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Abstract 19 

Aircrafts making landing and takeoff at Narita International Airport 20 

(Narita Airport) in Japan report frequently low-level wind shear (LLWS), a 21 

local variation of wind vector, with turbulence when the prevailing wind is 22 

southwesterly, which is crosswind to the runway direction. On 20 June 2012, 23 

an arrival aircraft at Narita Airport encountered a LLWS, which consisted 24 

of a sudden change of the wind vector from head wind component of 5 knots 25 

(2.6 m s-1) to tail wind component of 10 knots (5.1 m s-1), just before the 26 

touchdown and made a hard landing. None of cumulonimbus clouds, a front 27 

or a wind shear line was observed around the airport during her 28 

approaching and landing. Analyses of the data measured by the landing 29 

aircraft and the observations by the Doppler lidar at the airport revealed 30 

that the LLWS was caused by horizontal roll vortices, which developed in 31 

the atmospheric boundary layer (ABL) over the Shimofusa Tableland 32 

around the airport. The horizontal roll vortices had their axes nearly 33 

parallel to the mean wind direction, and their horizontal and vertical scales 34 

were approximately 800 m and 500 m, respectively. The present study 35 

demonstrated that existence of the horizontal roll vortices causing LLWS 36 
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can be effectively detected by a single-Doppler lidar which utilizes 37 

backscattering from aerosols. 38 

Although the LLWS associated with the horizontal roll vortices has smaller 39 

magnitude than those caused by a microburst, a gust front and a front, a 40 

landing aircraft just before touchdown encounters the horizontal roll vortices 41 

with much higher probability than the other phenomena mentioned here since 42 

the horizontal roll vortices occurs at a horizontal spacing of approximately 43 

800 m over a wide area during daytime of a clear day. 44 

 45 

Keywords   Atmospheric boundary layer; Horizontal roll vortices;  46 

Low-level wind shear; Doppler lidar; Narita International Airport  47 

 48 

 49 

1.   Introduction 50 

At about 0422 UTC (1322 LST) on 20 June 2012, an arrival aircraft 51 

encountered low-level wind shear (LLWS) which caused a sudden airspeed 52 

loss of 15 knots (7.7 m s-1) after passing the threshold of the landing runway 53 

at Narita International Airport (hereafter, Narita Airport) in Japan (Yoshino 54 
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and Sakamoto 2013). No convective or precipitating clouds including 55 

cumulonimbus were observed at the airport during her approaching and 56 

landing, suggesting that the cause of this LLWS was neither wet microburst 57 

nor gust front. Furthermore, an amount of cloud observed in the atmospheric 58 

boundary layer (ABL) was only 1/8. The routine aeronautical meteorological 59 

observation at 0430 UTC at Narita Airport reported that the surface wind 60 

observed by an anemometer at runway 34L was southwesterly, which is 61 

nearly perpendicular to the runway, of 16 knots (8.2 m s-1) with 29 knots (14.9 62 

m s-1) gust. And the Doppler lidar observations showed that several features 63 

of organized horizontal roll vortices (e.g., Wurman and Winslow 1998; 64 

Christian and Wakimoto 1989), which are accompanied by alternating high-65 

speed and low-speed wind bands oriented nearly parallel to the mean flow 66 

and the flows perpendicular to the mean flow, were present within the area 67 

of 15 km square including the final approach course and the runways at 68 

Narita Airport. Therefore, this case was examined on the hypothesis that the       69 

LLWS encountered by the landing aircraft was closely related to horizontal 70 

roll vortices. This may be why horizontal roll vortices which are not 71 

accompanied by clouds have not been recognized in relation to LLWS affecting 72 
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aircraft maneuvering. The main objective of this study is to reveal the 73 

existence and the structures of horizontal roll vortices that were not 74 

visualized by cloud streets but induced LLWS in a dry ABL.  75 

LLWS is a local variation of wind vector, which causes remarkable airspeed 76 

change of an aircraft including divergence and convergence at low altitude 77 

(below 1600 ft) (Tabata and Fujibe 2010). Especially when aircrafts are flying 78 

low altitude near the surface during landing and takeoff at low airspeed, 79 

significant loss of airspeed due to LLWS such as a sudden change from head 80 

wind to tail wind would cause a stall.  81 

Although LLWSs caused by microburst and gust front associated with 82 

cumulonimbus, fronts and topography are well known in aviation community, 83 

LLWS induced by the horizontal roll vortices has never been pointed out to 84 

the best of author’s knowledge. 85 

Horizontal roll vortices occur over oceans or lakes during cold air outbreaks 86 

(Walter 1980; Kelly 1982, 1984) and also over land heated by solar radiation 87 

(Brown 1970; LeMone 1973; Cristian and Wakimoto 1989) when general 88 

winds prevail. They have been frequently observed by satellites as cloud 89 

streets which are formed in the updraft regions of the roll circulation. In their 90 
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review article, Etling and Brown (1993) showed that horizontal scale (λ), 91 

vertical scale (H) and aspect ratio (λ/H) of these horizontal roll vortices range 92 

between 2 and 20 km, between 1 and 2 km and between 2 and 15 respectively 93 

(Fig. 1). Atlas et al. (1986) observed an ABL over the ocean during cold air 94 

outbreaks by an airborne lidar and found updrafts and downdrafts of 2～4 m 95 

s-1 associated with the horizontal roll vortices by in situ meteorological 96 

observations from an aircraft. They also captured existence of waves in the 97 

inversion layer above the vortices.  98 

Horizontal flows perpendicular to the roll axes during daytime were 99 

observed by Doppler radars through plan position indicator (PPI) scans 100 

(Christian and Wakimoto 1989) and through range height indicator (RHI) 101 

scans (Weckwerth et al. 1996). Weckwerth et al. (1997) showed that a 102 

moderate surface sensible heat flux and some vertical wind shear are 103 

necessary for sustaining horizontal convective rolls. 104 

On the other hand, there is a report of horizontal roll vortices that occur in 105 

a different environment from the studies described above. Wurman and 106 

Winslow (1998) observed boundary layer rolls in hurricane Fran, which made 107 

landfall near midnight, by Doppler on Wheels. The vertical and horizontal 108 
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scales of the rolls were 1000 m and 600 m, respectively, and the wind field 109 

below 500 m above ground level (AGL) exhibited small-scale spatial variations 110 

with alternating bands of intense and weak winds: the former having 40 to 111 

60 m s-1 occurred in downdraft regions and the latter having 15 to 35 m s-1 in 112 

updraft regions. The horizontal velocity associated with the cross-roll flow 113 

(CRF) perpendicular to the large-scale horizontal flow was estimated to be 3 114 

to 5 m s-1 based on measured Doppler velocity in the regions where the radar 115 

beams were oriented perpendicular to the rolls. This structure of the 116 

horizontal roll vortices suggest that an aircraft would encounter alternating 117 

strong and relatively weak crosswinds and would experience tail winds just 118 

after passing a peak of the crosswinds when it flies a course perpendicular to 119 

the roll axis at low altitude.  120 

Doppler lidar is effective for observing the organized structure in dry ABL 121 

even when Doppler radar cannot detect clear-air echoes due to backscattering 122 

from refractive-index variation or flying insects. Drobinski et al. (1998) 123 

observed the organized large eddies in the ABL by various instruments 124 

including a doppler lidar looking horizontally in the surface layer. Iwai et al. 125 

