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ABSTRACT: The non-stationarity and vertical coupling of the boundary-layer wind field during typhoon passage are
key concerns for wind engineering and disaster prevention. Using hourly ERA5 reanalysis data, this study investigates
the evolution of the 10 and 100 m wind fields throughout Typhoon Lekima (2019) by combining BFAST breakpoint
detection, Hurst exponent analysis, correlation analysis, and segmented linear fitting, together with near-surface
temperature, 850 hPa temperature, and mean sea level pressure fields. BFAST detected a structural breakpoint at all
525 grid cells, with breakpoint timing progressing along the storm track (median 26 h at 10 m and 33 h at 100 m) and
magnitudes positive in the northeast and negative in the southwest; at the tower, breakpoints at both heights occurred
synchronously at 43 h, with a larger jump at 100 m (+2.20 m s−1) than at 10 m (+1.34 m s−1). The two heights remained
strongly correlated (domain-mean r = 0.991) with a nearly constant speed ratio of ~1.45 consistent with the logarithmic
profile, while wind-direction correlation degraded only within the inner-core region (minimum r = 0.49). The wind-
speed Hurst exponent fell from ~1.04 to 0.84 after center passage, whereas the wind-direction exponent rose from 0.88
to 0.91, indicating that turbulent energy injection disrupted wind-speed persistence while wind direction stabilized
under the reorganized flow. The pre-to-post transition in non-stationarity is attributed to a shift in boundary-layer
forcing from large-scale baroclinic driving to localized thermal perturbations, with the loss of directional coherence in
the pressure gradient field weakening the long-range dependence of the wind field.

KEYWORDS: Typhoon Lekima; boundary layer wind field; BFAST breakpoint detection; Hurst exponent;
non-stationarity; vertical correlation

1 Introduction
The development of clean energy is an important part of China’s “dual carbon” goal. As a key component

of clean energy, wind energy is of great significance for the transformation of the energy structure and
the response to climate change [1]. As of 2022, China’s installed wind power capacity was approximately
370 million kW. While the wind power industry is booming, it also faces various crises and challenges.
China’s coastal areas are attacked by typhoons of varying intensity every year, and typhoon characteristic
parameters serve as important considerations for the siting of wind farms and the design of wind turbines.
Therefore, analyzing the wind variation characteristics of wind farms during typhoons is crucial for the safe
and stable operation of wind turbines [2].
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Existing research on typhoon wind characteristics mostly focuses on wind speed, wind direction,
wind attack angle, turbulence intensity, and related parameters. Methods such as linear trend fitting and
qualitative analysis are commonly used to characterize their evolution [3]. However, under the influence of
a typhoon, wind speed and wind direction are highly non-stationary, exhibiting abrupt structural changes
(e.g., sudden acceleration or directional shifts during the passage of the storm center) as well as long-range
dependence (memory). Traditional methods that assume stationarity are therefore insufficient: linear trend
fitting can describe only a single monotonic trend and cannot detect multiple structural change points,
while conventional statistical descriptors (e.g., means and standard deviations) cannot reveal the memory or
persistence of the wind field [4]. Consequently, nonlinear and non-stationary analysis methods are required
to better characterize the wind field evolution during typhoon events [5].

A variety of nonlinear methods have been developed to detect non-stationarity and nonlinearity in time
series, including wavelet analysis, empirical mode decomposition (EMD) [6], DBEST [7], and BFAST. Based
on daily sounding wind data over Wuhan from 1958 to 2013, Chen and Meng analyzed the non-stationary
characteristics of annual, seasonal, and monthly mean wind speeds using wavelet analysis and the Yamamoto
mutation test [8]; such long-time-scale wind variation characteristics can provide early technical support
for regional wind-resource assessment and wind-farm siting and design. More recently, attention has shifted
toward short-term wind characteristics. EMD is an adaptive signal-processing method that explores local
time characteristics and can handle non-stationary trends; however, when all extreme points are used, noise
increases the EMD error and distorts the prediction results [9]. BFAST can identify long-term trends and
breakpoint changes in time series and can explicitly separate periodic components [10]. For example, He
et al. used BFAST to analyze the non-stationary characteristics and spatial distribution of drought, providing
a basis for disaster-reduction work in Xinjiang [11].

Complementary to breakpoint-based methods, the Hurst exponent quantifies the long-range depen-
dence (memory) of a time series, yielding a scalar measure of persistence or anti-persistence [12]. Whereas
BFAST characterizes the location, magnitude, and trends of structural change points, the Hurst exponent
captures the temporal memory of the sequence before and after such changes. These two approaches are
therefore complementary: BFAST reveals where and how the wind-field regime shifts, while the Hurst expo-
nent reveals whether the wind field retains long-range memory or degrades into short-term fluctuations [13].
Although time series breakpoint detection and persistence analysis have been applied separately in previous
meteorological studies, their combined application to the typhoon boundary layer remains limited. The
specific scientific novelty of this study lies in two aspects: (i) it provides a new spatial-scale assessment of the
synchronicity of structural changes in the 10–100 m boundary-layer wind field, revealing whether the timing
and magnitude of breakpoints are vertically coherent; and (ii) it offers new insights into the relationship
between changes in wind speed persistence (quantified by the Hurst exponent) and the dynamic forcing
before and after typhoon passage.

