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Abstract Boundary‐layer winds strongly impact heavy rainfall through low‐level convergence, moisture
transport, and vertical wind shear. Using high‐resolution observations from the 356‐m Shenzhen Meteorological
Tower, together with ERA5 reanalysis and semi‐idealized numerical experiments, this study investigates the
vertical structure and diurnal variation of boundary‐layer winds during April–June 2018–2020. Observations
reveal an anomalous counterclockwise (CCW) wind turning with time throughout all tower levels, contrasting
with the clockwise (CW) inertial oscillations typical of the Northern Hemisphere. ERA5 analysis further shows
that this CCW turning gradually transitions to CW turning within the 975–925 hPa layer, forming a distinct
vertical CCW‐to‐CW mode. Numerical experiments demonstrate that turbulent vertical mixing governs the
vertical scale of this mode. Consequently, spatial heterogeneity in urbanization and land‐use types leads to
pronounced regional differences in the transition height. These findings provide new observational evidence of
deep CCW wind turning in an urbanized coastal environment.

Plain Language Summary Winds in the lower atmosphere change direction and speed over the
course of a day, and these variations strongly affect rainfall and storm development. Using detailed wind
measurements from a 356‐m‐high meteorological tower in Shenzhen, China, we identify an unexpected daily
behavior: instead of clockwise rotating with time as typically expected due to the Earth's rotation, winds near the
ground rotate counterclockwise. Remarkably, this unusual rotation extends much higher than previously
observed in other places. By combining tower observations with atmospheric reanalysis and numerical model
experiments, we show that this counterclockwise rotation gradually transitions to the normal clockwise rotation
at higher altitudes. The height of this transition varies regionally and is significantly higher over large urban
areas. Our results indicate that urbanization strengthens turbulent air mixing near the surface, allowing surface
friction to influence winds at greater heights. This study highlights how cities can modify diurnal wind patterns
and improves our understanding of weather processes in coastal urban regions.

1. Introduction
The structure and evolution of boundary‐layer winds play a significant role in convection and precipitation. In
particular, strong boundary‐layer winds, commonly referred to as boundary‐layer jets, enhance low‐level
moisture and momentum transport, thereby providing favorable thermodynamic and dynamic conditions for
strong convective development (e.g., Du & Chen, 2019a, 2019b; Du et al., 2022; Stensrud, 1996). Vertical wind
shear within the boundary layer further modulates the organization and longevity of convective storms
(e.g., Mulholland et al., 2024; Peters et al., 2022; Thompson et al., 2007). Beyond these primary drivers, in-
teractions between boundary‐layer winds and cold pools can regulate the maintenance and upscale growth of
convective systems (e.g., Bryan et al., 2006; Fu et al., 2025; Luiz & Fiedler, 2023). In addition, local circulations
such as land‐sea and mountain‐valley breezes interact with the background boundary‐layer flow to induce low‐
level convergence, thereby influencing the initiation and propagation of convective cells (e.g., Eigenmann
et al., 2009; Fang & Du, 2022; Miao & Yang, 2020).

The diurnal cycle of boundary‐layer winds is a fundamental and widely documented atmospheric phenomenon,
driven by both thermal and dynamic processes. Two classical theories have been proposed to explain this diurnal
variability. One emphasizes the role of diurnally varying boundary‐layer friction (Blackadar, 1957), while the
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other focuses on diurnal thermal forcing over sloping terrain (Holton, 1967). The former, known as the
“Blackadar mechanism,” highlights the dynamical response of winds to the diurnal evolution of turbulent vertical
mixing in the boundary layer. During daytime, enhanced turbulent mixing couples boundary‐layer winds to
surface friction, whereas after sunset, the rapid reduction of turbulent stress leads to an inertial oscillation of the
decoupled flow within the stable boundary layer (Blackadar, 1957). The latter, the “Holton mechanism,” de-
scribes the influence of diurnally varying thermal forcing on pressure gradients and associated ageostrophic
circulations. Daytime solar heating and nighttime radiative cooling over sloping surfaces induce diurnal oscil-
lations in the horizontal pressure gradient force, producing corresponding variations in wind speed and direction
(Holton, 1967). Together, these two mechanisms are widely regarded as key contributions to the formation of
nocturnal low‐level jets (e.g., Du & Rotunno, 2014; Parish & Oolman, 2010).