(2008) observed horizontal convective rolls in sea-breeze layer below 220 m 126 
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AGL by ground-based dual-Doppler lidar. Shun and Chan (2008) reported 127 

Doppler lidar observations of terrain-induced wind shear in dry weather at 128 

Hong Kong International Airport. 129 

It is noted that LLWS with remarkable turbulence has been frequently 130 

reported from aircrafts making landing and takeoff when strong 131 

southwesterly, which is crosswind to the runways, prevails at Narita Airport 132 

in Japan. In fact, another hard landing accident occurred in similar 133 

environment at Narita Airport in 1990 and resulted in damage to fuselage 134 

(Japan Transport Safety Board 1992). 135 

The structure of the present paper is as follows: In section 2, the 136 

observational data used for the analysis are described. In section 3, the 137 

topography around Narita Airport and synoptic situation are presented. In 138 

section 4, the vertical structure of the ABL and the LLWS are examined based 139 

on the flight data recorder (FDR) data. In section 5, the spatial structure of 140 

the horizontal roll vortices is examined based on the Doppler lidar 141 

observation. In section 6, the horizontal roll vortices and the induced LLWS 142 

are described. Finally, the findings and conclusions of the study are 143 

summarized. 144 
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 145 

2.   Observation and data used for the analysis 146 

2.1 FDR data 147 

The FDR data of the aircraft, which experienced this phenomenon, were 148 

used to analyze the structure of the ABL and the LLWS. This aircraft took 149 

her final approach course of 156° magnetic bearing and on glide slope of 3° 150 

established in the northwest quadrant of Narita Airport, and landed at 151 

Runway 16R at about 0422 UTC (1322 LST) on 20 June 2012. The ground 152 

speed of the aircraft was 74-80 m s-1 below 1500 ft (457 m) AGL. 153 

  Table 1 shows the FDR data used for the present analysis and their units 154 

recorded by the FDR. Note that 1 foot, 1 knot and 1 G are equivalent to 0.3048 155 

m, 0.5144 m s-1 and 9.807 m s-2, respectively.  156 

a. Altitudes 157 

The FDR recorded the flying height in term of pressure altitude (PA) and 158 

altitude measured by radio altimeter (RA). PA is the height above mean sea 159 

level (AMSL) derived from measured outside pressure and International 160 

Standard Atmosphere. RA is the distance between the aircraft and the surface 161 

just below the aircraft, which is measured precisely by electromagnetic waves 162 
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radiated from aircraft. RA was used for the analysis below 100 feet (30 m) 163 

above the runway.  164 

   165 

b. Wind and low-level wind shear 166 

 Wind direction and wind speed are obtained under the assumption of 167 

“Ground speed vector = Airspeed vector + Wind vector”. The magnitude of the 168 

wind shear encountered by the aircraft in the present study is determined by 169 

the variation of the head wind component, which is obtained from her 170 

airspeed and ground speed and, to which lift force is very sensitive. 171 

 172 

c. Aircraft vertical acceleration due to turbulence 173 

The vertical acceleration experienced by an aircraft fluctuates due to not 174 

only aircraft maneuvering including turns, but also vertical gust associated 175 

with turbulence consisting of distinctly short period fluctuations compared to 176 

those to the former.   177 

  When an aircraft experiences vertical gust ( w ) associated with turbulent 178 

air motions, an angle of attack ( ) is changed by an increment of   (Fig. 179 

2), resulting in a sudden increment of the lift coefficient
LC . The increment 180 



11 

 

LC  causes a fluctuation of lift ( L ), and then the aircraft responds to the 181 

fluctuation as vertical acceleration ( VA ) in a short period. In reality, this 182 

acceleration is slightly alleviated depending on the characteristics of the 183 

airframe, but the qualitative analysis of the effects of turbulence would not 184 

be changed.  L , 
LC   and VA  are written as  185 

L=
1

2
𝐶𝐿𝜌𝑉2S       (1) 186 

∆𝐶𝐿=
𝜕𝐶𝐿

𝜕𝛼
∆𝛼        (2) 187 

  𝐴𝑉 = 𝑔 (1 +
∆𝐶𝐿

𝐶𝐿
)    (3)

 
188 

 
189 

where 
LC
 
is the lift coefficient before experiencing the vertical gust, V  is 190 

airspeed,   is air density, S  is wing area, 
V

w
rad


= )(  and 𝑔  is 191 

acceleration of gravity.  192 

 193 

2.2 Doppler lidar  194 

A Doppler lidar (hereafter simply referred to as lidar) which detect 195 

backscatters from aerosols has been installed and operated to surveil LLWS 196 

and turbulence in clear-air at Narita Airport (Yamamoto 2009). It operates at 197 

a wavelength of 2.0 μm, with a range resolution of 100 m and maximum 198 
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range of up to 10 km. This lidar is automatically operated 24-hour a day 199 

according to a prescribed scan strategy which include PPI scans at elevation 200 

angle of 1°, 2° and 3° and RHI scans parallel to the runway direction at 201 

azimuth of 336° magnetic bearing. The lidar observes Doppler velocity and 202 

Doppler spectrum width (DSW) which indicates the intensity of turbulence. 203 

DSW is defined by the width of Doppler frequency spectrum for which the 204 

signal intensity becomes 3 dB lower than its maximum.  205 

Some scattered clear-air echoes were detected by the Doppler Radar for 206 

Airport Weather (DRAW) at Narita Airport, but they were too sparse to be 207 

used for analyzing the present meteorological event. Since there were almost 208 

no cloud and precipitation during the period, the doppler lidar was the only 209 

observational equipment that can capture the organized structure in the ABL.  210 

  Figures 3 and 4 show the location of the lidar site and the spatial relations 211 

among the final approach course of the runway 16R, the threshold of the 212 

runway 16R, lidar PPI scan beams (elevation angle of 1° and 3 °), lidar RHI 213 

scan beam (azimuth of 336 ° magnetic bearing) and glide slope of 3 °. The 214 

height of the transmitter and receiver of the lidar is at 13.9 m above the 215 

threshold of the runway 16R. The north of the lidar PPI is directed to 216 
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magnetic north and magnetic variation at Narita Airport is 7° W when this 217 

event occurred. A landing aircraft approaches on glide slope of 3° and lands 218 

at the runway after passing the runway threshold at 50 feet (15 m) AGL. 219 

   220 

2.3 Surface wind 221 

There were four anemometers that observed instantaneous wind recorded 222 

every 3 seconds, 2 minutes average wind and 10 minutes average wind near 223 

the ends of 2 runways of 16R/34L and 16L/34R at Narita Airport. The 224 

locations of the runway 16R/34L and the runway 16L/34R may be found later 225 

in Figs. 15 and 17. The wind data at the nearest position to the touch down 226 

point on the runway 16R were mainly used for the present analysis. The 227 

height of the anemometer is at 9.6 m AGL (Fig. 3).   228 

 229 

3.   Environment 230 

3.1 Topography 231 

Narita Airport is located at approximately 40 m AMSL on the Shimofusa 232 

Tableland in the Kanto Plain. It is adjacent to the lowlands of the Tone River 233 