This study is based on ERA5 data from the region affected by Typhoon Lekima. The BFAST method and
Hurst exponent analysis were employed to investigate the non-stationary characteristics of wind speed and
wind direction at 10 and 100 m heights during the typhoon impact period. Furthermore, correlation analysis
was conducted using mesoscale meteorological variables to explore the mechanisms influencing wind-field
non-stationarity. Specifically, this study aims to address the following questions:

(1) Temporal change-point detection and segmented trend analysis of wind field sequences using the
BFAST method;

(2) Long-range dependence characteristics of wind speed sequences during typhoon-affected periods;
(3) Spatial heterogeneity and mesoscale meteorological controls of wind field non-stationarity.
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BFAST method combined with Hurst exponent is used to analyze the change characteristics of wind
speed and direction in wind farms, providing method support for the study of wind sequence characteristics
and theoretical guidance for the design of wind turbines.

2 Method

2.1 Break Detection in the Seasonal and Trend (BFAST)
BFAST decomposes a time series into seasonal, trend, and residual components and detects change

points in the trend and seasonal parts, as in Eq. (1). The method has been applied to long-term trend and
breakpoint detection, and it reports the fitted trend together with its confidence interval and the locations
of the breakpoints [7,9]. In this study we used the BFAST01 package in R—a variant of BFAST that fits at
most one breakpoint—to examine the wind speed and wind direction series at the four tower heights and to
characterize their non-stationary behavior during the typhoon. The model is written as:

Yt = St + Tt + et (t = 1, 2, 3, ⋅ ⋅ ⋅ , n) (1)

where Yt is the observed value at time t, St is the seasonal component capturing the annual cycle, Tt is the
long-term trend that may contain abrupt changes, and et is the residual, that is, the unexplained variation
left after removing the trend and seasonal components. Because the wind speed and wind direction series
change on short timescales during a typhoon, only the trend component and the detected breakpoints are
considered in this study; the seasonal and periodic components are not discussed.

The BFAST analysis was performed with the “bfast” package in R (version 4.3.1). Because this study
focuses on the short-term wind-field variation during the typhoon rather than long-term seasonal changes,
the seasonal component was omitted from the decomposition, and only the trend component and its
structural changes were analyzed.

Single-breakpoint detection was carried out with the bfast01 function, which fits at most one breakpoint,
consistent with the aim of identifying the primary regime shift associated with the passage of Typhoon
Lekima. The minimum segment size (the h parameter, expressed as a fraction of the series length) was
chosen so that enough observations remained on each side of the breakpoint for reliable trend estimation. A
breakpoint was retained as significant when its confidence level exceeded 95% (p < 0.05).

After a breakpoint was identified, segmented linear regression was applied to characterize the pre- and
post-breakpoint trends, and the timing and magnitude of the detected changes were then used to describe
the non-stationary behavior of wind speed and wind direction during the typhoon.

2.2 Hurst Stationarity Analysis of Time Series
(1) The Hurst exponent was calculated using the rescaled range (R/S) method [14]. For a time series P(t)

with length N :

P(t) t = 1, 2 ⋅ ⋅ ⋅ , N (2)

the sequence is divided into A consecutive non-overlapping subintervals Ia with equal length n, where:

N = A× N (3)

Each subinterval is expressed as:

Ia = {Pk ,a ∣k = 1, 2, ⋅ ⋅ ⋅ , n} , (a = 1, 2, ⋅ ⋅ ⋅ , A) (4)
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For each subinterval, the mean value is calculated as:

ea =
1
n

n
∑
k=1

Pk ,a (5)

(2) The standard deviation Sa , cumulative deviation Xk ,a , and range Ra are calculated as:

Sa =
�
��� 1

n

n
∑
k=1
(Pk ,a − ea)2 (6)
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(3) The rescaled range statistic for each subinterval is:

(R/S)n =
1
A

A
∑
a=1
(Ra

Sa
) (9)

(4) By changing the subinterval length n, the relationship between (R/S)n and n follows:

lg((R
S
)

n
) = l gC +Hl gn (10)

where H is the Hurst exponent obtained from the slope of the least-square linear regression.
The Hurst exponent characterizes the long-range dependence of time series. When 0 < H < 0.5, the

sequence exhibits anti-persistent behavior. When H ≈ 0.5, the sequence behaves as an uncorrelated random
process similar to white noise. When 0.5 < H < 1, the sequence exhibits persistent long-range correlation.

It should be noted that the classical Hurst exponent theoretically ranges from 0 to 1 for stationary
stochastic processes. However, in practical applications, especially for short-term and strongly non-
stationary environmental time series, the estimated Hurst exponent may occasionally exceed 1 due to the
influence of deterministic trends, finite sample length, and abrupt structural changes within the sequence.

In this study, the wind speed and wind direction sequences were obtained during the passage of Typhoon
Lekima, which involved rapid intensification, peak wind conditions, and subsequent weakening processes.
These strong non-stationary variations may introduce additional trend components into the R/S calculation,
resulting in Hurst exponent values slightly higher than 1. Therefore, the Hurst exponent values greater than 1
in this study are interpreted as indicating extremely strong persistence and dominant trend-driven behavior
rather than as a violation of the theoretical definition of the Hurst exponent.

3 Overview of Typhoon Likima and Its Data Sources

3.1 Overview of Typhoon Lekima
The track of the typhoon near-center (the near-center path of the typhoon) is shown in Fig. 1. On

4 August 2019, Typhoon 201909 “Lekima” strengthened into a tropical storm in the northwest Pacific Ocean.
From August 4 to August 10, it moved rapidly to the northwest, crossed the East China Sea, and made landfall
in Wenling City, Zhejiang Province, China as a super typhoon on August 10, with a central wind speed of
52 m/s. Then it went all the way north and passed Dafeng District, Yancheng City, Jiangsu Province at 7:00
on August 11. It finally disappeared at 11:00 on 13 August 2019 in Bohai Sea, China.
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Figure 1: Overview of Typhoon Lekima.