As a consequence of the diurnal variation in boundary‐layer winds, wind hodographs typically exhibit a rotational
evolution with time. Under idealized conditions, this rotation is commonly attributed to the Coriolis force acting
on an inertially oscillating flow following the reduction of turbulent stress after sunset (Blackadar, 1957). In the
Northern Hemisphere, such hodographs are therefore expected to rotate clockwise (CW) with time (e.g., Shapiro
et al., 2016). However, both observations (e.g., Bluestein et al., 2018; Moisseeva & Steyn, 2014; Sakazaki &
Fujiwara, 2008) and numerical studies (e.g., Rotunno et al., 2018; Steyn & Kallos, 1992) have revealed that this
theoretical expectation is not universally satisfied near the surface. In many regions, counterclockwise (CCW)
rotation of surface wind hodographs has been documented, indicating departures from the idealized inertial
oscillation framework.

Previous studies have attributed this anomalous CCW turning of near‐surface wind to the combined effects of the
Blackadar and Holton mechanisms (e.g., Bluestein et al., 2018; Rotunno et al., 2018). For instance, Bluestein
et al. (2018) found that wind hodographs derived from 10‐m observations in the southern Great Plains of the
United States exhibit CCW turning, a feature also reproduced in mesoscale numerical model forecasts. In
contrast, hodographs at levels above the surface tend to show the expected CW rotation. Further diagnosis
indicated the contrasting impacts of turbulent vertical mixing on winds at different heights during the diurnal
cycle are central to this behavior. During daytime, strong turbulent mixing transfers momentum downward,
decelerating winds aloft while accelerating near‐surface flow. After sunset, the rapid collapse of turbulent mixing
weakens downward momentum transport, allowing winds aloft to accelerate as the drag from below weakens,
whereas near‐surface winds decelerate under persistent surface drag. This asymmetric response leads to opposite
turning tendencies. Although the Blackadar mechanism primarily governs the meridional oscillation of wind
perturbations under a predominant southerly background flow, meridional oscillations alone are insufficient to
produce a sustained rotation. In contrast, the zonal wind component exhibits a strong dependence on terrain slope,
highlighting the role of the Holton mechanism. Diurnally varying thermal forcing over sloping terrain induces
oscillations in the horizontal pressure‐gradient force, generating zonal wind response whose amplitudes increase
with slope. These processes explain the observed CCW turning of near‐surface winds as the superposition of
frictionally driven meridional oscillations and thermally driven zonal oscillations. Notably, the CCW turning near
the surface is not driven by the CW rotation aloft. Instead, different vertical layers respond to the same diurnal
evolution of boundary‐layer mixing and surface friction, resulting in height‐dependent phase structures of wind
oscillations.

Despite increasing evidence for anomalous CCW turning of near‐surface wind hodographs, the vertical structure
of this phenomenon remains poorly documented. Most previous studies have largely relied on surface wind
observations (e.g., Bluestein et al., 2018; Moisseeva & Steyn, 2014; Sakazaki & Fujiwara, 2008), limiting our
understanding of how diurnal boundary‐layer wind turning varies with height. In this study, we address this gap
using high‐vertical‐resolution wind measurements from a 356‐m‐high meteorological tower in Shenzhen. These
observations enable us to characterize the vertical structure of diurnal boundary‐layer wind turning and to
examine whether the transition from CCW to CW rotation occurs within or above the observational range of the
tower.

2. Data and Methods
2.1. Data

The study utilizes wind observations obtained from a 356‐m meteorological gradient tower in Shenzhen, South
China (113.89◦E, 22.66◦N), within the Pearl River Delta (PRD) area. As the tallest meteorological gradient tower
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in Asia and the second tallest worldwide, the tower provides a unique platform for high‐resolution vertical ob-
servations of the lower atmosphere and has been widely used in boundary‐layer studies (e.g., Fu et al., 2025; He
et al., 2022; Mai et al., 2025).