to the north, the Lake Inba to the west, the Kujyukuri coast to the east, and 234 
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broad land to the southwest of windward that faces the Tokyo Bay (Figs. 5 235 

and 6). 236 

The Shimofusa Tableland is macroscopically fairly flat, but is 237 

microscopically rugged due to many shallow valleys running in all directions, 238 

where the elevation difference between the top of the tableland and the 239 

bottom of the valleys is about 30 m. 240 

       241 

3.2 Synoptic situation 242 

An extratropical cyclone transitioned from a tropical cyclone (998 hPa) was 243 

located in the Pacific Ocean east of the Tohoku District, and another 244 

extratropical cyclone (996 hPa) in the Sea of Japan was moving east at 06 245 

UTC (15 LST) on 20 June 2012 (Fig. 7). Though a cold front extending 246 

southwestward from the center of the former cyclone is drawn in Fig. 7, it was 247 

not distinct around the Kanto District because no discontinuities in the 248 

temperature and wind fields appeared there. The latter cyclone strengthened 249 

the southwesterly flow in the southern Kanto Plain between the surface and 250 

850 hPa (Fig.8).  A presence of a cyclone in the Sea of Japan is a typical 251 

situation in which strong southwesterly prevails in the southern Kanto Plain.  252 
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 253 

3.3 Local meteorological conditions 254 

Figure 9 shows wind and temperature distributions observed by AMeDAS 255 

(Automated Meteorological Data Acquisition System) stations in the area 256 

including Narita Airport at 04 UTC (13 LST) on 20 June 2012. Southwesterly 257 

winds prevailed in the southern Kanto Plain and a region of wind speed 258 

exceeding 7 m s-1 was distributed over the Shimofusa Tableland including 259 

Narita Airport. A shear line running from southeast to northwest across the 260 

coastline was located about 50 km north of Narita Airport. However, there 261 

was no discontinuity in the wind field within 50 km from the airport. 262 

  The hourly sunshine duration, which contributes to unstable stratification, 263 

observed at AMeDAS stations around Narita Airport was 0.7-1.0 hour 264 

between 01 and 03 UTC (10 and 12 LST) and 0.0-0.4 hour between 04 and 05 265 

UTC (13 and 14 LST). The sunshine duration and the global solar radiation 266 

observed at Tateno at 05 UTC (14 LST) were 0.6 hour and 2.49 MJ/m2, 267 

respectively (Table 2). 268 

   269 

3.4 Geostationary satellite images, vertical sounding and radar observations  270 
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The visible image of MTSAT-2 at 0430 UTC (1330 LST) shows a cloud area 271 

with the longitudinal and latitudinal dimension of approximately 50 km at 272 

around Narita Airport (Fig. 10).   273 

  According to the upper-air observation at Tateno at 00 UTC (09 LST), the 274 

convective mixed layer developed from surface (995 hPa) to 907 hPa with 275 

nearly adiabatic lapse rate (Fig. 11). The convective mixed layer was capped 276 

by an inversion layer and the local maximum wind speed of 28 knots (14.4 m 277 

s-1) appeared at 919 hPa around the bottom of inversion layer. The convective 278 

mixed layer was dry with dew point depression of 4.8-10.0℃. The lifting 279 

condensation level was 855 hPa and no level of free convection existed. The 280 

moist layer was observed only at around 500 hPa. Routine weather 281 

observation at Narita Airport at 0400 UTC (1300 LST) reported 282 

stratocumulus with cloud amount of 1/8 and cloud bases of 2500 feet (762 m) 283 

AGL in the ABL, and altocumulus with cloud amount of 5/8 and cloud bases 284 

of 18000 feet (5486 m) AGL (approximately at 500 hPa). Therefore, it is 285 

considered that the cloud area observed by the satellite around Narita Airport 286 

corresponds to the moist layer between 500 hPa and 437 hPa in the upper-air 287 

observation. These observations show that no cloud streets appeared in the 288 
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ABL. 289 

   290 

3.5 Surface wind 291 

Figure 12 shows the wind direction, the wind speed, the gust factor and the 292 

wind component in the runway direction, which were observed at runway 16R 293 

for 1 hour including the landing time of the aircraft. The wind direction and 294 

speed of the surface wind at 0422 UTC (1322 LST) when the aircraft landed 295 

was 235° (magnetic bearing) and 11 knots (5.7 m s-1), respectively, with gust 296 

of 23 knots (11.8 m s-1) and gust factor of 2.09. The gust factors during this 1 297 

hour were between 1.67 and 2.67 indicating persistence of remarkably 298 

turbulent flow. A tail wind component of 5 knots (2.6 m s-1) or greater 299 

appeared intermittently.      300 

According to the statistics for 7 years at Narita Airport (Narita Aviation 301 

Weather Service Center 2004) between 1996 and 2002, the gust factor when 302 

the wind direction is from southwest quadrant is 1.67 to 1.71, while that at 303 

Chubu International Airport (near Nagoya) surrounded by the sea is 1.17 to 304 

1.30 (Chubu Aviation Weather Service Center 2016) which is 10 years 305 

statistics between 2005 and 2015. Thus, Narita Airport under a 306 
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southwesterly wind condition is characterized by stronger turbulence.      307 

 308 

4.   FDR data analysis 309 

4.1 Temperature and potential temperature 310 

  Fig. 13a and 13d show the vertical distributions of static air temperature 311 

and potential temperature, respectively, obtained from the FDR. The 312 

convective mixed layer (ML), the entrainment zone (EZ) and the free 313 

atmosphere (FA) analyzed from their distributions are also indicated. The EZ 314 

is characterized by a temperature inversion and its top was about 938 m AGL. 315 

The fluctuation of potential temperature in the ML is much greater than that 316 

in the FA (Fig. 13d). In particular it reaches 1.2 K near the surface, suggesting 317 

the presence of strong vertical mixing there. 318 

 319 

4.2 Winds 320 

  A low-level jet with maximum wind speed of 52 knots (26.8 m s-1) was 321 

present between 524 m and 700 m AGL which corresponded to the upper ML 322 

and the EZ. It is accompanied with significant vertical wind shear reaching 323 

16.5 knots/1000 feet (2.78× 210−  s-1) through the ML (Fig. 13c). A similar 324 
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wind speed maximum also was present in the upper-air observation at Tateno 325 

