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Abstract

Airborne Doppler radar observations of the wind field in the tropical cyclone boundary layer (TCBL) during the landfall of

Hurricane Ida (2021) are examined here. Asymmetries in tangential and radial flow are governed by TC motion and vertical

wind shear prior to landfall, while frictional effects dominate the asymmetry location during landfall. Strong TCBL inflow on

the offshore-flow side of Ida occurs during landfall, while the location of the peak tangential wind at the top of the TCBL

during this period is located on the onshore-flow side. A comparison of these observations with a numerical simulation of TC

landfall shows many consistencies with the modeling study, though there are some notable differences that may be related to

differences in the characteristics of the land surface between the simulation and the observations here.
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Key Points 24 

● Wind asymmetries in tropical cyclone boundary layer are governed by TC motion, 25 

vertical shear over open water; frictional effects at landfall 26 

● Boundary layer radial inflow peaks in the offshore-flow side at landfall, peak in 27 

tangential winds at top of boundary layer occurs on the onshore-flow side 28 

● These observations are largely consistent with recent numerical modeling studies of 29 

tropical cyclone landfall 30 

 31 

Abstract 32 

 Airborne Doppler radar observations of the wind field in the tropical cyclone boundary 33 

layer (TCBL) during the landfall of Hurricane Ida (2021) are examined here. Asymmetries in 34 

tangential and radial flow are governed by TC motion and vertical wind shear prior to landfall, 35 

while frictional effects dominate the asymmetry location during landfall. Strong TCBL inflow on 36 

the offshore-flow side of Ida occurs during landfall, while the location of the peak tangential 37 

wind at the top of the TCBL during this period is located on the onshore-flow side. A 38 

comparison of these observations with a numerical simulation of TC landfall shows many 39 

consistencies with the modeling study, though there are some notable differences that may be 40 

related to differences in the characteristics of the land surface between the simulation and the 41 

observations. 42 

 43 

Plain Language Summary 44 

The structure of the wind field in the lowest levels of a hurricane when it makes landfall 45 

plays a significant role in determining damage. This study uses aircraft observations to document 46 
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the changes that occur in the winds in the lowest levels of a hurricane prior to and as it makes 47 

landfall. The location of the strongest inflow into the storm center and winds around the center 48 

are determined by characteristics like storm motion and environmental winds when the storm is 49 

over open water, but at landfall these wind peaks are dominated by the differences in friction 50 

between the land surface and water. At landfall, the inflow near the surface is strongest on the 51 

side of the hurricane experiencing offshore flow, while winds moving around the storm center a 52 

few thousand feet above the surface are strongest on the side experiencing onshore flow. These 53 

results are mostly consistent with computer modeling studies, allowing for studies on physical 54 

processes to be conducted using these models. 55 

 56 

Key words 57 

Hurricane landfall 58 

Boundary layer winds 59 

Aircraft observations 60 

  61 
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1. Introduction 62 

The wind field in the tropical cyclone (TC) boundary layer (BL) determines the 63 

magnitude and distribution of surface enthalpy and momentum fluxes, which is critical in 64 

determining whether a TC will intensify (Ooyama 1969; Emanuel 1986, 1995, 1999; Shay et al. 65 

2000; Cione et al. 2013; Jaimes et al. 2015; Zhang et al. 2017; Wadler et al. 2021). Decomposing 66 

the TCBL wind field into tangential and radial components also yields important insights into 67 

other intensity change processes, such as the radial advection of angular momentum and radial 68 

mass flux within and above the frictional inflow layer, as well as factors affecting the wind 69 

structure in the TCBL, such as the azimuthal distribution of supergradient flow and the presence 70 

of TCBL jets (Smith and Montgomery 2015, Smith et al. 2009, 2021). Additionally, TCBL 71 

winds govern storm surge and rainfall fields at landfall. Understanding the physical processes 72 

that govern the structure and evolution of TCBL winds is therefore critical to predict TC 73 

structure and intensity as well as impacts at landfall. 74 

Past observational and modeling studies have characterized the symmetric structures of 75 

TCBL flow over the open ocean (Kepert 2001; Kepert and Wang 2001; Bell and Montgomery 76 

2008; Zhang et al. 2011, 2015, 2023; Bryan 2012; Rogers et al. 2012; Sanger et al. 2014; 77 

Montgomery et al. 2014; Ming et al. 2015; Ahern et al. 2019), finding that inflow is maximized 78 

in the lowest 200 m, with a region of weaker inflow at the top of and above the TCBL. The depth 79 

of the inflow layer increases with increasing radial distance from the TC center. Peak tangential 80 

wind occurs in the inflow layer, and there is a region of supergradient flow at and inside the 81 

region of strongest inflow.  82 

The dominant drivers of azimuthal asymmetries in TCBL winds over the open ocean are 83 