3.2 Study Area and Spatial Data
The study area covers the coastal region affected by Typhoon Lekima (2019), with a spatial extent of

117○ E–123○ E and 30○ N–35○ N. This region is located in the eastern coastal area of China and includes
the main influence area of Typhoon Lekima during its northward movement after landfall. The region
is characterized by complex land–sea interaction processes and strong atmospheric variability, making it
an ideal area for investigating the short-term non-stationary characteristics of coastal wind fields under
typhoon conditions.

In this study, ERA5 reanalysis data were used as the primary meteorological dataset to characterize
the spatial and temporal evolution of the wind field during the typhoon event. The ERA5 dataset provides
hourly atmospheric variables with a horizontal spatial resolution of 0.25○ × 0.25○. Within the selected domain
(117○ E–123○ E, 30○ N–35○ N), a total of 525 grid points were included, consisting of 21 latitude grids and
25 longitude grids. These spatial grids were used to analyze the spatial distribution characteristics of wind-
field breakpoint changes, Hurst exponent variations, and the responses of wind-field non-stationarity to
mesoscale meteorological forcing.

The representative wind farm location in Dafeng District, Yancheng City, Jiangsu Province (approx-
imately 120.7○ E, 33.3○ N) was selected as a reference point for detailed temporal analysis. It should be
noted that this study does not use in-situ observations from the wind tower; instead, the ERA5 grid data
corresponding to this location were extracted to represent the local wind-field characteristics. The selected
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location is situated within the influence range of Typhoon Lekima during its passage, allowing the evolution
of wind speed and wind direction before, during, and after the typhoon impact to be investigated.

3.3 Data Source
To characterize the temporal variability of the typhoon wind field and the tower-site wind field from

00:00 UTC on 8 August 2019 to 23:00 UTC on 13 August 2019 and to investigate the atmospheric forcing
mechanisms associated with typhoon-induced wind variability, mesoscale meteorological variables were
incorporated into the analysis. These variables included mean sea level pressure (MSLP), surface pressure,
air temperature at 850 hPa, 2 m air temperature, 10 m zonal wind component (u10), 10 m meridional wind
component (v10), 100 m zonal wind component (u100), and 100 m meridional wind component (v100). All
meteorological variables were obtained from the Climate Data Store (CDS, https://cds.climate.copernicus.
eu/datasets) based on the ERA5 reanalysis dataset, which provides hourly atmospheric data at a spatial
resolution of 0.25○ × 0.25○.

The horizontal wind fields at 10 and 100 m were computed by combining the zonal and meridional wind
components:

U =
√

u2 + v2 (11)

where U represents the resultant horizontal wind speed, and u and v denote the zonal and meridional
wind components, respectively. The reconstructed 10 m wind field was used to characterize near-surface
atmospheric circulation, while the 100 m wind field was selected to represent the lower atmospheric
boundary-layer conditions close to typical wind turbine hub heights. These multi-scale meteorological
variables were subsequently used to explore the spatial response of wind field non-stationarity to mesoscale
atmospheric forcing during typhoon events.

4 Results and Analysis

4.1 Characteristic Analysis of Wind Speed and Direction Change
Analysis of the wind speed time series reveals that Typhoon Lekima exerted a prolonged influence on

both the broader wind field and the tower site, with wind speed and direction exhibiting dramatic variations
throughout the typhoon passage. In this study, the BFAST method is employed to characterize the non-
stationary features of wind speed and direction during Typhoon Lekima.

Fig. 2 showed that BFAST Breakpoint Spatial Distribution. At a 100% detection rate, BFAST single-
breakpoint detection identified a structural change point, indicating that the entire domain underwent a
systematic regime shift during Typhoon Lekima’s passage. The spatial distribution of breakpoint timing at
the 10 m level (Fig. 2a) exhibited a median of 26 h and a mean of 32.5 h, with earlier breakpoints (21–
30 h) concentrated in the southeastern quadrant along the storm track approach and progressively later
breakpoints (50–75 h) in the northwestern periphery. The 100 m breakpoint timing (Fig. 2b) showed a
broadly similar spatial pattern but with a slightly later mean of 35.4 h (median 33 h), suggesting that the
structural transition at the upper observational level lagged behind that at 10 m, a phenomenon that may
be attributable to the vertical propagation time of momentum adjustments through the Ekman layer. The
breakpoint magnitude maps (Fig. 2c,d) revealed notable spatial asymmetry. Positive magnitudes (post-break
wind speed exceeding pre-break values) were predominantly observed in a band aligned with and to the
northeast of the storm track, with maximum increases reaching 6.10 m/s at 10 m and 7.85 m/s at 100 m.
Negative magnitudes (wind speed decline following the breakpoint) occurred primarily in the southwestern
sector, possibly reflecting the spatial inhomogeneity of the typhoon’s wind field evolution. The 100 m

https://cds.climate.copernicus.eu/datasets
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magnitude field (mean 1.79 m/s) consistently exceeded that of 10 m (mean 1.35 m/s), suggesting stronger
sensitivity of the upper boundary layer to the synoptic-scale forcing transition.

