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Abstract 3 

Varying thermal atmospheric stability conditions and their effects on shearing flows has long 4 

been a subject of interest for researchers working in atmospheric science. The development of 5 

new instrument technologies now offers an opportunity to study flows with high spatial and 6 

temporal resolutions in wind tunnel atmospheric boundary layers. In the presented study, we 7 

use a laser Doppler anemometer within the Trent Environmental Wind Tunnel Laboratory to 8 

investigate the influence of thermal stratification on the constant stress layer. Analyses of the 9 

thermal stratification represented by the gradient Richardson number and the apparent von 10 

Kármán parameter, shear velocity, and the slope of the streamwise velocity profiles reveal 11 

strong linear relationships. An exponential relationship between thermal stability and the 12 

apparent roughness length is also revealed. Profiles of the streamwise and vertical velocity and 13 

turbulence intensity, as well as the dimensionless Reynolds stress, are influenced by the 14 

gradient Richardson number. These findings have implications for producing accurate models 15 

of sediment entrainment and transport by wind in non-neutral conditions.  16 
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 19 

1. Introduction 20 

Atmospheric stability is altered by the vertical movement of air parcels due to thermal 21 

stratification. Unstable thermal atmospheric conditions and accompanying flows are 22 

characterized by strong vertical mixing, while convection is suppressed in stable thermal 23 

conditions (Frank and Kocurek 1994). In nature, boundary layer flows are heated or cooled by 24 

the underlying surface, resulting in non-neutral conditions. The gradient Richardson number 25 

(Rig) is applied to quantify the atmospheric thermal stability 26 

𝑅𝑖𝑔 =
𝑔

𝜃

𝜕𝜃

𝜕𝑧

(
𝜕𝑢

𝜕𝑧
)
2      (1) 27 

where 𝜃 is the potential temperature. This parameter can be interpreted as the ratio of buoyancy 28 

to shear turbulence. Positive Rig values indicate stable conditions, with turbulence attenuated 29 
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by thermal inversion and compressed eddy size. Negative values refer to unstable conditions, 30 

with enhanced turbulence production by thermal convection and elongated eddy size (Garratt 31 

1994, Balsley et al 2007, Li 2010). Several wind tunnel studies have demonstrated that thermal 32 

atmospheric stability has a strong influence on the characteristics of the airflow in the near-33 

surface boundary-layer (Ogawa et al. 1981, Marusic et al. 2010, Friedrich et al. 2012, Kim et 34 

al. 2020, Sessa et al. 2020, Demarco et al. 2022) and field (Monin and Obukhov 1954, Businger 35 

et al. 1971, Frank and Kocureck 1994, Andreas et al. 2006, Högström et al. 2008, Salesky et al. 36 

2013, Li 2018). The Law of the Wall (von Kármán 1931) indicates that under neutral conditions, 37 

the velocity profile follows a log-linear law in the constant stress layer as 38 

𝑈 =
𝑢∗

𝜅
ln(

𝑧

𝑧0
)     (2) 39 

where U is the time-averaged streamwise velocity at an elevation of z, u* is the shear velocity, 40 

and z0 is the apparent roughness length. However, this law must be corrected for non-neutral 41 

conditions (Businger et al. 1971, Frank and Kocureck 1994, Andreas et al. 2006, Högström et 42 

al. 2008), to account for the effect of thermal stability on the flow structure (Businger et al. 43 

1971, Wright and Parker 2004). This correction can be carried out by adjusting the von Kármán 44 

constant κ. In a neutral atmospheric boundary layer κ is approximately constant, varying within 45 

a narrow range between 0.370 and 0.421 (Österlund et al. 2000, Zanoun et al. 2003, McKeon 46 

et al. 2004, Morrison et al. 2004, Monty 2005, Nagib et al. 2007, Nickels et a. 2007, Marusic et 47 

al. 2010). In non-neutral conditions, however, there is an apparent change in the value of κ, 48 

represented as an apparent von Kármán parameter κa in the Law of the Wall (Li et al., 2010) as 49 

