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Abstract

The evaporation duct, formed above the ocean surface by sharp vertical gradients of
humidity, would significantly influence electromagnetic wave propagation. It is a quasi-
permanent feature over the sea, and its strength is quantified by the evaporation duct height
(EDH). While previous studies have focused on how local factors influence evaporation
ducts, the impact of El Nifio-Southern Oscillation (ENSO) on EDH in the South China Sea
(5CS) remains undocumented. Using correlation analysis, empirical orthogonal function
(EOF) decomposition, and wavelet transform, this study shows that evaporation is the
dominant environmental factor controlling EDH variability across seasonal and inter-
annual timescales in the SCS, while wind speed and relative humidity play secondary
roles with contrasting effects between the northern and southern regions. ENSO drives
the inter-annual variability of EDH by modulating evaporation. During El Nifio events,
anomalous anticyclonic circulations near the Philippine Sea, which weaken (strengthen)
the evaporation in the northern (southern) SCS, alter EDH and contribute to the formation
of the meridional dipole structure, particularly within the 2-to-6-year ENSO band. These
results provide new insights into the mechanisms controlling EDH in the SCS and highlight
the critical role of ENSO in shaping its spatial distribution.

Keywords: evaporation duct height; ENSO; evaporation; spatio-temporal characteristics

1. Introduction

The evaporation duct is a prevalent atmospheric phenomenon that occurs just above
the sea surface due to sharp vertical gradients in humidity [1-3]. These ducts trap and
guide electromagnetic waves, significantly modifying their propagation over the ocean.
This affects maritime communication and radar performance, significantly impacting radar
detection range and accuracy. The presence of ducts also induces signal fluctuations, which
can compromise the reliability and coverage of maritime microwave communications [1,4,5].
The evaporation duct height (EDH) is the most important parameter used to describe the
strength of the evaporation duct. It is typically defined as the height of the lowest modified
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refractivity, M, which is primarily determined by meteorological conditions [4—6]. The
variability of evaporation ducts is highly complex [3,4], as they are extremely sensitive to
hydrological and meteorological conditions at the air—sea interface, such as wind speed
(WS), sea-surface temperature (SST), and humidity. Due to the difficulties in directly
measuring M, researchers usually use the Monin—Obukhov (M-O) similarity theory in
combination with various empirical models, such as the Paulus—]Jeske (PJ) model [4-7],
the Musson—Gauthier—Bruth (MGB) model [8], the Babin model [9], and the Naval
Postgraduate School (NPS) model [10], to describe the profiles of M, and in turn to deduce
the EDH. Under unstable atmospheric conditions, the NPS model is the most widely used
model due to its robustness and reliability [10-12]. The NPS model outperforms the PJ,
MGB and Babin models in comparisons with ocean buoy field data [9]. It also exhibits
greater stability than the P] model [12], and maintains high accuracy under identical
atmospheric conditions [13]. The NPS model is considered optimal for estimating modified
refractivity profiles [11,14].

Numerous studies have explored the impact of individual meteorological factors on
EDH through sensitivity experiments by using reanalysis or observational data [3,15-17].
In recent years, several studies have investigated regional EDH evolution by using clima-
tological datasets [18-21], and revealed notable spatial differences across various oceanic
and coastal regions. Previous studies have shown that meteorological factors such as wind
speed, air-sea temperature difference, and relative humidity all affect EDH, regardless of
atmospheric stability [5,22]. In addition, turbulent fluxes play a crucial role in regulating
near-surface atmospheric stability and moisture gradients, thereby exerting a significant
influence on the formation and height of evaporation ducts [23].

The South China Sea (SCS), due to its significant strategic importance, strong mon-
soonal influence, and complex air-sea interactions, has become a critical region for research
on EDH. Studies on the diurnal variability, the seasonal evolution, and the spatial dis-
tributions of EDH in the SCS [3,4,16,18] have identified that WS, relative humidity (RH),
and air-sea temperature difference (ASTD), especially regional evaporation (EVP) [24], are
the dominant factors in regulating EDH in summer and winter. However, most existing
research focus on short-term or synoptic-scale variations rather than the inter-annual and
inter-decadal variability of EDH. As far as we know, the connections between the EDH and
regional EVP remain unexplored across seasonal and inter-annual timescales.