We analyze wind speed and direction measured at 13 vertical levels of 10, 20, 40, 50, 80, 100, 150, 160, 200, 250,
300, 320, and 350 m above ground level (AGL), spanning the period from April to June during 2018–2020. The
observations have a temporal resolution of 5 min, allowing detailed depiction of the diurnal variation and vertical
structure of boundary‐layer winds.

To supplement observations above the tower, we additionally employ the fifth generation of the European Centre
for Medium‐Range Weather Forecasts (ECMWF) global climate atmospheric reanalysis, ERA5, for the same
period. ERA5 has a horizontal resolution of 0.25◦ × 0.25◦ and an hourly temporal resolution, and has been widely
used in studies of boundary‐layer winds (e.g., Chen et al., 2021; Du, 2023; Lima et al., 2022).

All data sets are analyzed in terms of diurnal anomalies, obtained by removing the climatological hourly mean at
each vertical level or grid point. This approach effectively filters out migratory synoptic‐scale disturbances and
transient mesoscale disturbances, thereby isolating the diurnal component of boundary‐layer winds relevant to
this study.

2.2. Numerical Simulation Setup

Numerical simulations were conducted using the Weather Research and Forecasting (WRF) Model, version 4.2
(Skamarock et al., 2019). The model was configured with a single domain at a horizontal spacing of 4 km and no
nesting. A vertically stretched grid with 54 levels was employed, with finer grid spacing within the boundary
layer, and the model top was set at 50 hPa.

The Thompson aerosol‐aware microphysics scheme (G. Thompson & Eidhammer, 2014) was used, together with
the Yonsei University (YSU) planetary boundary layer scheme (Hong & Pan, 1996) to represent subgrid‐scale
vertical turbulent eddy mixing. This configuration has been demonstrated to perform well in simulating
boundary‐layer processes over South China (e.g., Du et al., 2021; Shen & Du, 2023; Yang et al., 2024). Radiative
processes were simulated using the Rapid Radiative Transfer Model for Global Climate Models (RRTMG)
longwave and shortwave radiation schemes (Iacono et al., 2008). The land surface processes were characterized
using the unified Noah land surface model (Ek et al., 2003), coupled with the revised MM5 Monin–Obukhov
surface‐layer scheme (Chen & Dudhia, 2001). No cumulus parameterization scheme was adopted in this study.

To isolate the diurnal variation of boundary‐layer winds, we conducted semi‐idealized diurnal experiments
following Chen and Du (2024). Initial and lateral boundary conditions for the numerical simulations were pro-
vided by the final operational global analysis data from the Global Forecasting System of National Centers for
Environment Prediction (NCEP‐FNL), available every 6 hr at a 1◦ × 1◦ horizontal resolution. The simulations
were initialized using the mean of the 0000 UTC NCEP‐FNL fields averaged from each day of June 2020.
Diurnally cyclic lateral boundary conditions were constructed from composite diurnal means for the same month.
All meteorological input variables used in the diurnally repeating boundary conditions were derived from NCEP‐
FNL averages.

Each simulation spanned 30 days, with the first 20 days discarded as spin‐up. Analysis was performed using the
final 10 days of hourly model output, which were compared with tower observations and ERA5 reanalysis to
examine the diurnal variation of boundary‐layer winds.

To isolate the influence of urbanization on the vertical structure and diurnal variation of boundary‐layer winds,
two experiments were performed: a control run (Ctrl), which retains realistic land‐use categories, and a sensitivity
experiment (No‐Urban), whereas all land surfaces were replaced with cropland to suppress land‐use
heterogeneity.