𝑈 =
𝑢∗

𝜅𝑎
ln(

𝑧

𝑧0
)     (3) 50 

or in its differential form as 51 

𝜕𝑢

𝜕𝑧
=

𝑢∗

𝜅𝑎𝑧
     (4) 52 

The apparent von Kármán parameter is inversely proportional to a commonly used 53 

dimensionless wind shear term ∅𝑚  (Monin and Obukhov 1954, Businger et al. 1971), defined 54 

as follows 55 

∅𝑚 =
𝜅𝑧

𝑢∗

∂𝑈

∂z
=

𝜅

𝜅𝑎
    (5) 56 

where ∅𝑚 > 1 represents stable and  ∅𝑚 < 1 unstable conditions. Based on a field experiment 57 

carried out in Kansas, Businger et al. (1971) concluded that ∅m increases slowly with decreasing 58 

Ri in unstable conditions (Ri < 0). Under stable conditions ∅m increases linearly at a much 59 



steeper rate (Businger et al. 1971). From an experiment conducted above seawater, Högström 60 

et al. (2008) found that this linear trend can extend into unstable conditions if the magnitude of 61 

Ri is very small and ∅m can eventually reach a constant level of about 0.1 under extremely 62 

unstable conditions. 63 

Furthermore, the thermal atmospheric stability can affect the apparent roughness length scale 64 

and turbulence characteristics. In wind tunnel and field studies the slope of normalized velocity 65 

profiles decreases and z0 increases with increasing thermal stability (Ohya et al. 1996, Ohya 66 

2001, Joffre et al. 2001, Ohya and Uchida 2004). Additionally, the turbulence intensity, shear 67 

velocity, and Reynolds stress decrease with increased thermal stability. Herein vertical mixing 68 

is reduced due to the damping effect of stable thermal stratification, and these variables are all 69 

affected through their interdependency (Joffre et al. 2001, Ohya 2001).   70 

The majority of atmospheric stability experiments have been conducted in the field, assuming 71 

steady flow conditions within a certain time period (usually 30 minutes). Attaining these ideal 72 

conditions is often challenging due to various mesoscale motions, such as gravity waves, 73 

meandering-like motions, and density currents (Mahrt 2007). Such issues can be avoided by 74 

conducting experiments in environment-controlled wind tunnels, such as the Environmental 75 

Flow Wind tunnel (Enflo) at the University of Surrey (Hancock et al. 2018, Marucci et al. 2018, 76 

Sessa et al., 2020), and the thermally stratified wind tunnel (TSWT) at Kyushu University 77 

(Ohya et al. 1996, Uchida and Ohya 1999, Hara et al., 2009). These tunnels have an air heating 78 

unit at the entrance and temperature control panels on the working section floors to create a 79 

thermal stratification. In laboratory experiments it is very difficult, however, to profile the flow 80 

characteristics at a very fine spatial (millimetre) scale in a constant stress layer that is only a 81 

few centimetres thick. Crosswire probes for example, as used in constant temperature 82 

anemometry, are simply too large.  Therefore, the available experimental data that describes 83 

thermally driven adjustment within the thin constant stress layer that adjoins the bed surface is 84 

limited. 85 

Recent aeolian studies indicate that changes in the turbulence intensity can significantly affect 86 

the entrainment and transport of sediment around the threshold velocity (Rana et al., 2020; 87 

Zheng et al., 2020). One should expect atmospheric stability to play an important role in 88 

modelling entrainment threshold conditions, since atmospheric stability moderates the 89 

development of turbulence within the constant stress layer where aeolian sediment entrainment 90 

occurs. The time-averaged vertical wind speed is typically considered to be zero and thus to 91 

have a negligible effect on sediment entrainment in neutral conditions. This assumption is 92 



expressed in virtually all sediment transport models, in which streamwise flow parameters such 93 

as the time-averaged streamwise velocity and shear velocity, are related to the threshold for 94 

motion or sediment transport rate. However, atmospheric instability generates strong horizontal 95 

and vertical shear generation of turbulence resulting in a non-zero time-averaged vertical wind 96 

velocity near the surface (Coulter and Martin, 1996) Thus, in unstable conditions, vertical 97 

velocity may affect the initiation of motion and be attributable to the invalidity of existing 98 

formulas for sediment transport. For example, one may infer that an upward velocity increases 99 

the lift force thereby reducing the threshold shear stress for entrainment (Yang and AL-Fadhly, 100 

2021). 101 

Moreover, the performance of commonly applied models of sediment transport (Bagnold 1936, 102 