The El Nifio-Southern Oscillation (ENSO) has a significant impact on atmospheric
circulation across the SCS [25-27]. ENSO-related anomalies in surface horizontal
winds [28-30], SST [25,31], and convection [32,33] jointly influence the thermodynamic and
dynamic structure of the atmospheric boundary layer, which may in turn influence the
characteristics of EDH. However, the mechanism by which ENSO modulates EDH in the
SCS remains unclear.

Therefore, the following questions arise: (1) Is there a significant relationship between
the EDH and regional EVP at seasonal and inter-annual timescales? and (2) does the
ENSO influence EDH, and if so, what are the main pathways? Addressing these ques-
tions is crucial for clarifying the mechanisms that link large-scale climate variability to
EDH structures.

This paper is organized as follows. After the introduction, Section 2 describes the
data and methods. Section 3.1 examines the seasonal and regional characteristics of EDH
and evaporation in the SCS, highlighting the seasonal-phase-dependent correlation and
pronounced north—south contrasts. It also measures the correlation of EDH with environ-
mental factors in the north and south SCS. Section 3.2 analyzes the inter-annual variability
of EDH and its correlation with evaporation in different sub-regions of SCS. Section 3.3
employs wavelet analysis and EOF to identify the dominant time-frequency characteristics
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and spatial modes of the EDH anomalies, combined with correlation, regression, and
wavelet coherence analyses to quantify their linkage. Granger causality testing is then
applied to establish the causal direction and optimal lag structure. In this section, we study
how ENSO influences the inter-annual variability of EDH by modulating evaporation.
Finally, Section 4 summarizes the main conclusions.

2. Data and Methods
2.1. Data

This study utilizes the European Centre for Medium-Range Weather Forecasts
(ECMWF) fifth-generation reanalysis (ERA5) monthly data on single levels from 1970
to 2023, with a spatial resolution of 0.25° x 0.25° [34]. The dataset includes air temperature,
SST, specific humidity at 2 m, surface wind speed at 10 m, and surface pressure, which are
used to calculate the profiles of EDH based on the NPS model. In addition, the evaporation
variable is derived from the ERA5 dataset to ensure consistency among all parameters
used in the analysis. ERA5 data have been widely used and verified to be suitable for
studies on EDH distributions [23,35,36]. Moreover, ERA5 data show stable performance
compared with the measured results of meteorological data from weather stations [37] and
strong agreement with ship-based measurements [15]. As such, these studies confirm that
evaporation duct parameters derived from ERA5 data are reliable.

The classification of ENSO warm and cold phases, known as El Nifio and La Nifia,
respectively, is based on the Oceanic Nifio Index (ONI). The ONI is defined as a 3-month
running mean SST anomaly in the Nifio 3.4 region (5° N-5° S, 120-170° W) that exceeds
£0.5 °C for a minimum of five consecutive overlapping seasons [38]. ONI values are one
of the most widely used indices for monitoring and classifying ENSO events [39,40].

2.2. Methods

In this study, the NPS model is used to diagnose the EDH in the SCS. The NPS model
identifies the EDH by detecting the altitude corresponding to the minimum M, rather than
relying on the traditional dM/dz = 0 criterion used in other models. M can be expressed

as follows [22]:

77.6P e e
=2 _56—+375x10°— +0.157 1
M T 56T+3 5 X 0T2+0 57z, 1)

where T (K) is air temperature, P (hPa) represents atmospheric pressure, e (hPa) is partial
pressure of water vapor, and z (m) is height above the sea surface.

Through the Tropical Oceans Global Atmosphere—Coupled Ocean-Atmosphere Re-
sponse Experiment algorithm, the NPS model calculates the temperature and humidity
scale parameters by accounting for the effect of salinity on atmospheric humidity [41-43].
This modification adopts the advanced air-sea flux algorithm CPARE3.0 and expands the
application of the M-O similarity theory to low WS conditions. In the NPS model, the
profiles of pressure, potential temperature, and specific humidity are expressed as follows:
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T(z) and q(z) denote the air temperature and specific humidity at height z, respectively.
P(zy) represents the air pressure at height z;. ¥}, is the temperature-specific humidity
similarity function, and L is the M-O length. zo; and z(, are the roughness lengths for air
temperature and specific humidity, respectively. I'; is the atmospheric dry adiabatic lapse
rate. 64, g« and u, are the M-O scaling parameters. ¥ = 0.4 is the von Karman constant.
T, is the mean virtual temperature of the layer between the height z; and z;. 6, is virtual
potential temperature, g is the acceleration due to gravity, R is the dry air gas constant, and
€ = 0.622 is the ratio of the molecular weight of water vapor to that of dry air.