Figure 2: BFAST single-breakpoint detection: 10 and 100 m wind speed Typhoon “Lekima”. (a) WS10 breakpoint
timing (h), (b) WS100 breakpoint timing (h), (c) WS10 breakpcint magnitude (m/s), (d) WS100 breakpoint magnitude
(m/s), (e) WS10 Pre-BP trend (m s/12 h), (f) WS10 Post-4BP trend (m/s/12 h).

The pre- and post-breakpoint trend fields at 10 m (Fig. 2e,f) characterized the temporal asymmetry of
the regime shift. Pre-break trends were predominantly positive (mean +0.06 m/s/h), corresponding to the
wind acceleration phase during the typhoon’s approach. Post-break trends reversed sign across most of the
domain (mean −0.08 m/s/h), suggesting systematic wind decay following the structural transition. However,
localized patches of continued positive post-break trends in the northeastern sector suggested sustained wind
enhancement in the typhoon’s right-front quadrant, broadly consistent with the asymmetric boundary layer
dynamics of translating tropical cyclones.

In Fig. 3, BFAST single-breakpoint detection and segmented linear fitting of wind speed time series at
the tower site (120.7○ E, 33.3○ N). The BFAST-detected breakpoint at the tower location occurred at 43 h
(03:00 on August 10), synchronously at both the 10 and 100 m levels. The pre-break segment exhibited a
positive linear trend, with wind speed increasing at 0.099 and 0.144 m/s/h at 10 and 100 m, respectively.
The post-break segment reversed to a negative tendency (−0.114 and −0.161 m/s/h), depicting a rise-to-decay
transition in the local wind field.

The magnitude of the structural jump at the tower was measured at +1.34 m/s (10 m) and +2.20 m/s
(100 m). The 64% larger magnitude at the upper level is dynamically consistent with the logarithmic wind
profile: at a given friction velocity, the same relative change in wind speed corresponds to a larger absolute
increment at greater heights where the background wind speed is higher. The nearly identical breakpoint
timing at both heights further confirms that the structural change propagated coherently through the
boundary layer column. Furthermore, as the maximum wind speed was observed at 03:00 on 11 August, this
time was adopted as the partition point, with the preceding period designated as the pre-center-passage phase
and the subsequent period designated as the post-center-passage phase, serving as the temporal framework
for the subsequent analyses of wind speed and direction persistence and their influencing factors.
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Figure 3: BFAST single-breakpoint detection at tower (120.7○ E, 33.3○ N) Typhoon “Lekima”.

4.2 Hurst Exponent Analysis
In order to further verify and analyze the non-stationary characteristics of wind speed and wind

direction time series, R/S method is used to calculate Hurst exponent to analyze the change characteristics
of wind speed and wind direction time series. Figs. 4 and 5 present the spatial distributions of the Hurst
exponent derived from the wind speed and wind direction time series, respectively, characterizing the long-
range persistence of the wind field during Typhoon Lekima. The corresponding Hurst exponent values
extracted at the tower site are summarized in Table 1. The spatial distributions of the Hurst exponent for
wind speed (Fig. 4a–f in hurst_ws_spatial) and wind direction (hurst_wd_spatial) across 525 grid cells
during Typhoon Lekima revealed fundamentally distinct spatiotemporal behaviors between the two wind
field components.

Figure 4: Hurst exponent analysis of wind speed (10 & 100 m) Typhoon “Lekima”. (a) WS10 Hurst (Full 144 h), (b) WS10
Hurst (Pre, 67 h), (c) WS10 Hurst (Post, 77 h), (d) WS100 Hurst (Full 144 h), (e) WS100 Hurst (Pre, 67 h), (f) WS100
Hurst (Post, 77 h).
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Figure 5: Hurst exponent analysis of wind direction (10 & 100 m) Typhoon “Lekima”. (a) WD10 Hurst (Full 144 h),
(b) WD10 Hurst (Pre, 67 h), (c) WD10 Hurst (Post, 77 h), (d) WD100 Hurst (Full 144 h), (e) WD100 Hurst (Pre, 67 h),
(f) WD100 Hurst (Post, 77 h).

Table 1: Hurst exponents of wind speed and direction at the tower site.

Height Full Period Pre-Typhoon Post-Typhoon Pre to Post Change
10 m WS 1.001 1.037 0.842 −0.195
10 m WD 0.938 0.885 0.915 0.030
100 m WS 0.995 1.045 0.841 −0.204
100 m WD 0.948 0.883 0.911 0.028

For wind speed, the domain-averaged Hurst exponent over the full 144 h record was 0.988 and 0.991 at
10 and 100 m, respectively, approaching or slightly exceeding the theoretical upper bound of 1.0, indicating
extremely strong persistence dominated by the deterministic evolution of the typhoon-driven wind field. The
pre-typhoon segment (first 67 h) exhibited slightly lower spatial means (H = 0.954 at 10 m, 0.981 at 100 m)
compared with the post-typhoon segment (H = 0.959 at 10 m, 0.971 at 100 m) at the domain level. However,
the tower-scale analysis revealed a contrasting pattern: at the specific observation site, wind speed Hurst
exponents decreased substantially from pre- to post-typhoon phases (10 m: 1.037 to 0.842; 100 m: 1.045 to
0.841), with the sharpest declines observed along the immediate storm track. This spatial heterogeneity—
domain-mean stability masking localized persistence loss—demonstrates that typhoon-induced turbulence
degradation of the long-range memory of wind speed was geographically concentrated within the inner-core
impact zone rather than being a basin-wide phenomenon.