Kawamura 1951, Zingg 1953, Owen 1964, Lettau and Lettau 1978, Sørensen 2004, Sherman 103 

et al., 2012) and saltation-induced dust emission (Ginoux et al. 2001, Shao 2001, LeGrand et 104 

al. 2019) are strongly dependent upon an accurate assessment of the shear velocity and 105 

threshold shear velocities. A common practice among most aeolian scientists is to measure the 106 

wind profile within the constant stress layer and to adopt the Law of the Wall to derive the shear 107 

velocity. As the Law of the Wall requires adjustment in non-neutral conditions to account for 108 

the variability of the thermal stratification, the apparent von Kármán parameter needs to be 109 

adapted to derive an accurate shear velocity value for aeolian studies. However, previous wind 110 

tunnel studies have been conducted at very low wind speeds (typically smaller than 2 m s-1) to 111 

generate a wide range of Richardson numbers. In the context of aeolian transport studies, these 112 

wind speeds are too low to initiate the motion of sediment particles and thus the results from 113 

such studies are not directly applicable to aeolian sediment transport.  114 

This study aims to address this shortcoming by examining the flow characteristics within the 115 

constant stress layer in clear air at wind speeds high enough to entrain fine sand particles under 116 

thermally unstable, neutral, and stable conditions in an environmental-controlled wind tunnel. 117 

We assess how the thermal atmospheric stability, represented by the gradient Richardson 118 

number, affects vertical profiles of average velocity, turbulence intensities, dimensionless 119 

Reynolds stress profiles within the constant stress layer, as well as the apparent surface 120 

roughness and the apparent von Kármán parameter. Finally, we explore the implications of 121 

these differences in flow characteristics between thermally unstable and stable conditions on 122 

aeolian sediment transport. 123 

2. Methods 124 

2.1 Wind tunnel experiment 125 



The experiments were conducted in the Environmental Wind Tunnel (TEWT) facility at Trent 126 

University in Canada. The laboratory is specifically designed to simulate the atmospheric 127 

boundary layer (ABL) in clean air and during sediment transport. This suction-type, straight-128 

line wind tunnel is positioned in a climate-controlled room with an adjustable temperature range 129 

from -10°C to 30°C and humidity control. During the experiments, the climate-conditioned air 130 

in the room was drawn in through a honeycomb air straightener at the entrance of a contraction 131 

bell to eliminate ambient turbulence. The intake air was thus contracted and accelerated by a 132 

Venturi effect. Before it reached the working section, the air passed over a roughness plate to 133 

induce shear and extend the boundary-layer depth. 134 

The working section is 13.5 m long, 0.71 m high and 0.76 m wide. Two 30 mm high metal rails 135 

were installed at the inner and outer sides of the test section floor to contain a levelled bed of 136 

well-sorted sand with median diameter of 0.55 mm. A 9-blade vane-axial fan installed in the 137 

drive section drew the air through the tunnel instead of blowing it, to avoid the propagation of 138 

turbulent eddies from the fan blades through the test section. Freestream wind speeds can be 139 

controlled up to 20 m s-1 by programming the fan speed, however we only ran our experiments 140 

between 4 ms-1 and 6 ms-1. These velocities translate to shear velocities between 0.15 ms –1 141 

and 0.26 ms –1, which are sufficient to entrain fine sand particles yet below the fluid threshold 142 

shear velocity for the coarse sand used in the tunnel (Kok et al. 2012). The coarse bed texture 143 

was selected to prevent particle entrainment at the wind speeds used, and thus, remove the 144 

influence of the grain borne stress on the wind speed profile. As the flow was much faster than 145 

previous studies, the time given to the airflow to interact with a cooled or warmed bed surface 146 

was much shorter, which limited the range of Richardson number. More detailed descriptions 147 

of the wind tunnel are provided in previous publications (Nickling and Neuman 1997, McKenna 148 

Neuman 2003, Neuman 2004, Li and McKenna Neuman  2012). 149 

We conducted two sets of experiments. The first set (Set 1) examined the stability effect on air 150 

flows. All sampling (Fig. 1) was carried out 13 m downwind from the leading edge of the 151 

working section, where the boundary-layer was fully developed. Instantaneous horizontal u and 152 

vertical w wind velocities were measured using a customized Dantec 2-D laser Doppler 153 

anemometer (LDA); c.f. Li and McKenna Neuman (2012) for a detailed description of this 154 

instrument. To measure the wind velocity, the air flow was seeded with micron sized, neutrally 155 

buoyant particles produced from a fog machine (Atari HZ-350). Velocity data were sampled in 156 

a vertical sequence of 9-15 points, starting 4-6 mm above the bed surface (depending on the 157 