This study employs the wavelet transform [44,45] to explore the multi-scale time-
frequency characteristics of the EDH and evaporation, and therefore to reveal their vari-
ation patterns and evolution over different time scales. The EOF is used to analyze the
spatial modes and temporal variations in anomalies in EDH. Additionally, cross wavelet
spectra and wavelet coherence analyses are employed to investigate the interactions be-
tween ENSO and EDH [46,47]. These techniques are widely used in geophysical sciences
to identify covariance and coherence in time series [48,49]. The correlation coefficient
and regression coefficient are used to measure the relationship between EDH and ENSO.
Statistical significance is assessed by using two-tailed Student’s -tests.

Furthermore, to delve deeper into the relationship between ENSO and EDH, a Granger
causality analysis is conducted to examine the propagation lag effects [50-52]. For the
Granger causality test, five lag periods (1, 2, 3, 4 and 5) are designated. The significance of
Granger causality is evaluated through the F-statistic.

3. Results
3.1. The Seasonal Distribution Characteristics of EDH

The distributions of climatological monthly average EDH in the SCS are shown in
Figure 1. Seasonal and meridional variations in the EDH, ranging from 5.5 to 18.0 m, are
pronounced. In all months, the SCS remains almost exclusively in unstable states, which
can be indicated by negative values of the air-sea temperature difference (AT = Tair — SST)
(Figure S1). High EDH, exceeding 14 m, appears in the northern SCS in October and
expands southwards until covering almost the whole SCS in November, December, and
January (Figure 1h-k). Then, the EDH decreases progressively from January through
March, and the reduction is more marked in the northern SCS than in the southern SCS
(Figure 1a,k,1). From March through June, the EDH is progressively and moderately ele-
vated (Figure 1a—d). In contrast to the October—December pattern, this elevation appears
first in the southern SCS and expands northwards. The EDH becomes relatively constant at
12 to 13 m in the whole SCS during the summer (June-August, Figure 1d—f). September
appears to be a transitional period between summer and October (Figure 1g). The pro-
nounced meridional disparity and significant seasonal variability are characteristic of the
EDH in the SCS.

The distributions of regional evaporation (Figure 2) follow a similar pattern to the EDH
distributions (Figure 1) because both evaporation and EDH are governed by atmospheric
conditions and marine environments, which are primarily modulated by the East Asian

!, appears in the northern SCS in

monsoon. High evaporation, exceeding 7 mm day ™
October, coinciding with the onset of the northeast monsoon, and expands southwards
until covering nearly the entire SCS during November to January (Figure 2h-k). This

distributional pattern is almost identical with that of EDH, highlighting a strong coupling
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between EDH and evaporation. Evaporation decreases noticeably in the northwestern SCS
as the northeast monsoon weakens from February to May, driving a concurrent decline
of EDH in the region (Figure 2a—c,l). During the summer, the EDH increases in response
to a moderate increase in evaporation across the basin, especially in the southern SCS
(Figure 2d—f). In the inter-monsoonal season in September, evaporation decreases again
before it is elevated in October (Figure 2g).
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Figure 1. (a-1) Distributions of climatological monthly average evaporation duct height (EDH, unit:
m) in the South China Sea (SCS).
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Figure 2. (a-1) Distributions of climatological monthly average evaporation (unit: mm day ') with
horizontal winds (vector, unit: m/s) in the SCS. The red boxes show the separated regions used in
Figures 3-6. Wind directions are shown in the arrow directions, and wind speeds are represented by
the scaling of the arrows.
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Figure 3. Monthly variations in the correlation coefficients between environment variables and EDH.
Solid (northern SCS) and dashed (southern SCS) lines show the correlation coefficients of EDH with
EVP, WS, RH, and ASTD in orange, purple, blue, and green, respectively. Black dashed lines show
the 99% confidence level.
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Figure 4. Climatological monthly average (a) EDH (unit: m) and (b) evaporation (unit: mm dayil)
in the SCS as a whole (black), the northern SCS (red), and the southern SCS (blue). The error bars
depict 1 standard deviation associated with the mean values.