Wind direction Hurst exponents displayed markedly different characteristics. The full-period domain
means (H = 0.939 at 10 m, 0.948 at 100 m) were lower than those of wind speed, and the pre-to-post transition
exhibited the opposite sign of change. At the tower, tab1 showed that directional Hurst increased from
0.885 (pre) to 0.915 (post) at 10 m, and from 0.883 to 0.911 at 100 m. Spatially, the post-typhoon directional
Hurst field (H = 0.916 to 0.918, domain mean) was slightly below the pre-typhoon values (H = 0.934 to
0.937), owing to scattered low-H patches in the northwestern sector where directional instability persisted
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following the storm’s passage. Nevertheless, the overwhelming majority of grid cells maintained H > 0.85
across both periods, confirming that wind direction sequences retained strong inertial memory throughout
the typhoon lifecycle.

4.3 Spatiotemporal Correlation Analysis of Wind Fields
Figs. 6 and 7 show that the 10 and 100 m wind fields exhibited highly consistent linear coupling

throughout the passage of Typhoon Lekima. Segmented analysis at the tower site, partitioned at 03:00 on
11 August, yielded pre- and post-typhoon Pearson correlation coefficients of 0.998 and 0.995 (R2 = 0.996
and 0.991) for wind speed, with a stable speed ratio of approximately 1.47 that conformed to the logarithmic
wind profile and remained invariant across the typhoon passage. Wind direction correlations exceeded 0.999
(R2 > 0.998) in both segments, indicating negligible vertical directional shear within the 10–100 m layer.
Spatial grid-based analysis over all 525 grid cells further demonstrated that the mean wind speed correlation
reached 0.991 domain-wide, with only a modest reduction to 0.95 in coastal land areas attributable to
enhanced surface roughness. In contrast, the degradation of wind direction correlation (minimum r = 0.49)
and the elevated RMSE (maximum 20○) were spatially confined to the typhoon inner-core region, confirming
that the directional mismatch between the 10 and 100 m levels induced by strong horizontal wind shear
was a localized phenomenon rather than a symptom of large-scale boundary layer decoupling. Collectively,
these results demonstrate that the correlation between 10 and 100 m winds within the typhoon boundary
layer exhibits robust spatiotemporal stability, with only localized directional perturbations occurring in the
inner-core vortex region.

Figure 6: 10 vs. 100 m wind correlation at tower (120.7○ E, 33.3○ N). (a) Wind speed time series at tower, (b) wind speed
segmented correlation, (c) wind direction time series at tower, (d) wind direction segmented correlation.
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Figure 7: Spatial distribution of 10 vs. 100 m wind correlation during Typhoon Lekima. (a) WS correlation (Pearson r),
(b) WS RMSE (m/s), (c) WD correlation (Pearson r), (d) WD rmse (deg).

4.4 Spatial Analysis of the Impacts of Mesoscale Meteorological Characteristics on Wind Fields
4.4.1 Influence of Air Temperature on Wind Fields

As shown in Fig. 8, the spatial distribution of 2 m air temperature overlaid with 10 m wind vectors is
presented during the period from 04:00 on 10 August to 00:00 on 12 August 2019. Fig. 8 illustrates the spatial
distribution of 850 hPa air temperature combined with 100 m wind vectors. A comparison between Figs. 8
and 9 reveals systematic vertical differences in the thermal–dynamic responses of the wind field during the
passage of Typhoon Lekima.

Before the arrival of the typhoon center at the observation tower (04:00–20:00 on August 10), the
near-surface isotherms at 2 m exhibited a relatively organized structure with weak spatial variability, with a
standard deviation of only 0.46○C. Meanwhile, the wind vectors were mainly concentrated in the southeast
quadrant, with a standard deviation of wind direction (WD10) of 5.6○. The high spatial consistency between
the temperature field and wind vector distribution indicates that the atmospheric boundary layer remained in
a coupled state dominated by systematic baroclinic forcing from the outer region of the typhoon circulation.
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Figure 8: Spatiotemporal evolution of 2 m air temperature fields and 10 m wind vectors at 4-h intervals during the
passage of Typhoon Lekima (04:00 10 August–24:00 11 August 2019). The red triangle represents the location of the
meteorological tower.

After the passage of the typhoon eyewall (from August 11 onward), the near-surface temperature
field became fragmented, with disrupted isotherms and enhanced local horizontal thermal gradients.
Correspondingly, wind direction rapidly shifted from southeast to southwest within several hours, with the
standard deviation increasing to 48.2○, while the temporal dispersion of wind speed expanded to nearly three
times its pre-typhoon level. In contrast, the 850 hPa temperature field exhibited a relatively coherent warm-
core structure before typhoon landfall, characterized by a closed high-temperature region corresponding to
the near-surface warm zone, with a temperature standard deviation of 0.39○C. After the typhoon passage,
this warm-core structure rapidly weakened, accompanied by a temperature decrease of approximately 4○C.

The distinct responses between different atmospheric layers can be attributed to the vertical modulation
of surface friction and thermal forcing. The 10 m wind field is located within the roughness sublayer, where
surface drag exerts an inertial smoothing effect on high-frequency wind fluctuations associated with cold-
pool outflows and gust fronts. In contrast, the 70–100 m layer extends beyond the dominant frictional
constraint zone and responds more directly to buoyancy-driven fluctuations generated by horizontal
thermal contrasts between cold outflows and surrounding warm air masses. Consequently, high-frequency
disturbances are better preserved at these elevated levels, leading to more frequent structural transitions and
stronger non-stationary characteristics in wind speed and wind direction sequences [15].
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Figure 9: Spatiotemporal evolution of 850 hPa air temperature fields and 100 m wind vectors at 4-h intervals during
the passage of Typhoon Lekima (04:00 10 August–24:00 11 August 2019). The red triangle represents the location of the
meteorological tower.