2.3. Measurement of Wind Turning

To quantify the rotation sense of wind hodographs, we introduce a rotation metric based on the vector cross
product of perturbation winds at adjacent time steps. For two successive wind vectors Vi = (ui,vi) and
Vi+ 1 = (ui+1,vi+1), the rotation measure is defined as
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ωi = Vi × Vi+1 = uivi+1 − viui+1 (1)

where the sign of ωi (with units of m2 s− 2) directly reflects the rotation direction determined by the vector cross
product following the right‐hand rule (Figure S1 in Supporting Information S1): positive (negative) values denote
CCW (CW) turning. To obtain an overall net rotation over the full diurnal cycle, we define a cumulative rotation
metric as

ω = ∑
N− 2

i=0
ωi (2)

where N = 24 denotes the number of hourly time steps. Here, ω > 0 indicates net CCW rotation, ω < 0 in-
dicates net CW rotation, and ω near zero (− 1 to 1) implies an ambiguous or weak rotation sense. In this study, the
wind‐turning transition height is defined as the lowest height where ω changes from positive to − 1.

3. Observations of the CCW Turning
Figure 1 shows the diurnal evolution of perturbation wind hodographs at six representative heights of the
Shenzhen meteorological tower, averaged over April–June during 2018–2020. At all observed levels, the
hodographs exhibit a clear anomalous CCW rotation with time, with the corresponding rotation metric ω being
positive throughout the tower. Notably, this CCW turning is not confined to the near‐surface layer but persists
throughout the tower profile, extending up to at least 350 m AGL. This behavior contrasts with previous
observational studies (e.g., Bluestein et al., 2018; Rotunno et al., 2018), which reported CCW turning primarily
near the surface (<100 m AGL) and CW rotation aloft.

The vertical structure of the hodographs reveals a pronounced height dependence of the dominant wind oscillation
components. At lower levels, perturbation winds are characterized primarily by meridional oscillations, whereas
the amplitude of the zonal oscillation increases progressively with height. This transition indicates that near‐
surface diurnal wind variability is largely meridional, while zonal variability becomes increasingly important

Figure 1. Diurnal variation (local standard time [LST]) of perturbation wind hodographs at six levels of the Shenzhen
meteorological tower: (a) 10 m AGL, (b) 40 m AGL, (c) 80 m AGL, (d) 150 m AGL, (e) 250 m AGL, and (f) 350 m AGL.
Hodographs are averaged over April–June for the period 2018–2020. Upright triangles denote wind vectors near sunrise
(0600 LST), while inverted triangles denote sunset (1800 LST). Black arrows indicate the sense of hodograph rotation with
time. The rotation metric ω is shown in the upper‐left corner of each panel.
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aloft. Notably, the lowest level (Figure 1a) exhibits a relatively small rotation metric (ω ≈ 0.12), indicating weak
CCW turning, whereas ω exceeds 1 at all higher levels. This weak rotation near the surface is associated with the
reduced amplitude of the zonal wind component at the lower levels, which limits the development of a more
complete diurnal rotation in the hodograph.

Despite the greater vertical extent of CCW turning relative to previous studies (e.g., Bluestein et al., 2018;
Rotunno et al., 2018), the observed hodograph behavior remains broadly consistent with the combined effects of
the Blackadar and Holton mechanisms. The Shenzhen meteorological tower is located in coastal South China, a
region frequently influenced by nocturnal low‐level jets during the warm season (e.g., Du & Chen, 2019a; Du
et al., 2022; Li & Du, 2021), implying strong diurnal modulation of boundary‐layer turbulent vertical mixing.
Such conditions favor strong frictional adjustment following sunset, providing a dynamical basis for the
meridional wind oscillations observed near the surface.

Consistent with this interpretation, wind speeds at lower levels decrease rapidly around sunset (approximately
1800 LST) and increase sharply near sunrise (approximately 0600 LST), reflecting the boundary‐layer decoupling
and subsequent recoupling with the surface. Friction acting on the wind can be regarded as two components: one
associated with turbulent vertical mixing and the other associated with direct surface drag. While surface drag
always acts to reduce wind speed, the contribution from turbulent mixing can either accelerate or decelerate the
flow and induce directional changes, depending on the magnitude and direction of the vertical wind shear. After
sunset, the rapid collapse of turbulent mixing sharply reduces the vertical exchange of momentum, diminishing
downward momentum transfer from aloft. As a result, near‐surface winds experience rapid deceleration, whereas
winds aloft may accelerate due to reduced eddy stress from below. After sunrise, renewed turbulent mixing
enhances vertical momentum exchange, strengthening the drag exerted by faster‐moving air aloft and allowing
near‐surface flow to accelerate rapidly. This vertical contrast explains why the acceleration and deceleration of
the meridional wind around sunrise and sunset are strongest at the lowest tower level (Figure 1a) and weaken
progressively with height, with post‐sunset deceleration becoming much less pronounced aloft (Figure 1f).