J. Mar. Sci. Eng. 2025, 13,2261 8 of 18

(a) Mar (b) Apr (c) May
=—=—SCS-North ==s=—SCS-South

- A AR Y sttt

4(d) Jun (e) Jul (f) Aug
2
-2
-4
4(g) Sep (h) Oct (i) Nov
2
£ 0 ,\W
-2
-4
4( j) Dec (k) Jan (1) Feb

2
£0

1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020
Year Year Year

Figure 5. Monthly time series of EDH deviations (unit: m) from 1970 to 2023 for the northern SCS
(red), and the southern SCS (blue). The deviations are calculated relative to the climatological monthly
means from 1970 to 2023 for the entire SCS (black line in Figure 4a).
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Figure 6. Monthly time series of evaporation deviations (unit: mm day_l) from 1970 to 2023 for
the northern SCS (red), and the southern SCS (blue). The deviations are calculated relative to the
climatological monthly means from 1970 to 2023 for the entire SCS (black line in Figure 4b).
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To examine the north—south contrast in EDH and EVP, the SCS is divided into two sub-
regions along 14°N (Figure 2, red boxes). This latitude corresponds to a distinct meridional
transition in the climatological distributions of EDH and EVP and coincides with the phase
reversal of the first EOF mode of EDH anomalies (Figure 7). The correlation coefficients
(r) between environmental variables and EDH are then calculated for each region using
monthly data, allowing for an evaluation of their distinct seasonal and regional correlations,
as detailed in Figure 3.

(a) EOF-1 EDH (31.7%) (b) EOF-2 EDH (21.8%)
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Figure 7. Spatial patterns of (a) EOF-1 and (b) EOF-2 of the EDH anomalies in the SCS. EOF-1 and
EOEF-2 account for 31.7% and 21.8% of the total variance for EDH deviations, respectively.

The seasonal variation in the EDH over the SCS shows notable regional differences
caused by EVP. The EDH in the northern SCS is governed by WS through its control of EVP
from November to February, and by RH through its suppression of EVP from March to May.
In the southern SCS, the EDH is primarily influenced by RH, with only a minor impact from
WS. Evaporation demonstrates the largest positive correlations, ranging from 0.73 to 0.93
in the northern SCS and 0.54 to 0.88 in the southern SCS, establishing it as the primary
driver of EDH variability and highlighting the essential role of air—sea heat exchange. The
influence of other factors, however, differs significantly between the two regions. In the
northern SCS, WS exhibits a significantly stronger correlation with EDH, ranging from
0.35 to 0.81, compared to 0.27 to 0.69 in the south. This supports a co-dominant control
mechanism between WS and EVP from November to February. From March to May, RH
emerges as a key constraining factor in both regions, with r peaking at —0.80 in the north
and —0.76 in the south. In the southern SCS, RH shows a strong negative correlation with
EDH throughout the year, ranging from —0.42 to —0.76, while the correlation for WS is
highly fluctuating and generally weak. This may be because RH has higher values in the
south than in the north, making RH the main factor of EVP. ASTD shows the weakest
correlation, confirming a lower thermal sensitivity of EDH in the southern sector.

The climatological monthly average EDH and evaporation in the entire SCS as a whole,
as well as in the northern and southern SCS, are shown in Figure 4. Seasonal variations in
EDH and evaporation both exhibit a distinct bimodal pattern. The annual average EDH
in the SCS as a whole is about 12.3 m. The maximum monthly EDH of 13.1 m is found
in December when the northeast monsoon prevails. In addition to the winter maximum,
there is also a summer maximum, with the EDH of 12.5 m, in July during the southwest
monsoonal season. The EDH seasonal cycle is marked by two minima, occurring in March
and September. Although the seasonal changes in the EDH in the northern SCS and in the
southern SCS both follow a similar pattern to that in the SCS as a whole, the EDH in the
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northern SCS is markedly larger (lower) than in the southern SCS during the northeast
(southwest) monsoonal season (Figure 4a). The seasonal evolution of evaporation, with
peaks in December and July and troughs in April and September, follows a pattern similar
to that of the EDH (Figure 4b). The standard deviations of the monthly averages range
from £0.34 to £0.61 m for EDH and from 4-0.24 to +-0.73 mm day ! for evaporation. These
values are substantially smaller than the magnitudes of the seasonal cycle, indicating that
seasonal variability dominates over interannual variations.