(Fig. 11). The development of horizontal roll vortices in the ML under vertical 326 

wind shear is consistent with the previous theoretical studies on thermal 327 

convection (e.g., Asai 1970).    328 

  The mean wind direction in the ABL was 230° (magnetic bearing 237°) and 329 

that in the FA was 250° (magnetic bearing 257°): i.e., veering of about 20° 330 

near the top of the ABL.  331 

 332 

4.3 Aircraft vertical acceleration 333 

  The vertical acceleration recorded 8 times a second by the FDR of the 334 

aircraft penetrating through the ABL gives direct meteorological data 335 

indicating turbulence. Figure 13e shows the vertical distribution of the 336 

aircraft vertical accelerations, where the maximum values for each second are 337 

plotted. Although the fluctuations of the aircraft vertical acceleration were 338 

small in the FA and the EZ, they became very large in the ML and reached 339 

±0.3 G near the surface.  340 

 341 

4.4 LLWS 342 
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In the present analysis the magnitude of the LLWS encountered the 343 

aircraft is defined as the variation of head wind component obtained by the 344 

following relation as mentioned in section 2.1 b: 345 

Head wind component = Airspeed (CAS) –Ground speed (GS). 346 

Note that, if CAS is greater (smaller) than GS, the aircraft experiences head 347 

(tail) wind. 348 

Figure 14 shows the CAS and the GS at every second during the landing. 349 

The LLWS was characterized by a change from the head wind component of 350 

5 knots (2.6 m s-1) at passing the runway threshold to the tail wind component 351 

of 10 knots (5.1 m s-1) just before the touch down in 5 seconds. The distance 352 

between the threshold and the touch down point was approximately 400 m. 353 

Therefore the magnitude of the horizontal wind shear was 15 knots/400 m 354 

and equivalent to 1.9× 210−  s-1.  355 

According to the routine and special aeronautical meteorological 356 

observation reports for Narita Airport on 20 June 2012, many aircrafts 357 

making landing and takeoff at the runways 16R and 16L from 0605 LST to 358 

1757 LST reported frequent encounters with LLWS and moderate turbulence. 359 

The changes in air speed of the aircrafts due to the LLWS were typically 360 
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between ±10 and ±20 knots (5.1 and 10.3m s-1) at 300 feet (91 m) AGL or below. 361 

Furthermore, five landing aircrafts including two aircrafts approaching 362 

runway 16L made go-around due to wind shear between 1000 LST and 1500 363 

LST on 20 June 2012 (Japan Transport Safety Board 2016). 364 

 365 

5.   Doppler lidar observation and analysis 366 

5.1 Doppler velocity  367 

a. High-speed wind bands parallel to the mean flow as revealed from PPI 368 

scans 369 

Figure 15 shows the lowest 1°-elevation PPI scan of Doppler velocity at 370 

04:22:20 UTC (13:22:20 LST) on 20 June 2012 when the aircraft encountered 371 

the LLWS and landed at Narita Airport. The southwest quadrant of the PPI 372 

scan was in a shadow of obstacles. In order to analyze the feature of the wind 373 

speed, the sector between magnetic bearing of 022° and 082° which was 374 

nearly parallel to the wind direction from magnetic bearing of 232° was 375 

examined, where the Doppler velocity is between 86.6 % (cos 30°) and 100 % 376 

(cos 0°) of the actual wind speed. 377 

The PPI scan of the Doppler velocity clearly shows the existence of 378 
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alternating high-speed and low-speed wind bands, which were oriented 379 

nearly parallel to the mean flow. The spacing between the adjacent high-380 

speed wind bands perpendicular to the line A, B and C was about 700-900 m. 381 

The Doppler velocities along the high-speed wind bands were between 15.0 382 

and 20.0 m s-1
 and those in the relatively low-speed wind bands between 5.0 383 

and 10.0 m s-1. The ratio of wind speeds in these two kinds of bands was 384 

approximately 2.0 and is almost similar to the boundary layer rolls observed 385 

in the hurricane (Wurman and Winslow 1998) though their formation 386 

mechanisms seem to be different. The height of the lidar beams at the 387 

crossing points between the line A, B, C and the centerlines of the high-speed 388 

wind bands are 56～105 m AGL, which is the lower part of the ML.  389 

Three of these high-speed wind bands appeared on the runway 16L/34R 390 

which has a length of 2500 m and is located at approximately 3.5 km north-391 

northeast of the runway 16R/34L.  392 

   393 

b. Flow perpendicular to the mean flow on PPI scans 394 

The Doppler velocity along the magnetic bearing of 322°, which is 395 

perpendicular to the mean flow, in Fig. 15 indicates alternating patterns of 396 
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FTL (Flow toward LIDAR) and FAL (Flow away from LIDAR). Christian and 397 

Wakimoto (1989) also observed the similar patterns caused by the counter-398 

rotation of the horizontal convective rolls by a Doppler radar.  399 

The numbered red circles in Fig. 15 indicate that the FTLs existed at a 400 

horizontal spacing of 700～900 m within 5 km range. The Doppler velocities 401 

of FTLs and FALs were between -1.0 and -5.0 m s-1 and between +1.0 and +5.0 402 

m s-1, respectively, at the beam height of 18-94 m AGL.  403 

     404 

c. RHI scans  405 

Figure 16 shows an RHI scan of the Doppler velocity at an azimuth of 336° 406 

magnetic bearing which is parallel to the final approach course of the aircraft 407 

and the runway 16R, at 04:22:54 UTC (13:22:54 LST) on 20 June 2012. This 408 

azimuth of RHI scan is 14° to the east of the magnetic bearing of 322° which 409 

is perpendicular to the mean flow. 410 

Figure 16 shows that the FAL below 900 m AGL and the FTL above 900 m 411 

AGL correspond to the wind directions of 237 ° in the ABL and 257° in the FA 412 

which were measured by the aircraft. Note that the former was directed 413 

slightly to the lower pressure side by 20° from the latter.  Thus, the height 414 
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of 900 m AGL seem to be nearly consistent with the height of the ABL top 415 

obtained from FDR. Undulations of the near zero Doppler velocity zones 416 

existed in the range of between 2 and 5 km in the upper ABL, suggesting 417 

existence of atmospheric waves as shown by Atlas et al. (1986). 418 

 419 

5.2 Doppler spectrum width   420 

When the ABL is moist, an organized structure such as horizontal roll 421 

vortices can be visualized as cloud streets that form in the region of the 422 

updraft. However, no cloud formation was observed in the present case since 423 

the ABL was fairly dry. Here we attempt to obtain some information about 424 

the vertical flow from the Doppler spectrum width (DSW) which gives a 425 

measure of turbulence intensity. According to the vertical acceleration of the 426 

aircraft recorded by the FDR (Fig. 13e), the turbulence intensity was 427 

minimum at the upper ML, increased to reach a maximum near the surface.     428 

When horizontal roll vortices are present, downdrafts (updrafts) in their 429 

circulation would transport less (more) turbulent air downward (upward). 430 

Although the turbulence energy can be generated locally and be advected 431 

horizontally, the vertical advection described above would tend to produce 432 
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bands of DSW minimum and maximum which are aligned in the mean wind 433 

direction and appear alternatively in the cross-stream direction. If such a 434 

DSW pattern is formed instead of cloud streets, it would give useful 435 

observational information to infer vertical flows.  436 

In the present study the observation data detected by a 3°-elevation PPI 437 

which was scanning near the mid-level of the ML was examined because the 438 

feature of DSW pattern described above is indistinct in the lower ML where 439 

surface-generated turbulence is dominant. 440 

 441 

a. PPI scans 442 

A 3°-elevation PPI scan of DSW at 04:21:11 UTC (13:21:11 LST) on 20 June 443 

2012 (Fig. 17) in fact shows bands of DSW minimum and maximum and their 444 

axes were parallel to the mean flow. These bands alternatingly appeared in 445 

the direction perpendicular to the mean flow. Note that the height of the 3°-446 

elevation angle at 5 km range is 276 m AGL, which corresponds to the mid-447 

level of the ML. The bands of DSW minimum (hereafter referred to as DSW 448 

minimum bands) were particularly distinct and the spacing between the 449 

adjacent bands along the line A were approximately 800 m. The DSW 450 
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minimum bands did not always exhibit homogeneous band-like structure and 451 

consisted of several blocks of small DSW that are aligned nearly in a straight 452 

line, possibly reflecting inhomogeneity of the vertical flows or some other 453 

factors. In the present study, this straight line is denoted as the centerline of 454 

