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Abstract Accurate estimation of coastal near-surface winds during hurricane landfalls remains challenging,
partly attributable to an insufficient understanding of the wind profiles within the internal boundary layer (IBL)
induced by an abrupt surface roughness change. This study addresses this issue by performing three semi-
idealized large-eddy simulations. Results indicate that a nascent log layer emerges within the IBL, and its depth
gradually increases from ~60 m near the coast to ~400 m 12 km inland, where the boundary layer transition is
nearly complete. This nascent log layer is superimposed by another log layer originating from the upstream
marine boundary layer. While turbulence kinetic energy (TKE) is maximized near the surface over both water
and land, peak TKE values over land are a factor of 2 greater due to the amplified near-surface vertical wind
shear. The capability and uncertainty of coastal radars and radiosondes to detect IBL and estimate 10-m winds
are discussed.

Plain Language Summary Hurricane landfalls are typically associated with severe wind-related
compound hazards (infrastructure damage, blackout, subsequent heatwaves during power outages, etc.) in the
coastal region. Knowing exactly how strong near-surface winds will be during hurricane landfalls is crucial for
risk communication, effective preparation of coastal communities, and post-storm rescue and assistance (e.g., by
FEMA). However, this intention is compromised by our limited understanding of the evolution of near-surface
winds during landfalls, partly attributable to the scarcity of the coordinated observations of low-level winds over
both water and land. Using specially configured turbulence-resolving computer model simulations, this study
provides insights into the effects of land surface types and distance inland on the near-surface wind profile. This
study also quantifies the uncertainty of the 10-m wind estimate derived from different observation-based
approaches for the first time. These findings can guide future field campaigns and hurricane landfall studies.

1. Introduction

Hurricane landfalls are associated with hazardous winds threatening the lives and properties of communities in
coastal regions and further inland. Accurately predicting and estimating near-surface winds during hurricane
landfalls is crucial for evacuation, warnings, and post-hurricane assistance and recovery. Over the open ocean, the
nearly neutral hurricane boundary layers (HBLs) are typically associated with logarithmic near-surface wind
profiles (i.e., the log layer) below the jet (Franklin et al., 2003; Powell et al., 2003). The log-layer depth varies in
high-wind conditions, varying from ~150 m at major-hurricane-force winds to a few hundred meters at tropical-
depression-force winds (Richter et al., 2021).

The robustness of this single near-surface log layer is challenged during hurricane landfalls when an abrupt
increase of surface roughness length (z,) significantly decelerates the near-surface winds, inducing the devel-
opment of an internal boundary layer (IBL) over land (e.g., Hirth et al., 2012; Knupp et al., 2006). This factor
potentially accounts for the inconsistency in earlier observational studies regarding the existence of a log layer
over land (e.g., Krupar et al., 2016; Tsai et al., 2019). Tsai et al. (2019) observed a log layer with its depth varying
between 60 and 240 m near the coast during the landfall of two super typhoons. In contrast, Krupar et al. (2016)
reported that the log-law fit of the radar-retrieved wind profile below 300 m height or the jet level can induce a
significant weak bias of the estimated 10-m winds in the analysis of 17 landfalling hurricanes, and thereby
concluded that the log law is not an appropriate methodology to estimate the near-surface winds over land for
landfalling hurricanes. Despite this uncertainty, the log-layer assumption is frequently adopted to estimate
overland 10-m winds from radar-beam height winds (Alford et al., 2019, 2024; Kosiba & Wurman, 2014;
Takahashi & Nolan, 2024).
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Additionally, the Monin—Obukhov similarity theory is used in surface-layer parameterizations in numerical
weather prediction (NWP) models (e.g., Chen et al., 2022; Olson et al., 2021), which dictates a logarithmic wind
profile under neutral boundary layer conditions. Thus, the uncertainty of the log layer over land also impairs the
accuracy of the model-predicted HBL wind profile (including 10-m winds). To improve the model guidance of
near-surface winds over land, it is imperative to understand the evolution of near-surface wind profiles during
hurricane landfalls. However, near-surface wind observations—that are spatially and temporally continuous from
water to land—are typically unavailable. Motivated by these limitations, this study will leverage a novel large-
eddy simulation (LES) framework to examine the IBL processes during hurricane landfalls over homogeneous
land surface conditions. Specifically, questions to be addressed include:

1. How does the IBL evolve in the coastal region?
2. Does the log layer assumption still hold during the landfall of HBLs?
3. How to better estimate the overland 10-m winds using observations?