3.2. Inter-Annual Variation Characteristics of EDH

The spatial and temporal variations in the monthly EDH deviations are demonstrated
through a time-series analysis of their distributions in the northern and southern sub-
regions of the SCS (Figure 5). A significant north-south difference, with generally higher
EDH from October to January but lower EDH from March to August in the northern SCS,
is observed. The difference is most pronounced from October to December, followed by
Apiril to June, but not apparent in February and September. Such seasonal and spatial
differences in the EDH may reflect the spatial and temporal differences in the effects of
seasonal monsoons on the SCS.

To better understand the drivers of the inter-annual variability in EDH, time-series
distributions of monthly evaporation deviations (Figure 6) are compared. Evaporation
deviations also show an apparent north-south difference. It is larger in the northern SCS
than in the southern SCS from October to January. During this period, strong northeast
winds, accompanied by dry air, enhance both evaporation and EDH. The influence de-
creases southwards, resulting in lower evaporation and EDH in the southern SCS. From
March to May, associated with the weakening of the northeast monsoons, evaporation is
progressively reduced from the north to the south. Correspondingly, the EDH is moder-
ately reduced in the northern SCS. From June through August, attributed to the prevailing
southwest monsoons, evaporation and EDH are larger in the southern SCS.

The above results highlight that evaporation is the primary driver of both seasonal and
inter-annual EDH variability. Enhanced evaporation increases moisture loss and reduces
near-surface humidity, thereby steepening the vertical moisture gradient and elevating the
EDH. This mechanism is consistent with previous reports that the M-gradient is primarily
associated with humidity gradients under unstable atmospheric conditions [23,53].

3.3. Modes of Evaporation Duct and Its Relations with ENSO

Before conducting the EOF analysis, the seasonal cycle was removed. First, each EDH
value was subtracted by the climatological monthly mean in the corresponding month.
Then, a 13-point running mean was applied to the generated EDH deviations to smooth
high-frequency noise. As such, the EOF modes presented in the paper reflect inter-annual
to decadal variability, with the seasonal component effectively removed [54-57]. The first
two EOF modes, EOF-1 and EOF-2, account for 31.7% and 21.8% of the total variance for
anomalies of EDH, respectively. EOF-1 and EOF-2 are well separated from each other [58].

The EOF analysis identifies two distinct modes of EDH variability over the SCS. The
leading mode (EOF-1) shows a pronounced meridional dipole structure and is strongly
linked to ENSO, while the second mode (EOF-2) displays a weaker and temporally evolving
connection. Specifically, the EOF-1 spatial pattern is characterized by a south-to-north
“positive-negative” dipole, with a negative center west of the Luzon Strait and a positive
center off the eastern coast of Vietnam (Figure 7a). The corresponding first principal
component (PC-1) time series (Figure 8a) is significantly positively correlated with the
ONI (r = 0.63; p < 0.01), indicating that ENSO is a dominant driver accounting for the
inter-annual variability in the EDH. For instance, from May 1973 to April 1976, during a La
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Nifia event, PC-1 was all negative. In the months of April 1982 to June 1983, and May 1997
to May 1998, when ENSO occurred, PC-1 was positive.

(a) PC-1 EDH

I PC-1 EDH
3l El Nifio
I La Nifia

. (b) PC-2 EDH
I PC-2 EDH
3 El Nifio
I La Nifia

— 4 1 Il 11118 Il L L ‘
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
Year

Il L L L

Figure 8. Time series for the normalized principal components (black bars) of (a) PC-1 and (b) PC-2.
The El Nifio and La Nifa events, based on the ONI, are shown in the red and blue bars, respectively.

The EOF-2 is characterized by a southwest-northeast dipole pattern with the negative
values of EOF-2 found west of the Luzon Strait, and the positive center occurring in a
further south-west area than that of EOF-1 (Figure 7b). The PC-2 has a weak correlation
(r = 0.38) with the ONI (Figure 8b). For instance, a phase discrepancy between the ONI and
PC-1 is evident during the period from May 1973 to April 1976. Actually, the correlation is
very weak prior to 2000 (r = 0.22), but r rises to 0.56 after 2000. This suggests a strengthened
influence of ENSO on EDH in recent decades. Nevertheless, the interpretation of EOF-2 is
complex and beyond the scope of this study.