TC motion (Shapiro et al. 1983, Ueno et al. 2009, 2011; Zhang and Uhlhorn 2012; Uhlhorn et al. 84 
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2014) and vertical wind shear (Rogers and Uhlhorn 2007; Zhang et al. 2013; Reasor et al. 2013; 85 

Uhlhorn et al. 2014; Klotz and Jiang 2017; Sun et al. 2019; Ming et al. 2022). TC motion 86 

establishes a region of strong TCBL tangential flow to the right of storm motion and maxima in 87 

radial inflow and convergence in the TCBL in the front and front-right quadrants (Shapiro 1983). 88 

Vertical shear establishes peak tangential wind speed, inflow, and convergence in the downshear 89 

and downshear-left quadrants (Zhang et al. 2013; Reasor et al. 2013; Uhlhorn et al. 2014). 90 

Several observational studies have examined the variation of the TCBL wind field and 91 

features at and after landfall. The kinematic boundary layer height is reduced with decreases in 92 

distance from the TC center, and maximum BL wind is larger in an offshore regime in the 93 

eyewall region compared to an onshore regime (Giammanco et al. 2013). Roll-like features were 94 

documented during TC landfalls using Doppler radar and tower data (e.g., Wurman and Winslow 95 

1998; Kosiba and Wurman 2014; Lorsolo et al. 2008; Zhu et al. 2010). Ming et al. (2014) 96 

observed enhancement of turbulence kinetic energy by convective downdrafts in the BL of 97 

Typhoon Morakot (2009) near rainbands, while the strongest surface winds during the landfall of 98 

Hurricane Harvey (2017) were found to be associated with convective perturbations in the 99 

eyewall (Alford et al. 2019; Fernadez-Caban et al. 2019). Alford et al. (2020) investigated the 100 

coastal transition of vertical wind profiles in the BL of Hurricane Irene (2011) and found that the 101 

tangential wind maximum was within the inflow layer over water but was above the inflow layer 102 

onshore. The tangential wind maximum was within the inflow layer from the coastline up to 5 103 

km inland, which is the transition zone between ocean and land exposure. The height of the 104 

maximum radial wind increases from water to land in response to the growth of the internal 105 

boundary layer that forms in the transition zone due to flow adjustment to the surface roughness 106 

change (Hirth et al. 2004; Alford et al. 2020). 107 
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Clearly, as a TC approaches land, variations in surface roughness dominate the creation 108 

of asymmetries. It is important to understand how these asymmetries affect the wind field in the 109 

TCBL at landfall, as these structures are what determine the hazards driven by wind, storm 110 

surge, and rainfall. Many of the landfall papers described above, however, focus on TCBL 111 

structure and evolution at specific ground-relative locations, because that is where the 112 

instruments are located. They focus less on the evolution of the flow field in a storm-relative 113 

framework, and they say little about the flow field when the TC is > 100 km offshore. 114 

A recent paper by Hlywiak and Nolan (2022, hereafter HN22) examined the structure and 115 

evolution of asymmetries in the TCBL wind field in a storm-relative framework prior to and 116 

during landfall using an idealized model. In their simulation they found an increase in the 117 

strength of the radial inflow on the offshore flow side of the TC, beginning when the TC was 118 

about 200 km offshore. They attributed the increase in radial inflow to the decrease in frictional 119 

stress once the agradient offshore flow crossed the coastline and reached water. An enhanced 120 

advection of angular momentum by the secondary circulation, tied to the strengthened radial 121 

inflow in the TCBL on the offshore flow side, additionally forced a strengthening of a 122 

supergradient jet near the top of the TCBL, resulting in a maximum in wind speed downstream; 123 

i.e., on the onshore flow side at the top of the TCBL. They compared some of their modeling 124 

results to a set of buoy observations of near-surface inflow angle from three landfalling TCs and 125 

found general agreement with their results.  126 

The comparisons with observations from HN22 were limited, however, to a relatively 127 

small number of point observations at the surface, with no information on the variation of the 128 

tangential and radial flow with height and as a function of distance from the storm center. A 129 

comparison of the three-dimensional structure of the flow field in the TCBL, and its variation 130 
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between when a TC is well offshore and when it is making landfall, would provide a more robust 131 

evaluation of HN22’s results. Ground-based radar could provide such a comparison, but the 132 

elevation of the beam and curvature of the Earth would prevent observations of the wind field in 133 

the lowest 1-2 km, except when the TC is close (< 100 km) to the radar site.  134 