2. Methods
2.1. Modeling Framework

A recently developed small-patch LES modeling framework was used to study hurricane landfalls (cf. les-coast)
(Rozoff et al., 2023; R23 hereafter). This framework, available in Cloud Model 1 (CM1; Bryan & Fritsch, 2002),
is adopted in this study. As a descendant of a “simple” method for simulating HBLs (Bryan et al., 2017; Chen,
Bryan, et al., 2021, C21 hereafter), the les-coast framework includes realistic large-scale dynamic forcing by
specifying three parameters, that is, gradient wind speed V, its radial gradient of dV/dr, and the distance to the
hurricane center R. This feature allows a small-patch LES domain with grid spacings of O(10 m), which is
computationally much more efficient than the LES for entire TC circulations extending a few hundred kilometers
with relatively coarser grid spacings. Built upon R23, this study includes a large-scale nudging toward the
thermodynamic profiles derived from actual HBLs over the LES ocean subdomain, similar to C21. This special
setup allows LESs to produce more realistic turbulent fluxes against in-situ aircraft measurements (C21). The
detailed model setup is documented in Text S1 in Supporting Information S1. Three LES experiments are
conducted with varying land-use/land-cover categories, that is, cropland/woodland mosaic, wooded wetland, and
urban and built-up land. Their corresponding surface roughness length z, is 0.2, 0.4, and 0.8 m, respectively, ~3
orders greater than the z, of water. Hereafter, these LES experiments are referred to as LES-z02, LES-z04, and
LES-z08, respectively. These LESs are integrated forward for 3 hr. Similar to R23, a steady state (in terms of the
domain-averaged surface winds and turbulent variables) quickly arrives after 30 min. The homogeneous land-use
experiments here covering a significant range of z,, values provide a range of uncertainty to help interpret more
complex land use. HBLs exposed to more complex, heterogeneous land conditions will be the focus of future
research.

2.2. Analysis Methods

The analysis period focuses on the steady state during ¢ = 2-3 hr. Considering the horizontal inhomogeneity of z,
in the east-west direction, results shown below are averaged along the y-axis, unless specified otherwise, and then
temporally averaged using the 1-min output during ¢+ = 2-3 hr. Similar to C21, the turbulence kinetic energy
(TKE) is defined as O.S(W + v+ W) + ey, where u, v, and w are three components of velocity, and
overbars denote the average along the y-axis, prime denotes the perturbations from the y-axis average (e.g.,
u' = u — u), and e, is the subgrid TKE.

As an IBL develops over land due to the rapid change of z,, the IBL height A, under neutral or unstable
conditions can be calculated as (Arya, 2001; Peterson, 1969; Powell et al., 1996):

¥\08
hipL = azy <—) > 1

20

where « is an empirical constant dependent on stability with values between 0.2 and 0.8 (Stull, 1988), z, rep-
resents the land surface roughness, and X is the distance downwind of the surface roughness change (i.e., the
coast). Our results indicate that using Equation 1 and @ = 0.28 effectively predicts the IBL height over land in
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Figure 1. (a, b) The composite structure of horizontal wind speeds (m s~', shading) and TKE (m™2 s>, shading), respectively, over 1 = 2-3 hr for LES-z04. Black
contours denote the composite vertical velocity (i.e., w = 0.3 m s~"), and the red star marks the landfall location (x = 0 km). Distance inland corresponds to negative x
values. The red dashed line denotes the IBL height using Equation 1 with a = 0.28.

three LESs (see Figure 1 and Figure S2 in Supporting Information S1), consistent with earlier studies
(Wood, 1982).