In contrast, the enhancement of zonal wind oscillations with height suggests an increasing influence of thermally
driven processes away from the surface. Large‐scale east–west thermal contrasts associated with the Chinese
mainland to the west and the Pacific Ocean to the east, favor a diurnally varying pressure‐gradient forcing,
consistent with the Holton mechanism (e.g., Du & Yi, 2025). As frictional effects diminish with height, the zonal
response becomes more prominent, resulting in more rounded hodographs at higher levels. Although the
meridional wind exhibits a diurnal signal that may resemble a local sea‐land breeze in phase, its evolution is
primarily governed by Blackadar‐type inertial adjustment associated with the diurnal modulation of boundary‐
layer mixing, rather than an independently forced north–south thermal circulation.

Overall, the CCW turning observed at the Shenzhen tower shares key similarities with that reported over the
southern Great Plains of the United States (Bluestein et al., 2018), but exhibits a substantially greater vertical
extent. This suggests that, in this region, frictional adjustment following boundary‐layer decoupling may influ-
ence a deeper layer than previously documented.

4. Transition From CCW to CW
According to the mechanism proposed in Section 3, the anomalous CCW turning of wind hodographs cannot
extend uniformly through the entire boundary layer. Instead, a transition from CCW to CW rotation is expected at
a certain height, above which the influence of surface friction and turbulent adjustment weakens and inertial
oscillations become dominant. Figure 2 further examines the vertical transition from CCW to CW turning using
both ERA5 reanalysis and WRF‐Ctrl results.

The ERA5 reanalysis (Figures 2a–2d) shows that anomalous CCW rotation of perturbation wind hodographs can
also be identified at the tower location. At 1,000 hPa (Figure 2a) and 975 hPa (Figure 2b), the hodographs with
positive ω exhibit a clear CCW turning with time of day, consistent with the tower observations presented in
Section 3. With increasing height, however, the rotation sense gradually changes. At 950 hPa (Figure 2c), the
hodograph displays mixed behavior, characterized by the coexistence of CCW and CW turning during different
phases of the diurnal cycle, indicative of a transition regime. This is also reflected by the rotation metric ω
changing sign from positive to negative at this level, indicating a transition in the dominant rotation sense. By
925 hPa (Figure 2d), the hodograph with large negative ω completes the transition and exhibits a pronounced CW
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rotation, consistent with the typical inertial turning expected above the surface‐influenced layer. These results
suggest that the anomalous CCW turning is confined to a shallow near‐surface layer, approximately below
500–800 m AGL, while the flow above undergoes conventional CW rotation, forming a distinct CCW‐to‐CW
vertical mode.

The WRF‐Ctrl simulations (Figure 2e–2h) further confirm this vertical transition, benefiting from their finer
vertical resolution. At 10 m (Figure 2e) and 330 m AGL (Figure 2f), the hodograph with large positive ω exhibits
a pronounced CCW rotation throughout the diurnal cycle. At 490 m AGL (Figure 2g), the hodograph enters a
clear transition regime, in which the rotation sense is ambiguous, accompanied by a reduced ω (|ω| < 1). Above
this level, for example, at 690 m AGL (Figure 2h), the hodograph is dominated by CW turning, which becomes
increasingly well‐defined with height.

We note that the diagnosed transition height differs slightly between ERA5 and WRF‐Ctrl, mainly due to dif-
ferences in vertical resolution and coordinate systems (pressure levels in ERA5 vs. terrain‐following coordinates
in WRF). ERA5 is therefore not used to precisely diagnose the transition height, but rather to confirm the
robustness of the overall vertical structure. Despite quantitative differences, both data sets consistently capture the
transition from CCW rotation in the lower layer to CW rotation aloft and place the transition height near
500 m AGL.