Airborne Doppler radar data, by contrast, can provide a comprehensive depiction of the 135 

structure and evolution of the flow field by sampling the TC at many different periods during its 136 

approach to landfall. In this study, profile analyses (e.g., Rogers et al. 2012; Zhang et al. 2023) 137 

from airborne Doppler radar onboard the NOAA WP-3D aircraft (hereafter P-3) are used to 138 

produce analyses of tangential and radial wind in a narrow (~10-km wide) swath under the 139 

aircraft with 150 m spacing in the vertical and down to altitudes as low as 150 m above the 140 

surface. Three-dimensional radar analyses that provide winds and reflectivity in a swath 141 

extending approximately 50 km in either direction normal to the flight track, with 500 m spacing 142 

in the vertical, will also be used. Together, these radar analyses will be used to examine the 143 

structure of TCBL tangential and radial flow in Hurricane Ida as it made landfall along the 144 

coastline of Louisiana in August 2021. The analysis shown here will provide an opportunity to 145 

evaluate results from HN22 in a more comprehensive and robust manner than what was shown in 146 

their study. It will also provide the opportunity to assess the evolution of TCBL flow fields as Ida 147 

transitioned from an over-water exposure to one associated with landfall. 148 

 149 

2. Case description 150 

Ida formed from a tropical wave that moved into the southwest Caribbean (Beven et al. 151 

2022), tracked northwest and was declared a tropical depression on August 26, and became a 152 

hurricane prior to its first landfall in western Cuba on August 27. Once Ida emerged into the 153 
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southeastern Gulf of Mexico, a favorable environment and inner-core structure allowed Ida to 154 

strengthen rapidly, intensifying from 70 to 130 kt in the 24-h period from 1200 UTC 28 August 155 

to 1200 UTC 29 August. By the end of this period of rapid intensification, Ida was southwest of 156 

the mouth of the Mississippi River. A continued northwest motion brought Ida inland near Port 157 

Fouchon, Louisiana, at 1655 UTC 29 August. 158 

NOAA P-3 aircraft N42RF sampled Ida during its track across the Gulf of Mexico up to 159 

landfall. The focus of the analysis in this study will be on the final two missions of N42RF into 160 

Ida. Flight tracks for these missions are shown in Fig. 1. The first mission, with mission ID 161 

20210828H (hereafter 28H), occurred from 1955 UTC 28 to 0156 UTC 29 August, when Ida 162 

was in the eastern Gulf of Mexico and ~300 km prior to landfall. During this time Ida was 163 

tracking toward the northwest at 14 kt and was experiencing 850-200 hPa vertical shear of ~5 kt 164 

with a shear heading nearly due east. The mission consisted of a set of radial passes through the 165 

center of Ida at different azimuthal locations, beginning and ending in the northeast quadrant. 166 

The second mission, 20210829H (hereafter 29H), occurred during landfall from 1703 UTC to 167 

2304 UTC 29 August. This mission began with a flight leg paralleling the southeast coast of 168 

Louisiana, flying inbound to the center from the east-northeast, through the center as Ida was 169 

making landfall, and outbound from the center toward the west-southwest. This leg, extending 170 

from points 1 to 2 from 29H in Fig. 1, is termed a “coastal run”, and it will be used to examine 171 

variations in offshore and onshore flow structures later. The aircraft then flew away from the 172 

coast and flew an inbound leg toward the center in the southwest quadrant and an outbound leg 173 

in the southeast quadrant before finishing its pattern well-removed to the southeast of the TC 174 

center. During the landfall mission  175 
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center. Additional rainband activity was apparent further outward on the east side of the TC. On 192 

the west and southwest side, reflectivity outside the inner core was less widespread. 193 

Plots of earth-relative tangential wind at 0.5 km and 2 km altitude from the three-194 

dimensional radar analyses are shown in Fig. 2. The increase in tangential winds associated with 195 

Ida’s intensification up to landfall is clearly seen here. Of particular interest is the azimuthal 196 

location of peak tangential winds at each altitude. For 28H, when Ida was over water, the peak 197 

wind speeds are located in the eyewall north-northeast of the TC center within the TCBL (i.e., 198 

0.5 km). The peak winds at the top of the TCBL (i.e., 2 km) are rotated upwind, northeast of the 199 