3. Results
3.1. The IBL Development and Near-Surface Log Layer Over Land

Figure 1a presents the composite vertical structure of wind speeds averaged along the y-axis during ¢ = 2-3 hr for
the LES-z04 experiment. The log-scale height coordinate is used to enhance the visualization of the wind structure
within the shallow IBL. During the ocean-to-land transition of HBL, winds near the jet level are nearly unaffected,
consistent with an earlier modeling study Tuleya (1994) and radar observations (Hirth et al., 2012). In contrast, the

CHEN AND ROZOFF

30of 10



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL114816

low-level onshore flow, especially in the lowest 100 m, is prominently decelerated due to the rapid increase of
surface friction, forming an IBL. For reference, the diagnosed /. using Equation 1 is provided in Figure 1a (see
the red dashed line), which closely follows the region of decelerated wind speeds. The deceleration of onshore
flow induces low-level convergence along the coast that produces organized updrafts (>0.3 m s™') against the
stable stratification in terms of @. Interestingly, the minimum near-surface winds over land occur within x = —2 to
—6 km; further inland, the magnitude of near-surface winds slightly bounces up as the IBL deepens, likely
attributable to the turbulence mixing of high momentum aloft downward. A similar phenomenon is also found in
the other two experiments (e.g., Figure S2b in Supporting Information S1).

To further examine the evolution of the IBL over land, Figure 1b shows the composite vertical structure of TKE
averaged over the same period. Over both ocean and land, the TKE is maximized near the surface and decreases
with height. The peak value of TKE over land is >40 m? s~2, approximately a factor of 2 greater than that over the
ocean, indicating stronger shear production of TKE over land. The abrupt increase of TKE from ocean to land
indicates a rapid development of the IBL overland, which leads to enhanced vertical gradient of TKE at the lower
levels where TKE is >16 m* s 2. Regions with TKE > 16 m* s> extend upward further inland, confirming that
the vertical growth of IBL is a function of the distance inland (i.e., X). Interestingly, the A using Equation 1
nearly follows the region of high TKE values (i.e., >16 m? s ™). The Ag; increases from 60 m at x = —1 km to
~400 m at x = —12 km. Similarly, sg; well predicts the growth of IBL in the other two LES experiments (see
Figures S2c and S2d in Supporting Information S1). Comparison of the Ay in the three LESs (Figure 1b and
Figures S2¢ and S2d in Supporting Information S1) indicates greater hpy for larger z, values at the same x (e.g.,
x = —12 km); this behavior is predicted by Equation 1 as hjg; is proportional to zy. Above the IBL, the TKE
structure retains the pattern of the upstream marine HBL, particularly above 400 m, but it is vertically displaced
upward during the transition from water to land, likely attributable to the vertical advection of TKE related to the
organized updrafts along the coast. Interestingly, high TKE values of >16 m* s~ from the marine HBL extend to
2 km inland, where the updraft dominates. As the upward TKE advection weakens further inland, TKE weakens
in the 200-300 m layer within a short distance until the IBL becomes dominant.

To examine the evolution of wind profiles from water to land, Figure 2 shows the wind profiles extracted at
x=—1,-3, -6, and —12 km from the composite wind structure in Figure 1a. For reference, the marine HBL wind
profile at x = 1 km is provided (see the black line), indicating a ~500-m deep, quasi-log layer below the jet over
ocean. Most of the 10-m wind deceleration occurs within just 1 km inland, where wind speed decreases loga-
rithmically with height below ~50 m (i.e., within the nascent IBL, see Figure 1b). This near-surface log layer
subsequently grows upward with the distance inland and reaches ~400 m at x = —11 km, suggesting the HBL
transition from ocean to land is nearly complete. The ~12 km length scale of the HBL transition zone during
hurricane landfalls is aligned with earlier radar observations (Alford et al., 2020; Knupp et al., 2006). Comparison
of Figure 2 and Figure S3 in Supporting Information S1 indicates that the 1-km rapid deceleration zone and the
fast growth of the near-surface log layer with the distance inland remain robust for all three experiments. At the
same x, higher z, corresponds to the more prominent deceleration of the 10-m wind and slightly deeper near-
surface log layer (Figure S4 in Supporting Information S1).

Importantly, the nascent log layer coexists with the original log layer from the upstream marine HBL until the
completion of the HBL transition, when the wind profile is fully adjusted to the new z;, over land and the depth of
the new log layer is comparable to that over the ocean.