Before the passage of the typhoon center, wind field variability was primarily controlled by the persistent
mechanical forcing associated with the radial pressure gradient of the typhoon vortex. The relatively stable
energy input resulted in strong vertical coupling within the boundary layer, allowing wind speed sequences
to maintain pronounced inertial memory and long-range dependence. After the typhoon center passed,
the thermal structure of the typhoon system rapidly weakened, and the dominant atmospheric forcing
shifted from large-scale pressure-gradient forcing to multiple localized and transient thermal disturbances,
including near-surface cold pools induced by rainfall evaporation cooling and convective downdrafts [16].
These processes are short-lived and spatially discontinuous, making it difficult to sustain persistent correla-
tions within wind speed sequences. As a result, long-range dependence gradually degraded into short-term
fluctuations, accompanied by enhanced non-stationarity and reduced temporal autocorrelation of the
wind field.

4.4.2 Influence of Pressure Fields on Wind Fields
As shown in Fig. 10, the spatial distribution of near-surface pressure overlaid with 10 m wind vectors is

presented, while Fig. 11 illustrates the spatial distribution of mean sea level pressure (MSLP) combined with
100 m wind vectors. The results indicate that the pressure field at the meteorological tower experienced the
complete evolution process associated with the passage of Typhoon Lekima.
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Figure 10: Spatiotemporal evolution of near-surface pressure fields and 10 m wind vectors at 4-h intervals during the
passage of Typhoon Lekima (04:00 10 August–24:00 11 August 2019). The red triangle indicates the location of the
meteorological tower.

Figure 11: Spatiotemporal evolution of mean sea level pressure (MSLP) fields and 100 m wind vectors at 4-h intervals
during the passage of Typhoon Lekima (04:00 10 August–24:00 11 August 2019). The red triangle indicates the location
of the meteorological tower.
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Before the arrival of the typhoon center, surface pressure continuously decreased from 999 to 990 hPa,
and the spatial distribution of pressure gradients exhibited a consistent directional pattern, with a mean
gradient magnitude of 3.58 hPa/○. The wind vectors at both 10 and 100 m maintained a highly consistent
southeasterly flow, with standard deviations of wind direction (WD10 and WD100) of approximately 5.6○.
Wind speeds gradually increased, and the spatial configuration between the wind field and pressure field was
consistent with the gradient wind balance relationship [17].

During the passage of the typhoon center (early morning on August 11), the pressure reached its
minimum value of 981.5 hPa, while the 100 m wind speed rapidly increased to 22.3 m s−1. Meanwhile, the
wind direction abruptly shifted from southeast to southwest. After the typhoon passage, pressure gradually
recovered to 993 hPa; however, the spatial organization of pressure gradients became increasingly irregular.
The mean pressure gradient increased to 4.44 hPa/○, while the dispersion of 10 m wind speed increased from
0.73 to 1.95 m s−1, and that of 100 m wind speed increased from 1.07 to 2.84 m s−1. Meanwhile, the standard
deviations of wind direction at both heights rapidly increased from approximately 5.6○ to 48.2○.

It is noteworthy that near-surface pressure and mean sea level pressure exhibited almost identical values
around the observation site in Figs. 10 and 11, with a difference of less than 0.1 hPa. However, the 100 m wind
speed remained approximately 1.4 times higher than the 10 m wind speed throughout the period, consistent
with the logarithmic wind profile relationship. Meanwhile, wind directions at 10 and 100 m were almost
completely synchronized, with a directional difference of less than 1○, indicating no significant directional
wind shear during the typhoon event. A positive relationship was observed between pressure gradient
magnitude and wind speed, with correlation coefficients of 0.57 between near-surface pressure gradients and
10 m wind speed, and 0.50 between MSLP gradients and 100 m wind speed. These results demonstrate that
pressure-gradient force served as the dominant dynamic driver of wind speed variability.

The influence of surface pressure on the 10 m wind field was characterized by the combined effects of
pressure-gradient forcing and surface frictional modulation. During the pre-typhoon stage, the persistent
radial pressure gradient associated with the outer circulation of Typhoon Lekima provided a stable horizontal
acceleration source for the atmospheric boundary layer. Consequently, the 10 m wind speed increased
gradually, with a mean value of 11.4 m s−1 and a standard deviation of only 0.73 m s−1. The wind vectors
exhibited a nearly constant deflection angle relative to the isobars, broadly consistent with the classical
behavior of winds within the lower Ekman layer.

After the typhoon passage, although the filling of the typhoon core caused the disappearance of
the extreme low-pressure center, the mean local pressure gradient even increased by approximately 24%.
However, the directional consistency of the pressure gradient was substantially disrupted. In the spatial
distribution maps, the smooth curved isobaric structures before the typhoon passage transformed into
fragmented and intersecting patterns, leading to frequent spatial changes in the direction of pressure-
gradient force vectors. Under these conditions, This was accompanied by a substantial deterioration of wind
speed and wind direction stability, with the standard deviation of WD10 increasing from 5.6○ to 48.2○.

The influence of MSLP on the 100 m wind field followed a similar physical mechanism. However,
because the 100 m layer extends beyond the direct influence of the surface roughness sublayer, the wind field
at this height exhibited a higher sensitivity to variations in pressure-gradient forcing. The absolute fluctuation
magnitude of WS100 (σ = 2.84 m s−1) was significantly larger than that of WS10 (σ = 1.95 m s−1), indicating
stronger high-level wind responses under unstable pressure-gradient conditions.