DSW minimum band, accordingly. 455 

The DSW minimum bands as indicated by circles along the line A (Fig. 17) 456 

correspond to the high-speed winds bands in Fig. 15, where the line A and the 457 

numbered black circles in Fig.15 are colocated with those in Fig. 17.  458 

Furthermore, one DSW minimum block and two DSW minimum bands 459 

located on the runway 16L/34R corresponded distinctly to the high-speed 460 

wind bands in Fig. 15. The fact that the DSW minima bands colocated with 461 

the high-speed wind bands may suggest that these bands are associated with 462 

downdrafts transporting the large momentum of the low-level jet and the air 463 

with weak turbulence in the upper ML. 464 

The large DSWs were found within the circle indicated by the white thick 465 

dashed line in Fig. 17. The beam height at the circle is about 50 m AGL. This 466 

may be interpreted that strong turbulence exists near the surface everywhere 467 

but is not confined to vicinity of the lidar site. 468 
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The white thin circles in Fig. 17 indicate the FTLs on the line perpendicular 469 

to the mean flow in Fig. 15. The FTLs were in the lidar side of the centerlines 470 

of DSW minimum, suggesting that DSW were smaller along the lines where 471 

downdrafts associated with the horizontal roll vortices were expected. This 472 

feature was distinct except for the FTLs numbered 1 and 2 where turbulent 473 

air flow prevailed near the surface. 474 

 475 

b. RHI scans 476 

Figure 18 shows the RHI scan of DSW at azimuth of 336°magnetic bearing, 477 

which is parallel to the final approach course and the runway 16R, at 04:22:54 478 

UTC (13:22:54 LST)  on 20 June 2012. The numbered white arrows indicate 479 

the DSW minima which appeared periodically at a spacing of 600-900 m in 480 

the mid and lower parts of the ML. It is suggested that the less turbulent air 481 

parcels at the upper ML were sinking in the downdraft regions of the roll 482 

circulations. In particular, DSW minimum 1 which had nearly the same DSW 483 

value as the FA was found to intrude into below 200 m AGL right above the 484 

threshold of the runway 16R. The numbered red belts attached at the bottom 485 

of Fig. 18 are the locations of the FTL, which are estimated by shifting the 486 
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red circles in Fig. 15 to the RHI azimuth of 336° along the centerlines of DSW 487 

minimum bands. It is seen that the FTLs shown by red belts were located 488 

slightly in the lidar side of or nearly colocated with DSW minimum in the ML.  489 

Figure 19 shows a similar plot as Fig. 18 except 3 minutes later. Three 490 

remarkable DSW maxima extending from the surface to near top of the ML 491 

with a spacing of 900-1000 m existed between 4 and 7 km range. They were 492 

detected at nearly same positions as relatively large DSWs shown in Fig. 18. 493 

It suggests that the strong turbulence generated near the surface was 494 

transported upward in updraft regions of the roll circulations and the 495 

positions of roll circulations were almost stationary for at least 3 minutes. 496 

In addition, Fig. 19 shows the small DSW distributed from top of the ML to 497 

approximately 250 m AGL and the large DSWs near the surface between 1.3 498 

km range and runway threshold. Figure 20 shows that a 1°-elevation PPI scan 499 

33 seconds prior to Fig. 19 detected large DSWs colocated with the high-speed 500 

wind band close to the runway threshold. Figs. 19 and 20 suggest that the 501 

strong turbulence in thin layer near the surface was generated by the high-502 

speed winds caused by the downdraft transporting high momentum in the 503 

upper ML downward.  504 
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 505 

6.    LLWS induced by the horizontal roll vortices 506 

a. Structure of the horizontal roll vortices 507 

Shown in Fig. 21 and Table 3 are the schematic and the characteristics of 508 

the horizontal roll vortices observed at Narita Airport on 20 June 2012. The 509 

ML having a nearly dry adiabatic lapse rate developed beneath the inversion 510 

layer. The thickness of the ML was approximately 500 m and the top of the 511 

ABL was approximately 900 m AGL.  512 

The horizontal roll vortices having their axes in the direction of the mean 513 

flow and having alternating rotational directions appear to be generated due 514 

to daytime surface heating under the significant vertical wind shear (~3×515 

10−2 s-1) in the ML which is greater than that reported by Weckwerth et al. 516 

(1997) (~2×10−3 s-1). The horizontal scale λ of a pair of counter-rotating 517 

vortex rolls, which is also the distance between adjacent high-speed wind 518 

bands, was approximately 800 m. The high-speed (low-speed) wind bands 519 

which were parallel to the rolls and should be caused by downdrafts (updrafts) 520 

transporting high (low) momentum in the upper ML (near the surface) 521 

downward (upward), appeared alternately in the direction perpendicular to 522 
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the mean flow. The cross-roll flows (CRFs), which are the flows perpendicular 523 

to the roll axis and had an amplitude of about 5 m s-1 in the lower ML (Fig. 524 

15), formed the LLWS in narrow distance within λ. 525 

PPI scans of the Doppler lidar further show that the high-speed wind bands 526 

colocated with the DSW minimum bands and the relatively low-speed wind 527 

bands with the DSW maximum bands. This is possibly because more 528 

turbulent air generated near the surface was transported upward by the 529 

updrafts in roll circulations, and less turbulent air in the upper ML was 530 

transported downward by downdrafts.  531 

When an aircraft making landing flies at ground speed of 155 knots (80 m 532 

s-1) through the ML where the mean flow is perpendicular to the final 533 

approach course, she would repeatedly experience a cycle of “an updraft with 534 

relatively weak crosswinds and strong turbulence”, “a head wind of CRF”, “a 535 

downdraft with strong crosswinds and relatively weak turbulence” and “a tail 536 

wind of CRF” at a period of approximately 10 seconds. In addition to this 537 

LLWS, she would continuously experience the strong turbulence near the 538 

surface (e.g., below 50 m), where the turbulence in the lowest part of the 539 

downdraft regions are more intense than that in the lowest part of the updraft 540 
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regions as described in 5.2 a and 5.2 b. The distribution of the turbulence 541 

intensity in the thin layer near the surface is different from that in above that 542 

layer in ML.  543 

Wavy undulations existed in the EZ characterized by an inversion. Using 544 

an airborne lidar, Atlas et al. (1986) reported 1-2 km scale roll vortices and 545 

corresponding undulations of the inversion with amplitude of 150-200m at 546 

boundary between FA and ABL, together with entrainments across the 547 

entrainment zone.   548 

 549 

b. LLWS induced by the horizontal roll vortices 550 

In order to analyze the structure of the LLWS induced by horizontal roll 551 

vortices in more detail, the region adjacent to the runway threshold in Figs. 552 