3.2. Subdomain-Averaged Wind Profiles and Their Implication on Doppler Radar Wind Retrievals

One popular approach to obtaining the coastal HBL wind profile is applying the Velocity Azimuth Display
(VAD) technique (Browning & Wexler, 1968) to the ground-based Doppler velocity data. Since each volume
scan from typical operational radars takes ~6 min and the VAD retrieval domain is prescribed, the retrieved VAD
winds represent a spatiotemporal average. Given this, Figure 2 presents the wind profile averaged within the land
subdomain over t = 2-3 hr (gray dotted line). While the spatial and temporal averaging in the LES differ from that
in the VAD analysis of actual radar data, this LES-derived mean wind profile can provide insights into the HBL
features observed by radars within the coastal transition zone. Notably, the LES-based mean wind profile captures
the twin log layers representative of an average between x = —6 and —11 km, suggesting that the VAD analysis of
the Doppler velocity data— with sufficient vertical resolutions (ideally < 30 m, given the shallow nature of IBLs)
can, in principle, resolve the log layer within the IBL. As the antenna height of coastal radars in the United States
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However, the composite wind profiles from sondes represent an ensemble
0.04+ mean smoothing out the gusty or convective features. Thus, sondes provide an
effective approach to derive representative HBL wind profiles. The drop-
0.02 sonde composite of wind profiles in the HBL over ocean indicates the exis-
tence of a near-surface log layer at various surface wind speeds (Franklin
etal., 2003; Powell et al., 2003; Richter et al., 2021). As dropsondes are rarely
0.01 24 2;8 30 36 40 44 48 52 56 B0 64 68 released in the coastal region due to safety protocols, radiosondes are used to

Wind speed (m s™)

sample the coastal HBL wind profiles. Depending on the distance of the
release site from the coast, radiosondes may sample both the IBL and the

Figure 2. The composite wind profile at various distances inland (negative x original marine HBL at various distances inland during their ascent. The
values, colored lines) and 1 km upstream of the coastline (black). The gray representation of the single or composite radiosonde wind profiles becomes
dashed line denotes the average within the land subdomain (gray dashed). unclear, demanding careful investigations.

Results are averaged along the y-axis and over ¢ = 2-3 hr for LES-z04.

Inspired by the composite wind profiles discussed in section 3a, 101 virtual

radiosondes, spaced every 20 m within y = 0.5-2.5 km, are released atx = —1,
—3, —6, and —9 km, respectively. The release height is 10 m (i.e., the bottom half model level), and the balloon
rising speed (w) is set to 5 m s~ based on the NWS documentation (https://www.weather.gov/upperair/fact-
sheet). These virtual sondes are initialized at # = 2 hr and tracked forward for 200 s or shorter before they leave the
horizontal domain or ascend above 1-km height. The LESs are restarted at # = 2 hr with 1-s output for trajectory
analyses. The trajectory is calculated using the predictor-corrector technique (Chen, Gu, et al., 2021; Onderlinde
& Nolan, 2016). This technique uses the winds at the predicted midpoint plus w,, to advect the sonde at the initial
location for a full-time step. The predicted midpoint is determined by advecting the sonde from the initial location
by a half-time step using the wind information plus w,, at the initial location. The time step is set to 1 s, consistent
with the output frequency of the LES restart run. To mimic the GPS sondes' wind calculation, midpoint wind
information and height are recorded by virtual sondes.

To illustrate the turbulent features sampled by virtual sondes in the HBL, Figure 3a shows the 10-m wind speed at
t = 2 hr overlaid with trajectories of two virtual sondes released at x = —6 and x = —1 km, respectively, in LES-
z04. Figure 3b further provides a lateral view of these trajectories. The fine-scale streaks are evident over land,
supporting the notion that turbulence in the HBL is predominantly shear-driven (e.g., Foster, 2005; C21; R23).
The two sondes are released at the locations of the maximum (red line) and minimum (blue line) 10-m winds
among the 101 sondes at each x location. These sondes all sample the winds up to 500 m or higher before leaving
the LES domain. Evidently, the sonde wind profile is a composite of different portions of downstream HBL wind
structures at various levels and distances inland. This composite varies significantly even if the sondes are
released at the same distance inland, as the sonde released at the minimum wind samples the near-surface wind
profile more closely to the release site than that released at the location of the peak wind. For example, wind
profiles of these two sondes starting from x = —1 km can be identified as the leftmost and rightmost profiles in
Figure 4c, which indicate strikingly different low-level wind profiles and vertical wind shear (VWS).