The evolution of wind speed and wind direction observed by the meteorological tower clearly captured
this coupling process. One hour before the minimum pressure occurred (03:00 on August 11), WS10 and
WS100 simultaneously reached their maximum values (15.7 and 22.3 m s−1, respectively). At the time of
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minimum pressure (05:00), the wind direction rapidly shifted from southeast to southwest. Subsequently,
as the spatial organization of the pressure field weakened, both wind speed and wind direction entered a
state of high-frequency fluctuation. This transition represents the shift of atmospheric forcing from coherent
large-scale pressure-gradient control to fragmented localized forcing, which was directly captured by the
single-point observations from the meteorological tower [18].

5 Discuss

5.1 The BFAST Method Is Applied to the Non-Stationary Characteristics of Wind Speed
As a new time series change detection method, the BFAST method is more widely used in the feature

extraction of climate, surface and hydrological changes [19]. BFAST decomposes a time series into trend,
seasonal, and residual components and iteratively detects one or more structural change points (breakpoints)
by segmenting the trend component, thereby avoiding the stationarity assumption that limits conventional
linear methods. Compared with approaches such as EMD, whose results can be distorted by noise when
all extreme points are retained [9], BFAST explicitly separates the periodic component and provides
robust estimates of both the timing and the magnitude of abrupt changes. These advantages make BFAST
particularly well suited to capturing the non-stationary behavior of the wind field during typhoon events, in
which wind speed undergoes sudden acceleration and deceleration as the storm approaches and passes.

BFAST is applied to detect the non-stationary characteristics of wind speed. The analysis shows that the
detected breakpoints are closely synchronized with the typhoon passage: at the tower site, the breakpoint
occurs at 43 h after 00:00 UTC on 8 August at both heights, coinciding with the period of most rapid wind
speed change during the approach of Typhoon Lekima, and the breakpoint magnitude (+1.34 m/s at 10 m and
+2.20 m/s at 100 m) quantifies the abruptness of the structural transition. This confirms that BFAST is capable
of capturing the timing and trength of the typhoon-induced regime shift in the wind speed time series.

Moreover, the 100% detection rate across the domain and the spatial distribution of breakpoints (earlier
in the southeastern quadrant and progressively later toward the northwest) indicate that the regime shift
is systematic rather than a local artifact, and that the structural transition propagates spatially along the
typhoon track.

It should be noted that this study employed ERA5 reanalysis data with relatively coarse spatial (0.25○)
and temporal (1 h) resolution, which may affect the accuracy of breakpoint detection and persistence
characterization [20]. Because ERA5 represents the grid-averaged wind field rather than point-scale mea-
surements, sharp wind speed fluctuations at the turbine scale may be smoothed, potentially leading to a slight
underestimation of breakpoint magnitudes and a lower sensitivity to very short-lived structural changes [21].
Future work could combine BFAST with higher-resolution observations (e.g., tower measurements, lidar, or
mesoscale model output) and with complementary indicators such as the Hurst exponent to further verify
the robustness of the detected breakpoints and to better characterize the persistence of the wind field.

5.2 Analysis of Factors Influencing Wind Field Evolution Characteristics
The Hurst exponents show that the wind speed and wind direction series are strongly persistent (long-

range dependent) during the typhoon, and the 100 m wind speed is slightly more persistent than at the other
heights (Hurst = 0.991 at 100 m and 0.988 at 10 m). Hu Bo examined the factors behind coastal typhoon gust
factors and found that mean wind speed and the gust factor both grow with typhoon intensity, which favors
the occurrence of extreme winds; station terrain and height, the distance and orientation of the typhoon
relative to the station, and the typhoon circulation together control how wind speed and the gust factor
change [22]. Chen et al. studied the wind characteristics over different underlying surfaces during Typhoon
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Soudelor and found that the strong non-stationarity of wind speed and wind direction depends mainly
on the distance from the station to the typhoon center—the closer the station, the larger the changes—and
that the underlying surface also affects the wind speed observed at the station [23]. The stronger persistence
of the 100 m wind speed series reflects the combined influence of the typhoon circulation and the underlying
surface roughness [24].

Geographic heterogeneity. The spatial grid analysis revealed systematic geographic heterogeneity in the
10–100 m wind coupling. Over the open ocean, wind speed correlation coefficients exceeded 0.99, whereas
nearshore and coastal land areas exhibited reduced values (~0.95). This spatial gradient reflects the land–sea
contrast in surface roughness length (z0), which transitions from O(10−4) m over the ocean to O(10−1–100) m
over heterogeneous terrain, thereby enhancing mechanical turbulence in the roughness sublayer at 10 m
that is absent at 100 m [25]. Wind direction correlation degradation, in contrast, was not geographically
uniform but spatially confined to the typhoon inner-core region (minimum r = 0.49, RMSE up to 20○),
where supergradient winds and strong horizontal shear generate differential Ekman veering between the
two heights [26,27]. This indicates that directional decoupling is a storm-structure-dependent phenomenon
rather than a ubiquitous boundary layer property. It should be noted, however, that the assumption of
the 100 m level remaining within the inertial sublayer (surface layer) is most valid under near-neutral,
mechanically driven conditions before the typhoon; as the boundary layer deepens and destabilizes during
and after the passage of the storm center, the 100 m level may intermittently approach or exceed the top of
the surface layer, which would modulate the vertical coupling between the two heights.