TC center at this time. During 29H, when Ida was making landfall, there is a significant change 200 

in the azimuthal location of the peak tangential winds. Within the TCBL the strongest winds are 201 

to the south and southeast of the TC center, with an azimuthal shift of >90 degrees clockwise 202 

from 28H. The direction of the storm motion heading (vertical shear) changed by ~10 (30) 203 

degrees between 28H and 29H, so the shift in the azimuthal location of the peak tangential winds 204 

does not appear to be driven, at least primarily, by changes in storm motion or vertical shear 205 

direction. Rather, the change in the azimuthal location of TCBL tangential winds at landfall is 206 

likely due to the adjustment of the winds as they exit the higher roughness values over land to the 207 

lower roughness over water on the offshore-flow (i.e., west) side of the TC, similar to that shown 208 

in HN22. At the top of the TCBL, the strongest winds remain to the northeast of the TC center, 209 

extending from the coast to locations well inland. 210 

Characteristics of the radial flow within the TCBL are shown in the Doppler profile 211 

analyses in Fig. 3. Figure 3a shows vertical cross sections in the lowest 2 km for radial flow 212 

along a southwest/northeast-oriented radial pass during 28H. The maximum inflow on this pass 213 

(> 15 m s-1) is seen in the leg in the northeast quadrant. This location is to the right of the storm 214 
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motion heading and to the left of the vertical shear heading, an orientation consistent with 215 

previous studies relating boundary-layer inflow and storm motion/vertical shear. Figure 3b 216 

shows a similar profile, but along the coastline (during the “coastal run” leg, from point 1-2 217 

shown in Fig. 1) during 29H. Now the radial inflow has shifted and is maximized on the west 218 

(offshore-flow) side of the TC, located ~40-50 km from the TC center, where values of peak 219 

inflow are ~20 m s-1. On the east (onshore-flow) side, inflow magnitude is about half of that seen 220 

on the offshore-flow side at similar radii, though there is a weaker local maximum of inflow at 221 

about 80 km, likely associated with the outer eyewall seen in Fig. 1. This relationship between 222 

the peak radial inflow in the offshore vs. onshore-flow sides of the TC is consistent with HN22, 223 

who argued that the increase in the radial inflow in the offshore flow is attributed to the sudden 224 

decrease in frictional stress once the highly agradient flow crosses the coastline. 225 

A depiction of the azimuthal variation of TCBL inflow strength, and how it varies from 226 

28H to 29H, is shown in Figs. 3c and 3d. Here the radial inflow is averaged within predefined 227 

boxes that include the radius of maximum wind (RMW) and the lowest 150 km of the profile 228 

analysis for each radial pass through the TC center for both missions. These values are then 229 

plotted as a function of azimuth, with the TC motion and vertical shear heading vectors included 230 

for reference. During 28H the peak radial inflow in the lowest 150-300 m layer is in the northeast 231 

portion of the TC, to the east (right) of the storm motion vector and to the west (left) of the 232 

vertical shear vector. Such an orientation of inflow with respect to the TC motion and shear 233 

vectors over open water is consistent with the studies mentioned earlier and shown in Fig. 3a. 234 

For 29H, the orientation of radial inflow changes significantly.  The strongest inflow now is on 235 

the west side of the storm. In terms of its orientation relative to the motion and shear vectors, the 236 

peak inflow in  237 
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includes flow features at and outside the RMW, similar to Fig. 8 in HN22. Over open water, the 276 

tangential wind shows a clear wavenumber-1 pattern, with the peak values uniformly located in 277 

the northeast quadrant, from 0.5 to 3.5 km altitude. The radial flow shows a similar 278 

wavenumber-1 type pattern, with strongest inflow above the TCBL located south of the TC 279 

center and within the TCBL located east-northeast of the TC center. At landfall, the tangential 280 

and radial inflow maxima generally remain at the same location above the TCBL altitude as 28H. 281 

However, the locations of the maxima within the TCBL have both shifted significantly, with the 282 

tangential wind maximum shifting from the northeast quadrant in 28H to the southeast quadrant 283 

in 29H, and the radial inflow maximum shifting from the east side in 28H to the southwest 284 

quadrant in 29H. The depth of the changes in tangential and radial flow are ~1-1.5 km, 285 

suggesting this is the depth over which the frictional effects on radial and tangential flow 286 

described above are dominant. 287 

 288 

4. Discussion 289 

The results shown here present an opportunity to use observations to explore the structure 290 

and evolution of the TCBL during landfall, while also providing the ability to assess the results 291 

of HN22. Many of the structures seen from airborne Doppler radar during Ida’s landfall are 292 

similar to those shown in their paper. The strongest tangential flow is located on the onshore-293 

flow side within and above the TCBL for both HN22 and Ida (cf. Figs. 2, 4). Peak radial inflow 294 

during landfall in the TCBL is located at and just downwind of the offshore-flow (cf. Figs. 3, 4), 295 

similar to that shown in HN22, and the location of peak inflow shifts downwind, further 296 

offshore, with height above the TCBL in both HN22 and Ida (cf. Fig. 4).  297 
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The relationship between the tangential and radial inflow peaks during Ida’s landfall 298 

suggests a similar set of processes as that described in HN22. The peak in radial inflow in the 299 

offshore flow is likely related to the sudden decrease in frictional stress when the agradient flow 300 

crosses the coastline. Enhanced advection of angular momentum by this inflow forces a 301 

strengthening of the supergradient jet near the top of the TCBL, downwind of the peak inflow. 302 