The primary timescale of EDH variability, based on wavelet transform analyses of
the PC-1 of the EDH anomalies, lies in the 2 to 6 years band (Figure 9). This timescale is
particularly evident from 1985 to 2002 and 2008 to 2020. Given that the typical timescale of
ENSO events ranges from 2 to 7 years [26,59,60], the inter-annual variability of the EDH is
likely influenced by ENSO. In addition to this primary timescale, an inter-decadal variability
in the EDH, with a period of 9 to 16 years, has also been observed since 1985. The potential
modulation by the Pacific Decadal Oscillation (PDO) warrants future investigation.

To further verify this linkage and quantify the time-frequency coherence between
ENSO and EDH variability, we conducted cross-wavelet and wavelet coherence analyses
between ONI and PC-1. ONI and PC-1 demonstrate sustained, stable, and significant com-
mon power as well as linear correlation within the 2-to-5-year cycle band. The 2-to-5-year
cycle band persists throughout nearly the entire period from 1970 to 2023 and has passed
the 95% confidence test, indicating the concurrent occurrence of strong ENSO and PC1
signals in this band. Scattered significant regions are also observed in the 0.5-1 year cycle
band. However, these regions have short duration and small area, resulting in low statistical
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reliability (Figure 10a). The wavelet coherence values corresponding to the 2-5-year band
exhibit high energy and strong linear correlation during the period 1982-2023. Within the
significant regions of the 2-to-5-year band, the phase arrows generally point downward to
the right, implying that ENSO leads PC-1 (Figure 10b).
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Figure 9. Continuous Morlet wavelet spectrum of the normalized time series of the EOF-1 modes
for the EDH anomalies in the SCS. The thin contours depict the 95% confidence level of local power
relative to a white noise background. Thin contours denote the 95% confidence level for significant
wavelet power, and the thick line defines the cone of influence, bounding the region unaffected by
zero-padding artifacts.
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Figure 10. Cross-wavelet spectrum (a) and wavelet coherency (b) analysis showing the relations
between ONI and PC-1. The thick black contour indicates the 95% confidence level against red noise
and the cone of influence is shown as the lighter shade. The arrows (vectors) designate the phase
difference (right for in-phase and left for anti-phase).

ENSO may modulate the EDH through its influences on sea surface horizontal wind
and evaporation. As shown in Figure 11, prevailing easterly winds cover most of the
SCS under climatological conditions. During El Nifio events, anomalous warming in
the eastern equatorial Pacific weakens the Walker circulation, which in turn induces an
anomalous anticyclonic circulation near the Philippine Sea [29,60] (thick black arrows in
Figure 11). Consequently, the easterly winds are weakened (strengthened) in the northern
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(southern) SCS, resulting in a decrease (increase) of evaporation in the northern (southern)
SCS. Since evaporation is a primary driver of EDH, El Nifio-induced evaporation changes
reduce (elevate) EDH in the northern (southern) SCS, contributing to the formation of the
meridional dipole pattern in EDH anomalies.
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Figure 11. Climatological distributions of evaporation (shaded, unit: mm day_1 ), surface wind
vectors (black arrows; unit: m/s), and anomalous surface wind vectors (red arrows; unit: m/s) during
ENSO events. Thick red arrows show the schematic anticyclonic circulation.

The distributional patterns of the regression coefficients between the ONI and the EDH
anomalies and between the ONI and the evaporation anomalies (Figure 12) further confirm
the above hypothesis. For both anomalies of EDH and evaporation, negative regression
coefficients are found in the northern SCS, while positive regression coefficients are found
in the southern SCS.
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Figure 12. Temporal regression coefficients between ONI and anomalies for (a) EDH and
(b) evaporation over SCS, the black dotted area indicates statistically significant coefficients at
the 99% confidence level.