Spatial environmental response. The segmented temporal analysis demonstrated that the boundary layer
wind field responded distinctly to the evolving meteorological environment across the typhoon passage.
Prior to center arrival, the organized large-scale pressure gradient (3.58 hPa/deg) maintained strong vertical
thermal coupling (r = 0.57 between 2 m and 850 hPa temperatures) and well-constrained wind direction
sequences (σ = 5.6○). Following center passage, the collapse of systematic pressure forcing coincided with a
43% increase in 2 m spatial temperature gradients, driven by precipitation-induced cold pools and differential
surface heating. This the spatial fragmentation (heterogeneity) of the thermal field shifted the dominant
forcing mechanism of the boundary layer from mechanical shear to buoyancy-driven turbulence, increasing
10 m wind speed variance nearly threefold (σ from 0.73 to 1.95 m/s) and slightly reducing wind speed
correlation (R2 from 0.996 to 0.991). The 100 m wind field, situated near the top of the Ekman layer with
reduced frictional anchoring, responded more sensitively to these buoyancy perturbations, consistent with
the elevated RMSE observed within the inner-core region [28]. These results indicate that atmospheric
stability changed substantially across the typhoon passage: the pre-typhoon boundary layer was near-
neutral and mechanically well coupled, whereas the post-typhoon boundary layer became less stable owing
to cold-pool outflows and differential surface heating. Such stability changes, together with variations in
boundary layer depth, imply that the 100 m level cannot always be assumed to lie within the inertial sublayer.
More generally, surface friction (roughness-dependent mechanical drag) and thermal forcing (stability- and
buoyancy-related) jointly modulate the coupling between the 10 and 100 m wind fields, which accounts for the
generally stable yet spatially and temporally variable wind speed ratio and correlation observed in this study.

Collectively, the geographic heterogeneity in wind coupling arises from the superposition of sur-
face roughness modulation near coastlines and storm-structure-dependent directional shear within the
convective core, while the spatial environmental response reflects the fundamental transition from a
mechanically driven, well-coupled boundary layer to a thermally fragmented, locally forced regime in the
post-typhoon environment.
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5.3 The Influence of Wind Speed and Wind Direction Non-Stationarity on Wind Turbines
The effective, long-term stable operation of wind turbines is essential for wind power enterprises to

achieve long-term benefits and sustainable development. Chen Qiuyang noted that the siting of wind farms
in China’s offshore and coastal areas, the turbine design, and the occurrence and development of tropical
cyclones in the Northwest Pacific are factors that must be considered during wind farm operation. Typhoons
also place higher demands on the control capabilities of wind turbines, such as pitch control and yaw [23].
Chen et al., studying the characteristics of typhoon peripheral winds in northern Jiangsu and their impact
on wind turbine selection, found that although the 10-min mean wind speed of the peripheral wind did
not exceed the turbine cut-out speed, the turbulence intensity in the gale section exceeded the design level
and would increase impeller fatigue and shorten blade service life [29]. Therefore, wind farm planning and
siting must account for the risk of sudden wind-parameter changes induced by typhoons together with the
surrounding terrain. Typhoon-resistant turbine design should consider the load capacity of components
under extreme winds and the execution of control strategies. During operation and maintenance, typhoon
early warning and emergency response should be actively carried out.

6 Conclusion
This study systematically investigated the non-stationary evolution of the 10 and 100 m wind speed

fields during Typhoon Lekima (2019) using ERA5 reanalysis data, employing a combined approach of
BFAST breakpoint detection and Hurst exponent analysis. The influence of meteorological factors on the
non-stationarity of the wind field was further examined. The principal findings are summarized as follows:

(1) BFAST single-breakpoint detection identified structural change points at all 525 grid cells, yielding
a 100% detection rate. The spatial distribution of breakpoint timing exhibited a progressive delay along the
storm track (median 26 h at 10 m, 33 h at 100 m), with positive breakpoint magnitudes in the northeastern
sector and negative magnitudes in the southwestern sector, reflecting the asymmetric wind field evolution
characteristic of a translating tropical cyclone. Segmented fitting at the tower site revealed synchronous
breakpoints at 43 h for both levels, with pre-break positive trends transitioning to post-break negative trends
and breakpoint magnitudes of +1.34 m/s (10 m) and +2.20 m/s (100 m), indicating a stronger response at the
upper level.

(2) Wind speed and wind direction Hurst exponents exhibited divergent memory dynamics. Fol-
lowing typhoon center passage, the tower-site wind speed Hurst exponent decreased substantially from
approximately 1.04 to 0.84, indicating that turbulent kinetic energy injection disrupted the long-range
memory of wind speed sequences. In contrast, the directional Hurst exponent increased modestly from
approximately 0.88 to 0.91, demonstrating that the post-storm wind field settled into a stable southwesterly
flow with enhanced directional persistence. This scalar-decay–directional-enhancement memory dichotomy
was corroborated by the domain-wide Hurst spatial distributions.

(3) The attenuation of long-range dependence observed in post-typhoon wind speed sequences is pri-
marily associated with the disruption of large-scale pressure-gradient coherence, which shifts the dominant
boundary-layer forcing from organized baroclinic forcing to localized stochastic thermal perturbations.

In this paper, the change characteristics and influencing factors of wind speed and direction of wind
tower are studied, which provides methods and theoretical support for the study of short-term wind speed
when typhoon passes through, The proposed framework improves the understanding of coastal atmospheric
spatial dynamics under typhoon conditions and provides useful geospatial evidence for coastal hazard
assessment, environmental monitoring, offshore wind-resource evaluation, and coastal planning.
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