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Abstract 

Atmospheric ducts (ADs) provide efficient electromagnetic wave 
channels for beyond line-of-sight (BLOS) propagation and can 
serve as a sensitive diagnostic factor for the change of lower 
atmosphere. Based on the ERA5 model-level reanalysis data (1979–
2024), a global-scale assessment of the response of AD evolution to 
global warming has been revealed for the first time. The occurrence 
probability, strength, and top height of AD all exhibit an increasing 
trend over mid- to low-latitude oceans. Analysis of underlying 
physical mechanisms indicates that this long-term trend is highly 
coupled with the continuous increase in atmospheric static stability 
within the lower marine atmosphere in the context of global 
warming. While interannual variability—typified by the El Niño–
Southern Oscillation—modulates the amplitude of these anomalies, 
the long-term trajectory is overwhelmingly dictated by the secular 
trend. Ultimately, continuous warming is shifting the marine 
atmospheric background state toward a regime favoring more 
frequent and intense ducting, with profound implications for 
maritime BLOS communication and radar detection. 
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1 Introduction 

Atmospheric ducts (ADs) are anomalous stratification layers defined by a negative 
vertical gradient of modified refractivity. Acting as natural waveguides, these layers trap 
electromagnetic energy to minimize propagation loss; while this enables beyond-line-of-
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sight (BLOS) propagation, it simultaneously creates shadow zones and clutter1-

3, rendering standard radar and communication models ineffective. 

Given these profound propagation effects, ADs have become a critical factor in 
maritime strategy and defense operations. The ability to predict these "blind zones" or 
"extended ranges" is often decisive in modern electronic warfare. A striking example is 
the April 2022 sinking of the cruiser Moskva; while the full tactical picture is complex, 
analyses suggest that anomalous ducting conditions may have facilitated the unexpected 
BLOS engagement by Neptune missiles, underscoring the operational risks of 
overlooking atmospheric refractivity4. Such high-stakes incidents highlight the 
imperative to understand AD dynamics, prompting significant investment in 
observational research. 

To address these operational challenges, the scientific community has launched 
major field campaigns since the early 2000s focused on the formation mechanisms and 
predictive modeling of ADs. Prominent initiatives include Wallops-20005, the Rough 
Evaporative Duct Experiment (RED)6, the Tropical Air-Sea Propagation Study (TAPS)7, 
and the Coupled Air-Sea Processes and Electromagnetic Ducting Research (CASPER)8. 
These efforts have significantly refined the understanding of air-sea interaction 
parameterizations and improved the validation between refractivity structures and 
propagation models. However, these studies have predominantly focused on short-term 
process studies or seasonal statistics, leaving the broader climatic context largely 
unexplored. 

Recently, increasingly frequent reports of anomalous propagation and radar 
interference globally raise a critical question: Is the baseline state of the ADs shifting? 
Since AD formation is physically governed by near-surface thermodynamic structure, 
continuous warming-driven changes in temperature and humidity profiles9-11 are likely 
altering AD patterns. Here, we bridge this knowledge gap by quantifying secular trends 
in AD characteristics and disentangling the signal of long-term climate change from the 
noise of interannual variability, such as the El Niño–Southern Oscillation (ENSO)12-15. 

2 Results 
2.1 Warming-driven changes in atmospheric ducts: evolution and mechanisms 
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Figure 1 summarizes global changes of ADs characteristics from 1979 to 2024. Over 
the mid- to low-latitude oceans (60°S–60°N), AD occurrence probability (Figure 1a, b, m, 
p), top height (Figure 1e, f, n, q), and strength (Figure 1i, j, o, r)  show widespread and 
significant increases. Over land, AD occurrence probability and strength also grow, with 
the greatest positive changes in South America. In contrast, AD characteristics decline 
markedly over the high-latitude Southern Ocean and the Antarctic continent 

