the
simulation period to obtain more representative climate characteristics. During the
simulation period of this study, the sample size for different duct types was limited.
Consequently, we only analyzed the overall characteristics of surface and elevated
ducts. In future research, longer-term data should be used to conduct a more detailed
evaluation of the characteristics of various duct types.

(3) In evaluating the simulation results, this study selected three radiosonde stations in
different locations for model validation. The study focused mainly on the modified
atmospheric refractivity index. In addition, the RMSEs for air temperature and
humidity were also assessed. The RMSE for temperature at the Ostrov Dikson station
was 1.96 K, while at the Barrow and Danmarkshavn stations, it was 1.12 K and 2.15 K,
respectively. The RMSE for relative humidity at Ostrov Dikson was 5.59%, while at
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Barrow and Danmarkshavn, it was 5.39% and 5.36%, respectively. The simulated
temperature and humidity errors remained relatively low, which indicated that the
PWRF model performed well in simulating polar weather. However, due to the limited
number of validation stations, some randomness still influenced the evaluation results.
Additionally, the sounding observations provided data only at two time points each
day. In the future, more stations and a denser observation dataset will be necessary
for a more thorough evaluation of the model’s performance.

(4) In the analysis, owing to space limitations constraints, this study provided only a
basic overview of the temporal and spatial characteristics of lower atmospheric ducts.
Future efforts will focus more on exploring the relationship between duct charac-
teristics and changes in sea ice and ocean surfaces. Additionally, while few studies
have used dynamical downscaling to simulate atmospheric ducts in polar regions,
some studies have directly diagnosed reanalysis data to obtain duct information.
However, these studies face challenges due to the limited number of vertical levels
in reanalysis data, which makes it difficult to capture atmospheric duct information
by directly diagnosing the vertical variation of atmospheric refractivity. To address
this, some researchers have processed the reanalysis data further. For example, they
have employed various methods such as spline interpolation to identify additional
inflection points in the vertical distributions [50]. In this study, we used only linear
interpolation during the diagnostic process, which resulted in very few new inflection
points. As a result, some discrepancies were observed in the duct diagnostic results
compared with previous studies. Specifically, the rates of duct occurrence in this study
were lower than those reported by Qin et al. [22], who used ERA5 data from 1989 to
2018. To explore this difference, we selected ERA5 data from Ostrov Dikson, Barrow,
and Danmarkshavn stations over five years for a direct duct diagnosis. However,
this method was almost unable to detect any ducts. Since Qin et al. did not reveal
the specifics of their diagnostic process, the differences between their results and
ours are likely due to the duct diagnostic schemes, particularly in how the modified
atmospheric refractivity data was processed. This study mainly used a numerical
model to dynamically downscale the coarser vertical resolution of reanalysis data. In
contrast, the method of directly diagnosing reanalysis data often involved applying
other mathematical techniques to increase the vertical resolution before diagnosing
the ducts. This difference in diagnostic methods resulted in variations in the final duct
characteristics. Moving forward, we will continue to monitor developments in this
area and further improve our algorithms and models.
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