Figures 4a—4c present the 101 wind profiles derived from virtual sondes released at x = —6, —3, and —1 km,
respectively. The composite mean of these profiles (red line) indicates a shallow near-surface log layer below
60 m, and the slope of the red line is greater at x = —6 km than x = —3 and —1 km. The latter is consistent with the
deepening of the IBL and reduced VWS further inland (cf. Figure 2). Similar to the approach adopted in earlier
observational studies (e.g., Alford et al., 2019), the log-law fit of the lowest 500-m sonde winds (yellow line) was
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Figure 3. (a) 10-m wind speed (shading, m s™") at 7 = 2 hr for LES-z04. Black lines denote the virtual sonde release sites every 20 m within y = 500-2,500 m. The gray
line marks the coastline. The solid red (blue) line is the plan view of the sonde trajectory released at the maximum (minimum) wind location at x = —1 km and
z=0.01 km. Similarly, dashed lines are for those released at x = —6 km. (b) A lateral view of these trajectories starting from z = 0.01 km. These trajectories last 200 s or
shorter before they reach the lateral boundaries of the LES domain or above 1 km height.

performed to estimate the 10-m wind speed U, . Results indicate a weak bias of the diagnosed U, compared to
the 1-min sustained winds (red circle) at x = —3 km and —6 km, and the weak bias increases with Ixl, reaching
—7ms™" atx = —6 km. Of note, the 1-min sustained winds at 10-m height are selected to match the definition of
hurricane intensity by the National Hurricane Center. Choosing a longer averaging period (e.g., 2-min) produces
similar results. Meanwhile, the estimated z, from the log-law fit indicates a high bias (compared to the truth
Zo = 0.4 m) that also increases with Ix| (see the legend on Figures 4a—4c).

Since releasing more than 100 sondes at the same x during hurricane landfalls is unfeasible, we applied the log-
law fit for the wind profiles of 4 sondes randomly selected 1,000 times from the 101 sondes at each x location.
This method generates the distribution of the estimated U, bias and z, in box-and-whisker diagrams shown in
Figures 4d—4i. To examine the sensitivity of the bias distribution to variations in log-law fit depth, three log-law
fit depths including 200, 300, and 500 m are considered. As sondes released at x = —9 km do not have sufficient
time to rise above 500 m, only the results corresponding to 200 and 300 m fit depths are shown. For comparison,
we also test another method (e.g., Alford et al., 2024; Kosiba & Wurman, 2014) that combines the log-law
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Figure 4. (a—c) The sampled wind profile from 100 virtual sondes released at x = —9 km, —6 km, and —3 km, respectively. Red circles at z = 10 m denote the 1-min wind

speed averaged along the y-axi

s. The composite mean with standard error is shown as the red line with whiskers. The log-law fit for the winds below 500 m is shown as

the orange line. (d—f) Box-and-whisker diagrams of the distribution of the U, bias by randomly choosing 4 out of the 100 sondes 1,000 times at x = —9, —6, —3, and
—1 km for three different land surfaces. The box-and-whisker diagram includes the 5th, 25th, 50th, 75th, and 95th percentiles with the interquartile range (IQR) shaded.
(g—i) Similar to (d—f), but for the distribution of the retrieved z,, from the log-law fit. True z, is provided as a gray dashed line on each panel.

equation, 500-m mean winds, and the actual z, to derive U, (termed as log-interp hereafter, see purple bars in
Figures 4d—4f):

In 10 — In 2,

Uy = Usgp—en——n.
107 750015500 — In 2

(@)

Figures 4d—4i indicate that the increase of log-law fit depth from 200 to 500 m reduces the median and spread of
U, and z,, bias. The minimum values of median U, and 7, bias related to the log-law fit occur at x = —1 km for all
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LES experiments; further downstream, the median U,, weak bias can be as large as —12 m s~'. Beyond 1 km
inland, the chance of the log-law fit accurately predicting the true z, is rare, and the median value of the diagnosed
Zq for the 500-m log-law fit is approximately a factor of 4-5 greater than the actual z,,. Of note, a similar high bias
of diagnosed z, from the log-law fit was reported by Alford et al. (2019) and alluded to by Giammanco
et al. (2013).