Such a relationship is seen by the downwind rotation of the azimuthal location of peak inflow 303 

and tangential wind shown in Figs. 4b, d.  304 

An important result shown here is the comparison of the vertical structure of the wind 305 

asymmetries in Fig. 4, which showed the depth over which these wind field modifications occur. 306 

Prior to landfall, the inflow peak extends up to ~1.5 km altitude on the east-northeast side of the 307 

storm. During landfall, the inflow peak shifts to the west (offshore) side of the TC. This shift 308 

extends up to about 1-1.5 km altitude. The depth over which this shift occurs is generally 309 

consistent with the TCBL depth as defined by the turbulent kinetic energy field found in HN22. 310 

While many of the results shown here support the results from HN22, there are some 311 

ways that the results differ. For example, the location of peak tangential wind in Ida at the top of 312 

the TCBL is in the northeast quadrant at landfall (cf. Figs. 2, 4). This location is inland, and it 313 

contrasts with the results from HN22, who showed that the tangential wind peak at the top of the 314 

TCBL is located in the right-rear quadrant relative to landfall; i.e., offshore. It is not clear what 315 

the reason is for this difference. The TC in HN22 was ~140 kt, while Ida was 125 kt at landfall, 316 

so it does not appear that storm intensity played a significant role in explaining the difference. 317 

The roughness length of the swampy marshlands of the Louisiana coast is ~0.05 cm, while the 318 

roughness lengths used in HN22 ranged between 5 and 50 cm. The sensitivity tests shown in 319 

HN22 showed that increasing the inland roughness length led to stronger inflow in the offshore 320 
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flow, stronger inward advection of angular momentum, and more supergradient flow at the top of 321 

the TCBL in the offshore quadrants of their simulated TCs. It is possible that, with a much 322 

smaller roughness length for Ida, the inward advection of angular momentum and supergradient 323 

flow was weaker than HN22, though that still does not explain why the maximum in tangential 324 

wind was seen further downstream (in fact inland) compared with HN22’s results. Further 325 

analysis and additional sensitivity tests could shed more light on these differences. 326 

 The analysis shown here extends upon that shown in HN22 by highlighting the changing 327 

importance of various physical processes in governing the structure of surface wind asymmetries 328 

prior to and during landfall. The location of the peak tangential wind and inflow is on the 329 

northeast side of Ida prior to landfall – to the right of the storm motion vector and to the left of 330 

the vertical shear vector, consistent with past studies examining the relationship between storm 331 

motion, vertical shear, and surface wind asymmetries. As Ida makes landfall, the location of the 332 

asymmetries shifts significantly, indicating the dominant effect of frictional differences in 333 

governing the structure of asymmetries in the wind field within and at the top of the TCBL at 334 

landfall.  335 

By providing observations of the three-dimensional structure of the wind field and its 336 

variation in time, the results shown here extend upon those comparisons shown in HN22. HN22 337 

uses buoy observations to compare inflow angles with their simulations. These buoys are fixed 338 

points in space, though they do provide time continuity. By contrast, the radar observations 339 

shown here show a fully three-dimensional field (subject to presence of scatterers), but these 340 

fields are essentially snapshots in time. Ideally, a combination of these types of observing 341 

systems would provide both spatial coverage and temporal continuity.  342 
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Additional cases, including more aircraft missions sampling TCs with a similar “coastal 343 

run” pattern during landfall, are needed to assess the robustness of the results shown here. An 344 

incorporation of land-based observational systems, similar to those studies described above, 345 

could fill in gaps in coverage from the aircraft (see, e.g., the lack of TCBL observations on the 346 

north and northwest sides of Ida in 29H) and provide observations of roll vortices, eye-eyewall 347 

mesovortices, and convective downdrafts and associated gusts to provide an unprecedented 348 

picture of the structure and evolution of the TCBL wind field and turbulent kinetic energy prior 349 

to, during, and after landfall. Such an analysis is crucial to assessing damage potential for 350 

landfalling TCs, from both wind and surge. 351 
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