18, 15 and 17 are enlarged in Fig. 22a, b and c, respectively. A high-speed 553 

wind band with a width of approximately 200 m (Fig. 22b) and the DSW 554 

minimum region with dimension of approximately 360 m×710 m (Fig. 22c) 555 

appeared at the same location adjacent to the runway threshold. Fig. 22a 556 

indicates that the space of the DSW minimum in RHI scans appeared just 557 

above the runway threshold and suggests that the air parcels in the upper 558 
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ML was transported downward to approximately 150 m AGL or lower.  559 

Furthermore, the DSW minimum close to the runway threshold shown in Fig. 560 

22c was detected at approximately 30 m AGL which suggests that the 561 

downdraft extended to near the surface.  562 

Fig. 23 shows the lowest 1°-elevation PPI scan of DSW at 04:22:20 UTC 563 

(13:22:20 JST). The large DSWs indicating intense turbulence were detected 564 

on the high-speed wind band across the runway threshold (Fig. 22b). The 565 

height of the lidar beams crossing these large DSWs on the final approach 566 

course are below 30 m AGL. 567 

Figure 24 shows the schematic of the LLWS induced by the horizontal roll 568 

vortices as revealed from Figs. 14, 21, 22 and 23. The landing aircraft 569 

experienced a tail wind immediately after passing the downdraft region with 570 

high-speed crosswinds and intense turbulence, which was approximately 200 571 

m in width. The distance between the runway threshold and the touch down 572 

point was approximately 400 m, which was about a half of the horizontal scale 573 

λ  of the horizontal roll vortices. The velocity of the tail wind almost 574 

corresponded to CRF velocity observed by the lidar. In addition to LLWS, the 575 

aircraft should experience the change in airspeed due to the intense 576 
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turbulence near the surface during her landing. When a high-speed wind 577 

band is located at the runway threshold, a landing aircraft would 578 

simultaneously encounter strong crosswind and intense turbulence followed 579 

by tail wind with relatively weak crosswind just before touchdown.  580 

Additionally, Figs. 20, 22b and 23 provide an observational information that 581 

the high-speed wind band causing large DWSs shifted about 400m from the 582 

runway threshold to the north in 2 minutes 28 seconds. It suggests a temporal 583 

variation of the LLWS by roll drift (Drobinski et al. 1998). 584 

Another hard landing event had occurred at Narita Airport at about 05:12 585 

UTC (14:12 LST) on 24 March 1990 (Japan Transport Safety Board 1992). 586 

The landing aircraft experienced a sudden weakening of the southwesterly 587 

crosswind of 40 knots (20.6 m s-1) and the significant wind direction change at 588 

15 m AGL followed by a temporary tail wind at 12 m AGL. During the landing 589 

the airspeed of the aircraft decreased 12 knots (6.2 m s-1) in 1 second. The tail 590 

wind experienced immediately after passing crosswind peak is similar to the 591 

structure shown in Fig. 24.  592 

 593 

７.   Discussion  594 
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In the present study, the existence and the structure of the horizontal roll 595 

vortices were revealed by the analysis of the FDR data and the lidar 596 

observations which captured their unique features of the high-speed wind 597 

bands, the CRFs and the DSW minimum bands in PPI scans, and DSW 598 

distributions suggesting vertical flows in RHI scans. Especially the CRFs as 599 

horizontal components and the DSW minimum bands as vertical components 600 

of vortices, respectively, indicated the existence of the roll circulations having 601 

horizontal axes. And it is proposed that DSW minimum bands collocated with 602 

high-speed wind bands could be used as indicators of downdrafts of the 603 

horizontal roll vortices in a similar way as cloud streets indicating updrafts 604 

of roll circulations, because the downdrafts transport downward the less 605 

turbulent air with large momentum of the low-level jet in the upper ML. This 606 

relation between downdrafts and high-speed wind bands is similar to that in 607 

horizontal rolls in a hurricane boundary layer (Wurman and Winslow 1998) 608 

although the cause of the rolls seems to be different. It seems that the large 609 

gust factors of surface winds such as 2.0 or greater were caused by not only 610 

the roughness of the topography but also the downward transport of 611 

momentum of the low-level jet due to the downdrafts of roll circulations. 612 
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The horizontal and vertical scales of the horizontal roll vortices were 613 

smaller than the majority of previous studies except in Wurman and Winslow 614 

(1998) for which they are 1000m or less. The horizontal scale of approximately 615 

800 m in the present case caused the LLWS in a narrow space between the 616 

runway threshold and the touch down point. 617 

In the downdraft region of the roll circulation, the turbulence is intensely 618 

generated in the thin layer near the surface, though the less turbulent air 619 

space is distributed in deep layer right above that thin layer in the ML. 620 

It was also revealed that the LLWS encountered by the aircraft was due to 621 

the CRFs associated with the organized horizontal roll vortices as analyzed. 622 

The LLWS caused the change of the airspeed of 15 knots (7.7 m s-1) which was 623 

less than those caused by a microburst, a gust front, a cold front and so on: 624 

For example, wind shear due to a microburst can easily exceed 50 knots (25.7 625 

m s-1) (Fujita 1985). However, horizontal roll vortices occur in an ABL over a 626 

wide area with small spacing and last during a period ranging from several 627 

hours to a half day depending on a synoptic situation, so that a probability 628 

that landing aircrafts encounter the LLWS would be much higher than those 629 

caused by a microburst, a gust front, a cold front and so on. 630 
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When the wind direction is perpendicular to the runway at Narita Airport, 631 

rolls with their axes aligned with the mean wind develop. A landing aircraft 632 

below 15 m AGL would experience flow changes from head wind component 633 

to tail wind component in approximately 400 m. Consequently, the landing 634 

aircraft decreasing her air speed to land experiences further loss of airspeed 635 

right before the touchdown. This kind of LLWS might occur at the airports 636 

other than Narita Airport under the condition of strong crosswind to their 637 

runways in daytime on a clear day. However, the LLWS causing hard landing 638 

at those airports could not be examined by the same method as the present 639 

study because the Doppler lidars for routine observation have been installed 640 

at only 3 major airports including Narita Airport in Japan. Then it is expected 641 

that a numerical simulation would be an effective method to examine the 642 

LLWS.        643 

While the present study examined an LLWS event associated with 644 

horizontal roll vortices and strong turbulence in the condition of strong 645 

southwesterly wind and daytime unstable stratification, similar structure in 646 

the ABL have been found by lidar observation and the FDR data at Narita 647 

Airport even when the wind directions were different from the southwesterly 648 
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(Yoshino et al. 2013): e.g., in conditions of northwesterly under a winter 649 

pressure pattern and northeasterly caused by a cyclone propagating along the 650 

southern coast of the Japanese island. Since the stratification is not unstable 651 

for these conditions, a further study on roll vortices in various environments 652 

is desired to clarify whether the horizontal roll vortices and/or topography of 653 

the Shimofusa Tableland with shallow valleys are responsible for the LLWS, 654 

remarkable turbulence, and large gust factors.  655 
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Figures 738 