How do these changes relate to warming-driven shifts in the atmospheric 
environment? Because AD formation is tightly linked to lower-tropospheric stability, the 
increases in AD occurrence probability and strength are consistent with warming-induced 
changes in the environmental temperature lapse rate16-21. The dry-adiabatic lapse rate is 
temperature-independent; therefore, warming-driven changes in the environmental lapse 
rate largely reflect a reduced moist-adiabatic lapse rate. Over humid oceans, vertical 
mixing more closely follows moist-adiabatic processes, increasing static stability and 
favouring AD formation and intensification. Over land, the boundary layer is typically 
drier and the moist-adiabatic lapse rate is less sensitive to warming, so mixing remains 
closer to dry-adiabatic and stability changes are smaller. Over Antarctica, strong 
stratification in the cold, dry atmosphere suppresses convection and turbulent mixing, 
limiting vertical heat export. Preferential near-surface warming then weakens the 
inversion and reduces lower-tropospheric static stability. Multi-model ensembles 
similarly show a marked weakening of the Antarctic inversion under high-emission 
scenarios22, consistent with our results. 

However, the above analysis cannot explain the increase in AD top height. Elevated 
ducts typically form near the top of the atmospheric boundary layer, and their height is 
therefore closely related to boundary-layer depth23. Because stable boundary layers are 
generally shallower24, a stability-only argument would instead imply a decrease in AD top 
height. Boundary-layer depth, however, is jointly controlled by entrainment at the 
boundary-layer top and the large-scale vertical motion25. Although stability tends to 
suppress entrainment, global warming has been reported to weaken the equatorial large-
scale circulation, thereby altering the background vertical velocity26,27. Since ADs 
preferentially occur in large-scale subsidence regimes, weakened subsidence can lift the 
boundary laye28 and increase AD top height.  
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Compared to changes in annual-mean characteristics, the annual standard deviation 
of AD features varies little over time across most regions. This suggests that long-term 
changes in the seasonal variability of AD characteristics are relatively gradual. However, 
in most oceanic regions, the annual standard deviation of AD occurrence probability and 
strength exhibits a coherent positive trend (Figure 1d, l). Under global warming, seasonal 
variability in precipitation is reported to increase 29-32, manifesting as wetter wet seasons 
and drier dry seasons. Oceanic areas remain highly humid near surface, and precipitation 
affects mid-level atmospheric moisture more strongly than the boundary layer33. During 
the wet season, mid-level moistening reduces vertical humidity gradients, thereby 
decreasing the occurrence probability and strength of ADs. Conversely, during the dry 
season, mid-level drying increases vertical humidity gradients, enhancing the occurrence 
probability and strength of ADs. Consequently, the seasonal variability of ADs intensifies. 
Over the Antarctic continent, the annual standard deviation of AD occurrence probability 
and strength shows a consistent decreasing trend (Figure 1d, l). This is consistent with the 
seasonal cycle of the inversion layer22, which becomes stronger in Antarctic winters and 
weaker in summers due to radiative cooling34. Under global warming, lower-atmospheric 
warming over Antarctica is reported to be faster in winter than in summer35, leading to a 
more rapid decline in stability. This reduces the occurrence probability and strength of 
ADs while also weakening their seasonal variability. 

The above physical mechanism analysis indicates that change of atmospheric 
environmental under global warming may be the primary driver of long-term AD 
evolution. To statistically validate this conclusion, the relationship between AD EOF 
modes and global-mean temperature was examined. The analysis shows that, when the 
long-term trend is retained, the leading EOF mode of ADs is significantly and positively 
correlated with the global-mean 2 m air temperature (Figure 2); once the long-term trend 
is removed, this correlation weakens markedly or even disappears (Supporting 
Information 1 Figure S1). Given that the leading modes are concentrated over oceanic 
regions, similar work was done to mean sea surface temperature (SST), and obtained 
results consistent with those based on global-mean 2 m air temperature (Supporting 
Information 1 Figures S2–S3). The influence was further quantified through EOF mode 
reconstruction. For AD occurrence probability (Supporting Information 2 Figures S1–S4), 
after excluding summer (owing to strong coupling between ENSO and the global-
warming mode), the third mode in spring dominated by global warming, together with the 
second modes in autumn and winter, exhibits significant increasing trends. The magnitude 
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of this increase is consistent with the changes shown in Figure 1. Similarly, AD strength 
(Supporting Information 3 Figures S1–S4) and top height (Supporting Information 4 
Figures S1–S4) show analogous behaviour, with global warming often exceeding ENSO 
as the dominant influence in the leading AD mode. Collectively, these results support the 
conclusion that atmospheric environmental changes closely linked to global warming 
drive the long-term trends in ADs. 