The ERA5 and WRF‐Ctrl results further supports the physical interpretation proposed in Section 3. At lower
levels (Figures 2a and 2e), wind speeds decrease rapidly after sunset and increase sharply near sunrise, consistent
with tower observations. In contrast, perturbation winds aloft (Figures 2d and 2h) exhibits the opposite diurnal
behavior: wind speeds increase rapidly after sunset as the boundary layer decouples from surface friction and
decrease after sunrise as turbulent mixing redevelops and downward momentum transfer is restored. This
opposite diurnal response between the near‐surface layer and the flow above the transition height provides strong
evidence that the CCW‐to‐CW transition is fundamentally controlled by the vertical structure of frictional and
turbulent processes within the boundary layer.

5. Mechanism of the CCW‐to‐CW Vertical Mode
To further clarify the physical mechanisms responsible for the CCW‐to‐CW vertical mode identified in Section 4,
Figure 3, based on the WRF‐Ctrl simulations, examines the horizontal and vertical structure of perturbation winds
and their diurnal variation over both land and sea. Figure 3a presents a pronounced land–sea contrast of

Figure 2. As in Figure 1, but for (a–d) ERA5 winds at 1,000, 975, 950, and 925 hPa, and (e–h) WRF‐Ctrl simulations at 10, 330, 490, and 690 m AGL.
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perturbation wind vectors at 300 m AGL. Over the ocean, perturbation winds exhibit a spatially coherent and
temporally regular CW turning, with wind directions being nearly uniform across the region at any given time.
This behavior is consistent with an inertial response under weak surface drag and turbulent mixing. In contrast,
perturbation winds over land display more heterogeneous diurnal behavior. Near the Shenzhen meteorological
tower, wind vectors show a clear CCW turning, while over much of the inland region the rotation sense is mixed
and ambiguous, with both CCW and CW features appearing during different phases of the diurnal cycle. In
addition, the perturbation wind speeds over land are generally larger than over the ocean, reflecting enhanced
turbulent mixing on land, which amplify the diurnal variation of winds.

The vertical structure of these land–sea contrasts is demonstrated by the perturbation wind (Figures 3b–3e) and ω
(Figure 3f) profiles. Below 2 km AGL, land‐based profiles (Figures 3b and 3c) exhibit a strong vertical shear,
indicating markedly different diurnal responses between lower and upper levels. Specifically, periods of accel-
eration aloft are accompanied by deceleration near the surface, and vice versa, producing a strongly curved wind
profile. This behavior contrasts with the offshore profiles (Figures 3d and 3e), where winds at different heights
vary almost in phase, yielding almost vertically aligned wind profiles indicative of weak surface drag and tur-
bulent mixing. Consistently, Figure 3f shows that ω over the tower varies strongly with height, transitioning from
positive to negative values. This pattern indicates a shift from CCW turning near the surface to CW turning aloft,
with the transition (ω = 0) occurring near 500 m AGL. In contrast, ω over the sea remains negative at all heights,
suggesting persistent CW rotation throughout the boundary layer. In addition, to ensure the robustness of the
WRF results, the corresponding horizontal and vertical structures of perturbation winds from ERA5 are also
analyzed (Figure S2 and Text S1 in Supporting Information S1), which show good qualitative agreement with the
WRF‐Ctrl simulations.

As discussed in Section 3, the zonal wind component over land (Figure 3b) exhibits a clear thermally forced
oscillation. At 0600 and 1200 LST, westerly perturbations strengthen below 1 km, and as daytime turbulent
mixing intensifies, the level of maximum wind gradually descends toward the surface, reflecting enhanced
downward momentum transport. After sunset (1800 and 0000 LST), the zonal perturbation reverses sign and the
near‐surface zonal wind decelerates, with the strongest deceleration occurring around midnight. Meanwhile, the
meridional perturbation (Figure 3c), superimposed on a prevailing southerly background flow in this region,
exhibits a diurnal variation strongly tied to the strength of vertical mixing. Near sunrise (0600 LST), southerly
acceleration aloft coincides with southerly deceleration near the surface, indicating weak vertical coupling. By