 739 

 740 

Fig. 1.  Schematic of horizontal roll vortices in the planetary boundary layer 741 

(Etling and Brown 1993).  742 

 743 

 744 

Fig. 2.  The increment   in angle of attack   when an aircraft 745 

encounters fluctuating vertical wind w in turbulent air. V is airspeed of an 746 

aircraft. 747 

 748 
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 749 

Fig.3.  The geographical relations among anemometer (WIND), Doppler lidar 750 

(LIDAR), landing runway 16R (RWY16R), threshold of runway 16R (THR), final 751 

approach course (magnetic bearing 156 °), and azimuth of lidar RHI scans 752 

(magnetic bearing 336°). AMSL means the elevation above mean sea level. 753 

 754 

 755 

Fig. 4.  Schematic of relative locations among Doppler lidar (LIDAR), landing 756 

runway16R (RWY16R), threshold of runway 16R (THR), lidar PPI beams at 757 
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elevation angle of 1° (EL1) and 3° (EL3), and glide slope (3°) for runway 16R. 758 

AGL and AMSL mean the elevation above ground level and above mean sea 759 

level, respectively. 760 

 761 

 762 

  763 

Fig. 5. Map of Japan.  Solid line rectangular domain indicates the area of 764 

Fig. 6.  765 
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 766 

  767 

Fig. 6.  Topography of the Shimofusa Tableland and its surroundings. The 768 

plus marks with characters show the location of airports (N: Narita Airport, 769 

H: Haneda Airport), JMA’s AMeDAS stations (T: Tsukuba, R: Ryugasaki, K: 770 

Katori, S: Sakura, Y: Yokoshibahikari) and upper-air sounding station (T: 771 

Tateno, the location is same as the Tsukuba AMeDAS station).  772 
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 773 

Fig. 7.  Surface synoptic weather map at 06 UTC (15 LST) on 20 June 2012 774 

(Courtesy of the Japan Meteorological Agency). 775 

  776 

Fig. 8.  850hPa synoptic weather map at 00 UTC (09 LST) on 20 June 2012 777 

(Courtesy of the Japan Meteorological Agency). 778 



46 

 

 779 

 780 

Fig. 9.  Surface winds and temperatures (℃) observed by the JMA’s AMeDAS 781 

at 0400 UTC (1300 LST) on 20 June 2012 . Wind bard and flag indicate wind 782 

speed of 2 m s-1 and 10 m s-1, respectively. The dashed line shows the shear 783 

line analyzed from AMeDAS observations. The plus mark with character N 784 

shows the location of Narita Airport. 785 

 786 
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 787 

Fig. 10.  Visible image of MTSAT-2 at 0430 UTC (1330 LST) on 20 June 2012. 788 

The red circle indicates the location of Narita Airport. 789 

 790 
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 791 

Fig. 11.  Upper-air sounding at Tateno about 40 km northwest of Narita 792 

Airport at 00 UTC (09 LST) on 20 June 2012 (quotation from the Wyoming 793 

Univ. web site: http://weather.uwyo.edu/upperair/sounding.html) 794 

 795 

 796 

 797 

 798 

Fig. 12.  Wind direction (WD), wind speed (WS), gust factor (GF) and runway-799 

direction wind component of instantaneous winds (WC) observed by the 800 

http://weather.uwyo.edu/upperair/sounding.html
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anemometer of runway 16R at Narita Airport from 0350 to 0450 UTC (1250 801 

to 1350 LST) on 20 June 2012. Thick line and thin line in WD and WS 802 

diagrams indicate 10 minutes average value and instantaneous value, 803 

respectively. Gust factors are derived from 10 minutes average winds. 804 

Positive and negative values of wind component correspond to head and tail 805 

wind components, respectively. The landing time is indicated by the arrow 806 

and solid line with the characters LDG.  807 

 808 
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 809 

 810 

 811 

 812 

 813 

 814 

 815 

 816 

 817 

Fig. 13.  Vertical profiles of (a) outside temperature, (b) wind direction, (c) 818 

wind speed, (d) potential temperature, (e) vertical acceleration measured by 819 

the aircraft landed at Narita Airport at about 0422 UTC on 20 June 2012. (a) 820 
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is static air temperature and (b) is in true bearing. The vertical axis is the 821 

recorded pressure altitude, where its value at the touchdown point on the 822 

runway 16R (130 feet AMSL) was 545 feet. The letters FA, EZ, ML and GL denote 823 

the free atmosphere, the entrainment zone, the convective mixed layer and 824 

ground level.   825 

  826 

Fig. 14.  Height above the surface as measured by radio altimeter (upper 827 

panel), and air speed (CAS, solid line) and ground speed (GS, dashed line) of 828 

the landing aircraft (lower panel). The horizontal axis is time (in second). THR 829 

indicates the runway threshold that the landing aircrafts passed at RA 50 ft. 830 

 831 
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 832 

Fig. 15.  1°-elevation PPI scan of Doppler velocity at 04:22:20 UTC (13:22:20 833 

LST) on 20 June 2012. The black thin dot lines indicate centerlines of the 834 

high-speed wind bands oriented 232°-052° magnetic bearing. The lines A, B 835 

and C cross at right angle with the center lines of the high-speed wind bands. 836 

The blue thin solid line oriented 142°-322° magnetic direction is 837 

perpendicular to the mean flow and crosses the lidar site. The numbered red 838 

circles on the blue thin solid line indicate the flow toward the lidar (FTL). The 839 

black dashed line and the gray dashed line indicate the final approach course 840 

(APP CRS) of the runway 16R and the lidar RHI azimuth of 336° magnetic 841 
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bearing, respectively. The runway 16R landed by the aircraft and the runway 842 

16L are indicated as “RWY16R/34L” and “RWY16L/34R”, respectively. The 843 

arrows with “TN” and “MN” in the lower-left corner indicate the directions of 844 

true north and magnetic north, respectively.  845 

 846 

Fig. 16.  RHI scan of Doppler velocity at azimuth of 336° magnetic bearing 847 

at 04:22:54 UTC (13:22:54 LST) on 20 June 2012. The black thin dot lines 848 

labeled “ABL top” and “ML top” indicate the tops of the ABL and the ML 849 

obtained from the FDR data, respectively. The black dashed line indicates the 850 

beam line of the 1°- elevation PPI scan. “THR” indicates the threshold of the 851 

runway 16R. 852 

 853 
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 854 

Fig. 17.  3°-elevation PPI scan of DSW at 04:21:11 UTC (13:21:11 LST) on 20 855 

June 2012. The black thin dot lines indicate centerlines of the DSW minimum 856 

bands. The numbered black thin dot circles indicate the intersections of the 857 

line A and the centerlines of the DSW minimum bands. The white thick 858 

dashed circle line indicates the range of 780 m that corresponds to the height 859 

of approximately 50m AGL. The white circles on the white thin solid line 860 

oriented 142°-322° magnetic direction indicate the FTLs in Fig. 15. “APP CRS”, 861 