 
Figure 1 Long-term changes in atmospheric duct (AD) characteristics from 1979 to 2024. 
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Column 1 (rows 1–3) shows trends in the annual-mean AD occurrence probability, top 
height, and strength. Column 3 (rows 1–3) shows trends in the annual standard deviation 
of these AD characteristics. Trends are estimated using linear regression of each AD 
metric against time. Columns 2 and 4 summarize the corresponding trend statistics for 
major oceanic and continental regions. Row 4 shows changes in AD characteristics 
relative to 1979, smoothed with a 10-year running mean. Row 5 shows the endpoint 10-
year change, defined as X(end) − X(start) for each 10-year window. Shaded areas indicate 
trends significant at the 95% confidence level (t-test). Red dashed lines in subfigures i and 
k mark the equatorial convergence zone. 

2.2 Modulation of long-term atmospheric duct evolution by dominant climate 
modes 

Beyond global warming, major climate modes—particularly ENSO—significantly 
modulate AD evolution (Figure 2). This likely explains the spatial contrast between the 
widespread AD strengthening over mid-to-low latitude oceans and the localized 
weakening in the western Pacific (Figure 1). Regionally averaged AD characteristics 
(30°S–30°N; Supporting Information 1 Figure S4) display a non-monotonic trend: an 
initial increase followed by a decline, rather than a continuous decrease. This decline 
coincides with the "global warming hiatus, "36 where AD growth stalled (Supporting 
Information 2-4 Figures S1–4) alongside sustained La Niña conditions. Theoretically, La 
Niña shifts convection westward, enhancing precipitation and reducing vertical humidity 
gradients in the western Pacific. This mechanism suppresses AD probability and strength, 
yielding the negative trends observed in Figure 1a, i. Concurrently, an intensified Hadley 
circulation limits AD top height growth in subsidence zones. Sensitivity analysis confirms 
that AD responses to ENSO are concentrated in low latitudes (Supporting Information 1 
Figure S5). Modal reconstruction further validates that this ENSO-dominated mode drove 
the observed AD decline, peaking in winter. However, given ENSO’s high-frequency 
variability, its contribution to the long-term AD trend remains negligible. 

Wavelet analysis reveals a third, lower-frequency mode of AD variability, 
subordinate only to global warming and ENSO. Spatially, this mode exhibits high sign 
consistency across mid-to-low latitude oceans, centering on the central-eastern equatorial 
Pacific (Supporting Information 2-4 Figures S1–S4). Reconstructions indicate a sustained 
AD increase from 1979 to 1998, followed by a sharp post-1998 decline and subsequent 
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stabilization. While coincident with various climate shifts, it is difficult to attribute this 
global pattern to any single physical signal. This may be related to the changes in data 
assimilation of ERA5. Hersbach, et al. 37 noted that, since the 1980s, the introduction of 
Microwave Imagers has led to a tendency for the middle atmosphere to be warmer and 
drier, which effectively explains the enhancement of ADs before 1998 in this mode. 
Furthermore, their study mentioned that the introduction of the Advanced Microwave 
Sounding Unit (AMSU) resulted in a global shift in ERA5 precipitation around the year 
2000, followed by a period of relative stability, which may have contributed to the 
weakening of the ADs after 1998. 