Figure 3. Horizontal and vertical structure of perturbation winds and their diurnal variation from WRF‐Ctrl. (a) Perturbation wind vectors every 4 hr at 300 m AGL, with
local standard time indicated by the color scale. Circular arrows indicate the sense of hodograph rotation with time. Shading denotes land areas. Vertical profiles of the
(b) zonal (u) and (c) meridional (v) components of perturbation wind (abscissa) as functions of height (ordinate) and time (represented by four colors) at the Shenzhen
meteorological tower (marked by the black star in [a]). (d, e) As in (b, c), but for the offshore location (114.5◦E, 21◦N), marked by the black plus in (a). (f) Vertical
profiles of the rotation metric ω for the tower and offshore locations.
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midday (1200 LST), strong vertical mixing produces a pronounced southerly deceleration near 1 km that weakens
toward the surface, while near‐surface winds begin to accelerate northward. As turbulent mixing continues to
intensify, near‐surface southerly acceleration becomes increasingly prominent (1800 LST). At midnight
(0000 LST), when turbulent mixing collapses, strong southerly acceleration develops near 1 km while near‐
surface winds decelerate southward, consistent with the climatological behavior of nocturnal low‐level jets.

As shown in Figure 3, the anomalous CCW turning is not confined to the Shenzhen tower but appears across
broader coastal land regions. Motivated by this result, WRF‐Ctrl simulations are used to examine the spatial
variability of diurnal perturbation winds over a broader area surrounding the tower. The results indicate that the
CCW‐to‐CW transition height exhibits substantial spatial heterogeneity (Figure 4a), with higher values
concentrated over the PRD and lower values dominating surrounding areas.

In the boundary layer, the turbulent eddy stress can be approximated as K∂V/∂z, where K is the time‐varying
turbulent exchange coefficient that depends on the static stability and vertical shear. Previous studies
(e.g., Bluestein et al., 2018; Rotunno et al., 2018) have indicated that the vertical extent of CCW turning is roughly
the nighttime Ekman depth

̅̅̅̅̅̅̅̅̅̅̅
K/2f

√
. This implies that stronger turbulent mixing can extend the vertical influence

of frictional adjustment to higher levels. To quantify the role of turbulent vertical mixing, we further analyze K,
and indicate that an expected clear positive relationship (r= 0.77*, Figure 4a) occurs betweenK and the transition
height: areas with larger K values tend to exhibit higher CCW‐to‐CW transition heights, while regions with
weaker turbulent mixing generally show a shallower vertical extent of CCW turning.

Considering that boundary‐layer and microphysics parameterizations are critical for simulating turbulent mixing,
we further conducted three sensitivity experiments by replacing the boundary‐layer and microphysics schemes
used in the control run (Figure S3 in Supporting Information S1). The results show that, although the magnitude of
K and the exact transition height vary somewhat across different parameterization combinations, the positive
relationship between K and the transition height remains robust and statistically significant in all experiments.
This indicates that the key conclusion is not sensitive to the specific choice of parameterization schemes. Detailed
information on these sensitivity experiments is given in Text S2 in Supporting Information S1.

The spatial distribution of K further highlights the influence of urbanization. Over the PRD, where large
metropolitan clusters are present, K is significantly enhanced relative to nonurban regions, reflecting intensified
turbulent mixing associated with urban heat island effects (e.g., Baik et al., 2001; Lin et al., 2008; Pal et al., 2012).

To isolate the role of urban processes, a sensitivity experiment (No‐Urban) was conducted in which all land
surfaces were replaced by cropland. As shown in Figure 4b, the removal of urban land use leads to a pronounced
reduction in K, particularly over the PRD. Correspondingly, the CCW‐to‐CW transition height decreases
markedly in these urbanized areas, whereas changes in surrounding nonurban regions are comparatively modest.