“RWY16R/34L” and “RWY16L/34R” are the same as in Fig. 15, and the white 862 

dashed line indicates lidar RHI azimuth of 336° magnetic bearing. The arrows 863 

with “TN” and “MN” in the lower-left corner indicate the directions of true 864 
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north and magnetic north, respectively.  865 

 866 

 Fig. 18.  RHI scan of DSW at azimuth of 336° magnetic bearing at 04:22:54 867 

UTC (13:22:54 LST) on 20 June 2012. The numbered white arrows indicate 868 

the DSW minimum on the white thin dot line at about 200 m AGL in the ML. 869 

The numbered thick red belts at the bottom of the figure show the locations 870 

of FTLs shifted spatially from their positions in Fig. 17 to the line of RHI 871 

azimuth of 336° along the center lines of DSW minimum bands. The 3 872 

numbered red arrows indicate the locations of DSW maxima in Fig. 19. The 873 

white dashed line indicates the beam line of the 3°-elevation PPI scan. The 874 

black thin dot lines labeled “ABL top” and “ML top”, and “THR “are the same as 875 

in Fig.16. A large DSW of 5.0-5.5 m s-1 appeared in the thin layer near the 876 

surface within 750m range. 877 
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 878 

 879 

Fig. 19.  Same as Fig. 18 except for 04:25:21 UTC (13:25:21 LST) on 20 June 880 

2012. This scan time is about 3 minutes after Fig. 18 and the 3 numbered red 881 

arrows are the DSW maxima at 4-7 km range. Large DSWs of 5.0-6.0 m s-1 882 

appeared near the surface between 1.3 km range and the runway threshold. 883 

 884 

 885 

Fig. 20. 1°-elevation PPI scan of Doppler velocity (left) and DSW (right) at 886 

04:24:48 UTC (13:24:48 LST) on 20 June 2012. The high-speed wind band and 887 

the large DSWs indicated by thick solid lines and arrows close to the runway 888 
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threshold were detected 33 seconds prior to Fig. 19. They correspond to the 889 

large DSWs which appeared near the surface between 1.3 km range and the 890 

runway threshold in Fig. 19. Most of the large DSWs are located on the 891 

centerlines of high-speed wind bands and concentrated within 2.5 km range 892 

which corresponds to the height of 50 m or below. The black thin dot lines are 893 

center lines of the high-speed wind bands. The blue thin solid line oriented 894 

142°-322° magnetic direction is perpendicular to the mean flow. The red 895 

circles on the blue thin solid line indicate the FTLs. The black thin dashed 896 

line and the gray dashed line indicate the final approach course of the runway 897 

16R and the lidar RHI azimuth of 336° magnetic bearing, respectively. 898 

 899 

 900 
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 901 

 902 

Fig. 21.  Schematic of the atmospheric boundary layer and the horizontal roll 903 

vortices observed at Narita Airport when the southwesterly prevailed. The 904 

label FA represents the free atmosphere, EZ the entrainment zone, ML the 905 

convective mixed layer, ABL the atmospheric boundary layer, CRF the cross-roll 906 

flow, h the height of the ABL top, Zj the height of the low level jet, Zi the height 907 

of the convective mixed layer top, λ the separation between the hi-speed 908 

wind bands, FLT Path the flight path on the final approach course, VH the high-909 

speed wind band, VL the relatively low-speed wind band, and WD wind 910 

direction. 911 
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 912 

Fig. 22.  Enlarged view of (a) RHI scan of the DSW, (b) PPI scan of the 913 

Doppler velocity and (c) PPI scan of DSW near the threshold of the runway 914 

16R in Figs. 18, 15 and 17, respectively. The color scales are same as the 915 

originals.   916 

 917 

 918 

 919 

 920 

 921 

 922 

 923 

 924 
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 925 

 926 

Fig. 23.  1°-elevation PPI scan of DSW at 04:22:20 UTC (13:22:20 JST) on 20 927 

June 2012. Large DSWs were detected in the region of which width is 928 

approximately 300m across the runway threshold as indicated by the thick 929 

solid lines and the arrows. The height of the lidar beams crossing these large 930 

DSWs on the final approach course are below 30 m AGL. The black thin dot 931 

lines, the black thin dashed line and the gray thin dashed line are the same 932 

as in Fig. 20. 933 

 934 

 935 
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 936 

 937 

Fig. 24.  Schematic of the LLWS induced by the horizontal roll vortices at 938 

Narita Airport about 0422 UTC (1322 LST) on 22 June 2012. The thick arrows 939 

indicate the runway-direction components of the winds derived from FDR 940 

data. The thin arrows indicate the estimated flow. “High-Speed Winds”, 941 

“Relatively Low-Speed Winds”, “Less Turbulent Air Space”, “Remarkable Turbulent Air 942 

Layer” and “Intense Turbulence” are based on the lidar observations.      943 

 944 

 945 

 946 
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Tables 947 

Table 1. FDR data used for the present analysis. 948 

 949 

Elements Interval Unit Remarks 

Altitude 1 sec feet (ft) 1 foot=0.3048 m 

Wind direction 1 sec degree (°) True bearing 

Wind speed 1 sec knot (kt) 1 knot=0.5144 m s-1 

Outside air temperature 1 sec degree C SAT (Static Air Temperature) 

Air speed 1 sec knot (kt) CAS (Computed Air Speed) 

Ground speed 1 sec knot (kt) GS (Ground Speed) 

Vertical acceleration 0.125 sec G 1 G = 9.807 m s-2 

 950 

Table 2. Sunshine duration (hour) and global solar radiation (MJ/m2) on 20 951 

June 2012. The locations of observational stations are shown in Fig. 6.  952 

 953 

Time (UTC) 01:00 02:00 03:00 04:00 05:00 06:00 

Tsukuba (T) 

(Global solar radiation） 

1.0 

(3.10) 

1.0 

(3.14) 

1.0 

(2.99) 

0.4 

(2.43) 

0.6 

(2.49) 

0.2 

(1.41) 

Ryugasaki (R) 0.7 0.9 0.8 0.4 0.4 0.1 

Katori (K) 0.9 0.8 0.9 0.7 0.0 0.0 

Sakura (S) 0.9 0.7 0.6 0.3 0.1 0.1 

Yokoshibahikari (Y) 1.0 1.0 0.8 0.8 0.3 0.0 

 954 

Table 3. Characteristics of the atmospheric boundary layer and the horizontal 955 

roll vortices shown in Fig. 21. 956 

 957 

λ(m) Zi (m) λ/Zi Zj /Zi h (m) CRF (m s-1) VH (m s-1) VL (m s-1) VH/VL 

800 500 1.6 0.9～1.2 900 5 15～20 5～10 2.0 
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