In contrast to the large spread of U, bias related to the log-law fit, the diagnosed U, from log-interp indicates a
much smaller bias with a more confined IQR. The peak U, error is generally <5 m s™" within 6 km inland for all
LES experiments except for LES-z02 (Figure 4d). The median U, bias is merely 1-2 m s~ at x = —6 and —3 km
and slightly negative at x = —1 km in LES-z02 and LES-z04 (Figures 4d and 4e). The encouraging performance of
the log-interp approach can be explained by the nearly unaffected 500-m winds within 12 km land and the small
difference in 10-m winds (~3 m s~") between the almost fully adjusted wind profile at x = —11 km and the
initially perturbed wind profile at x = —1 km (cf. Figure 2).

4. Conclusions and Discussion

During hurricane landfalls, the abrupt increase of z, from water to land induces the formation of an IBL over land.
Turbulence properties and wind profiles within the IBL are not well understood, which poses challenges in
accurately estimating near-surface winds in the coastal region. Motivated by this issue, this study investigates the
evolution of IBL during hurricane landfalls using a small-patch LES modeling framework (R23) with the
additional inclusion of moisture and a nudging term toward the thermodynamic profiles over the ocean sub-
domain. This nudging term helps the LES produce more realistic vertical profiles of turbulence variables in
marine HBL (C21). To examine the impact of z, on the IBL development, three LES experiments are conducted
with z, = 0.2, 0.4, and 0.8 m, respectively. Effective approaches to estimate 10-m winds using coastal radar and
radiosonde observations are discussed. Key findings are summarized below:

1. An IBL quickly develops onshore, whose depth is proportional to the distance inland and land z,. While TKE
values are maximized near the surface over both water and land, peak TKE values over land are approximately
a factor of 2 greater due to the enhanced low-level vertical wind shear. The HBL transition is almost complete
within 12 km inland, as the IBL depth becomes comparable to the marine log layer below the jet.

2. Twin log layers coexist within the coastal transition zone. One is the nascent near-surface log layer within the
IBL, and the other originates from the upstream marine HBL. The depth of the IBL log layer increases with the
distance inland as the IBL deepens.

3. With sufficient vertical resolution (ideally < 30 m), VAD analyses of Doppler radar observations can, in
principle, capture the IBL wind profile and infer U, using the log law.

4. The radiosonde wind profile is a composite of turbulent winds at various distances inland and heights. Esti-
mating U, using the log-law fit of a few sonde wind profiles is associated with a large spread of U, bias. An
increase of the log-law fit depth from 200 to 500 m significantly reduces the weak bias of U, and high bias of
Zo in terms of the median values, and the smallest median bias occurs near the coast. In contrast, estimating U,

using log-interp induces smaller U, errors generally within 5 m s™'.

One caveat is these results do not claim the superiority of the log_interp approach over the log-law fit of the sonde
winds, as they are drawn from a special set of LESs where the jet level remains unaffected at ~700 m during
landfall. For a marine HBL with a jet below 500 m-such as in the eyewall of mature hurricanes (Alford
et al., 2020)—the jet may be smoothed out by the vertical growth of the IBL, potentially diminishing the effec-
tiveness of the log_interp approach (e.g., Takahashi & Nolan, 2024). Additionally, the spatial heterogeneity of
actual land surfaces can potentially induce nested IBLs with multiple associated log layers in the HBL, further
increasing the uncertainty in U, estimation. Therefore, the magnitude of errors in 4) should be interpreted with
caution when applied to real hurricane landfalls. Moreover, the idealized LES framework excludes convective
downdrafts, whose impact on IBLs, log layers, and U, estimates needs to be carefully assessed with the future
development of this modeling framework.
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