Figure 4. Horizontal distribution of the turbulent exchange coefficient (shading, K) at the 8th model level (∼288 m) and the
CCW‐to‐CW transition height for (a) Ctrl and (b) No‐Urban experiments. Circles of varying sizes and colors indicate the
transition heights: pink for 0–150 m AGL, yellow for 150–300 m AGL, purple for 300–400 m AGL, red for 400–500 m AGL,
and blue for>500 m AGL. Insets in the lower right corner of each panel depict the relationship between transition height and
K, with the red line representing the linear regression. The correlation coefficient (r) is shown in the upper left of each panel,
and all correlations are statistically significant (* indicates p < 0.05).
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Despite the reduction in K, a strong positive correlation (r = 0.62*) between K and the transition height is still
maintained. These results suggest that enhanced turbulent vertical mixing associated with urbanization plays a
critical role in elevating the CCW‐to‐CW transition height over the Shenzhen tower region. Stronger daytime
urban‐induced turbulence deepens the layer influenced by surface friction through enhanced momentum ex-
change, while at night the thermal inertia of urban surfaces sustains residual turbulence near the surface and
inhibits complete boundary‐layer decoupling. As a result, a relatively deep layer remains subject to surface drag
after sunset, allowing frictional adjustment to affect winds at higher altitudes than in nonurban areas. This
expanded vertical extent of frictional influence provides a physical explanation for the unusually deep CCW
turning of boundary‐layer wind hodographs observed over the Shenzhen meteorological tower compared to
previous observations in less urbanized regions.

6. Conclusions
Using high‐resolution wind observations from the 356‐m Shenzhen meteorological tower, this study provides the
first direct observational evidence of an anomalous counterclockwise (CCW) turning of perturbation wind vectors
with time throughout the lower boundary layer. In contrast to the classical clockwise (CW) rotation expected from
inertial oscillations, CCW turning is observed at all tower levels up to 350 m AGL. By integrating tower ob-
servations with ERA5 reanalysis and semi‐idealized WRF simulations, we further identify a unique vertical
structure where the anomalous CCW turning in the lower boundary layer eventually transitions to the theoreti-
cally expected CW turning aloft (>∼500 m AGL), establishing a coherent CCW‐to‐CW vertical mode. To
objectively characterize this behavior, a rotation metric ω is introduced to quantify the rotation sense of wind
hodographs and to systematically identify the height of transition.

A key finding is that the CCW‐to‐CW transition height is exceptionally elevated over the coastal urban regions.
While previous studies have documented CCW turning as a phenomenon largely confined to the near‐surface
layer (<100 m AGL; e.g., Bluestein et al., 2018; Rotunno et al., 2018), our results reveal that the transition
height can reach approximately 500 m AGL. Semi‐idealized experiments further reveal pronounced spatial
heterogeneity in this transition height and demonstrate a robust link to urbanization. After sunset, residual heat
stored in urban surfaces sustains turbulent mixing within the near‐surface layer, allowing surface friction to
influence winds at greater heights. As a result, complete nocturnal decoupling between the surface and the
overlying flow is prevented, effectively lifting the CCW‐to‐CW transition height. This mechanism provides a
physical explanation for the unusually deep CCW turning observed in rapidly urbanizing coastal megacities such
as the PRD.

These findings have important implications for understanding and predicting severe weather in coastal envi-
ronments, as the diurnal variation of boundary‐layer winds critically modulates low‐level convergence, moisture
transport, and vertical wind shear relevant to heavy rainfall initiation and development. By revealing how ur-
banization fundamentally alters the vertical structure of boundary‐layer wind turning, this study provides new
insights into the meteorological impacts of anthropogenic land‐use change. Future work would expand this
framework to other coastal regions worldwide to assess the generality of the CCW‐to‐CW vertical mode and its
sensitivity to diverse geographical and climatic settings. Furthermore, the development of theoretical models and
fully idealized numerical experiments would help isolate key dynamical processes and further clarify the
mechanisms governing the diurnal variation and vertical structure of boundary‐layer winds.
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Commerce, 2000). The setup for semi‐idealized WRF simulation is detailed at https://doi.org/10.5281/zenodo.
18585227 (Liu, 2026).
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