 
Figure 2 Partial correlation analysis between EOF principal component of AD 
characteristics and major climate factors. Seasons are defined as DJF (winter), MAM 
(spring), JJA (summer), and SON (autumn). Climate factors include AAO (Antarctic 
Oscillation), AO (Arctic Oscillation), ENSO (El Niño–Southern Oscillation), IOD (Indian 
Ocean Dipole), MJO (Madden–Julian Oscillation), NAO (North Atlantic Oscillation), 
PDO (Pacific Decadal Oscillation), and t2m (2 m air temperature). Asterisks (*) denote 
values significant at the 95% confidence level (t-test). 
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Figure 3 Mechanisms linking global warming, ADs, and electromagnetic propagation 

3 Conclusion 
This study establishes the first physical link between AD evolution and global 

climate change. We identify a significant strengthening of mid-to-low latitude oceanic 
ADs since 1979. This long-term evolution is governed primarily by increased 
atmospheric stability driven by global warming, rather than by natural variability. While 
ENSO modulates short-term interannual oscillations, global warming acts as the 
dominant driver, systematically reshaping the electromagnetic propagation environment 
of the global atmosphere. 
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Change Service Climate Data Store. We thank the scientists, engineers, and data 
managers who developed and maintain this dataset. 
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Figure S1 Partial correlations between the EOF principal components (PCs) of detrended atmospheric 
duct (AD) characteristics and major climate indices. Seasons are defined as DJF (winter), MAM 
(spring), JJA (summer), and SON (autumn). Climate factors include AAO (Antarctic Oscillation), AO 
(Arctic Oscillation), ENSO (El Niño–Southern Oscillation), IOD (Indian Ocean Dipole), MJO 
(Madden–Julian Oscillation), NAO (North Atlantic Oscillation), PDO (Pacific Decadal Oscillation), 
and t2m (2 m air temperature). Asterisks (*) denote values significant at the 95% confidence level (t-
test). 
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Figure S2 Same as Figure 2, but with t2m replaced by global mean sea surface temperature (SST). 
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Figure S3 Same as Figure S2, but with the long-term trend removed. 

Figure S4 10-year running mean time series of AD characteristics for different regions over 30°S-30°N. 
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Figure S5 Spatial distributions of the regression coefficients of monthly mean AD  characteristics onto 
the Niño-3.4 index. Columns 1, 3, and 4 display the results for AD occurrence probability, top height, 
and strength, respectively. Column 2 shows the results for precipitation (×104). Rows 1–4 correspond 
to the four seasons: spring, summer, autumn, and winter, respectively. Shading indicates regions with 
statistical significance at the 95% confidence level (Student's t-test). 
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Figure S6 Maximum covariance analysis (MCA) between monthly mean AD characteristics and 
SST. The results are displayed as the correlation coefficients between the original field of one 
variable and the principal component (PC) of the other. Columns 1 and 2 display the first coupled 
mode for atmospheric duct characteristics and SST, respectively. Rows 1–4 correspond to the four 
seasons: spring, summer, autumn, and winter, respectively. Re represents the correlation coefficient 
between the PC and the Niño-3.4 index. SCF indicates the squared covariance fraction, representing 
the proportion of the covariability explained by the first mode. R is the correlation coefficient 
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between the PCs of the two variables. 
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Figure S1 Reconstructions based on the leading EOF modes of the atmospheric duct (AD) occurrence 
probability in spring. Columns 1–4 display the reconstructed fields, 10-year running means of the 
reconstructions, spatial patterns of the modes, and wavelet analysis of the principal components 
(PCs), respectively. 
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Figure S2 Same as Figure S1, but for summer. 



3 

Figure S3 Same as Figure S1, but for autumn. 



4 

Figure S4 Same as Figure S1, but for winter. 
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Figure S1 Reconstructions based on the leading EOF modes of the atmospheric duct (AD) strength in 
spring. Columns 1–4 display the reconstructed fields, 10-year running means of the reconstructions, 
spatial patterns of the modes, and wavelet analysis of the principal components (PCs), respectively. 
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Figure S2 Same as Figure S1, but for summer. 
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Figure S3 Same as Figure S1, but for autumn. 
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Figure S4 Same as Figure S1, but for winter. 
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Figure S1 Reconstructions based on the leading EOF modes of the atmospheric duct (AD) top height 
in spring. Columns 1–4 display the reconstructed fields, 10-year running means of the 
reconstructions, spatial patterns of the modes, and wavelet analysis of the principal components 
(PCs), respectively. 
 



2  

 
Figure S2 Figure S3  Same as Figure S1, but for summer. 
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Figure S4 Same as Figure S1, but for autumn. 
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Figure S5 Same as Figure S1, but for winter. 
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