Granger causality analysis further reveals a significant causal relationship between
ONI and PC-1, indicating that ENSO activity is an important driver of EDH anomalies. The
strength of this causal linkage exhibits distinct temporal characteristics, with the strongest
causal effect observed at the first lag order, where the F statistic reaches 20.24 and p < 0.05,
reflecting a rapid atmospheric response process. As the lag order increases, the F decreases
systematically with values of 12.32, 10.96, 10.96 and 9.16 at lag orders of 2, 3, 4 and 5,
respectively. This pattern demonstrates that ENSO has predictive value for subsequent
duct variations, with the strongest relationship at a one-month lag.
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Figure 13 summarizes the dynamic mechanism behind the meridional dipole structure
of EDH over the SCS during El Nifio events. During El Nifio, anomalous warming in
the eastern equatorial Pacific weakens the Walker circulation, which in turn induces an
anomalous anticyclone over the western North Pacific near the Philippines, as shown by
the blue ellipse. This anomalous anticyclone influences the surface wind field over the
5CS, weakening the prevailing northeast winds in the northern SCS while strengthening
them in the southern part, as shown by the black arrows. The weakened (strengthened)
surface winds induced by the anomalous anticyclone lead to a decrease (increase) in latent
heat flux and moisture extraction from the sea surface, thereby decreasing (increasing)
near-surface evaporation [54], weakening (steepening) the vertical humidity gradient, and
ultimately producing lower (higher) EDH in the northern (southern) SCS. These responses
in evaporation and humidity stratification form a pronounced meridional dipole of EDH
during El Nifio events. In conclusion, ENSO alters large-scale atmosphere circulation,
leading to boundary-layer wind and humidity changes that modify evaporation and
produce regional EDH anomalies across the SCS.
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Figure 13. Schematic diagram of the mechanism for the SCS evaporation duct dipole structure.
The blue ellipse indicates the schematic anomalous anticyclone, black arrows show schematic wind
anomalies, red shading indicates reduced EDH, and blue shading indicates enhanced EDH.

4. Conclusions and Discussion

The evaporation duct is a common phenomenon in marine environments, playing a
crucial role in maritime communication and radar detection [9]. The evaporation is the
process by which water molecules change from liquid to gas at the sea—air interface. While
both EDH and evaporation are key variables in marine boundary layer processes, they
represent distinct physical quantities. This study investigates the seasonal evolution and
inter-annual variability of EDH over the SCS from 1970 to 2023, highlighting the domi-
nant roles of the ENSO and evaporation in controlling the distributional patterns of the
EDH. Results show that EDH exhibits significant seasonal variation, with greater seasonal
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changes in the northern SCS compared to the southern SCS due to larger fluctuations in
evaporation (EVP). Across the SCS, EDH variability is mainly governed by EVP, while the
influences of wind speed and relative humidity are secondary and show contrasting re-
gional characteristics between the northern and southern regions. Correlation analysis and
spatial comparisons confirm that evaporation influences EDH at seasonal and inter-annual
scales, particularly in regulating the meridional dipole structure captured by the EOF-1
mode. Wavelet transform and regression analyses indicate that the temporal variability of
EDH is strongly modulated by ENSO, as the dominant inter-annual band of 2 to 6 years
agrees well with the typical ENSO cycles. The first principal component time series of
the anomalies of EDH displays strong positive correlations with the Oceanic Nifio Index,
further confirming the role of the ENSO in modulating the inter-annual variability of EDH.
ENSO-related anomalous anti-cyclonic circulations near the Philippine Sea modulate EDH
by weakening evaporation in the north and enhancing it in the south, contributing to the
formation of the meridional dipole pattern captured by the EOF-1 model.

Although our current study provides some new insights into the causes and mecha-
nisms of EDH by focusing on the SCS, further research is needed. First, cross-validation us-
ing in situ data from ocean buoys and radiosondes is essential to verify the results [23,61,62].
Second, the inter-decadal signals in EDH may reflect modulation by large-scale modes, such
as the Pacific Decadal Oscillation [2,63—65], which influence the long-term environmental
changes in the SCS. Thirdly, examining how sub-seasonal processes, such as the Madden
Julian Oscillation [66-68], interact with the ENSO-related environment could enhance the
understanding and prediction of EDH under compound climate influences. Finally, the
M-O similarity framework offers a fundamental theoretical basis for interpreting how
atmospheric stability regulates EDH. Integrating a full set of M-O diagnostic analyses
would therefore provide deeper mechanistic insight into the pathways through which
ENSO forcing shapes EDH variability.

Supplementary Materials: The following supporting information can be downloaded at:
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logical monthly average air—sea temperature difference (unit: K) in the SCS.
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