LDA data rate) and moving vertically in small logarithmic increments up to a height of 22 mm. 158 

In total 16% of the boundary-layer thickness δ was profiled, a region of the flow wherein the 159 



Reynolds stress was assumed to be constant. The sampling scheme was designed to reduce the 160 

LDA traverse time between measurement positions, as required to capture a velocity profile 161 

with a constant temperature gradient; the sampling duration was either 11 or 15 seconds at each 162 

elevation to measure the average velocity and its instantaneous fluctuation. The freestream 163 

velocity in the streamwise direction u∞ was measured with a pitot tube at a fixed height of 0.2 164 

m above the surface (c.f. Fig. 1). Temperature profiles were measured using three T-type 165 

thermocouples placed 0.05 m downstream of the LDA profile at elevations of 7.5 mm, 19 mm, 166 

and 179 mm (c.f. Fig. 1). A thermos-humidity sensor (Vaisala HMP235) and a pressure sensor 167 

(Vaisala PTB100B) were installed on the external wall of the wind tunnel to measure the room 168 

temperature, relative humidity, and atmospheric pressure. 169 

 170 

Fig. 1 Schematic of the experimental setup. 171 

To establish unstable conditions, heating mats (Vivosun Seeding Inc.) were placed onto the 172 

entire working section floor, onto which the coarse sand bed was placed. Before the start of 173 

each experiment, this sand bed was heated to ≈  40°C and then covered with rigid foam 174 

insulation boards (Owens Corning Fiberglas Inc.) to maintain the sand temperature. After that, 175 

the room temperature was lowered to ≈ 5°C. The experiments started immediately after the 176 

insulation boards were removed. Over the course of seven replicate experiments, sampling 177 

continued until the air-sand temperature difference became insignificant, providing a total of 178 

42 wind profiles with varied gradient Richardson number (R) representing a range of unstable 179 

ABL conditions. 180 

For stable conditions, to maintain the sand surface temperature as long as possible, the surface 181 

was sprayed with a water mist, chilled to ≈ -8°C and then allowed to sit overnight. On the 182 

following morning, the frozen surface was covered with insulation boards while the room 183 



temperature was heated to ≈ 20°C. Once again, the experiments began immediately after the 184 

insulation boards were removed, and seven experiments were carried out with 42 wind profiles 185 

sampled. 186 

Experiments in neutral conditions were conducted without any thermal treatment, while a semi-187 

constant room temperature 13°C +/- 1°C was maintained. Before each experiment, the wind 188 

tunnel was operated at low velocity to fully mix the air inside the laboratory and create a 189 

thermally homogenous environment. Overall, we captured twelve, 9-point wind profile 190 

measurements within the constant stress layer.  191 

In the second sets of experiments (Set 2), we sampled 96 additional neutral profiles to (i) 192 

achieve a statistically significant value for κ under neutral conditions which can be compared 193 

to other wind tunnel studies; (ii) validate the measurements obtained with the thin, near-bed 194 

profile; and (iii) precisely define the vertical limit for the constant stress layer. All settings were 195 

the same as for the neutral experiments in the first set, with the exception that wind profiles 196 

were measured over fifteen elevations ranging from 4 mm to 184 mm with a measurement 197 

duration of 15 seconds at each position.  198 

2.2 Variable Derivation 199 

The transition time-weighted streamwise and vertical velocities (U, W), as well as the root-200 

mean-squared turbulent velocity fluctuations and their cross product (u´, w´, u´w´) for each 201 

LDA position, were calculated by the Dantec BSA Flow software. The normalized velocities 202 

U/U∞ and W/U∞ were calculated with U∞ obtained from the Pitot tube measurements. Consistent 203 

with Li and McKenna Neuman (2012) who made similar measurements with the same 204 

instrument, turbulence intensity (Tu, Tw) and the dimensionless Reynolds stress term Tuw are 205 

defined as follows 206 

𝑇𝑢 =
𝑢′

𝑈∞
     (6) 207 

𝑇𝑤 =
𝑤′

𝑈∞
     (7) 208 

𝑇𝑢𝑤 =
√−𝑢′𝑤′̅̅ ̅̅ ̅̅ ̅

𝑈∞
     (8) 209 

As the Reynolds stress profiles were obtained within the constant stress layer, a spatially-210 

averaged Reynolds stress term −< 𝑢′𝑤′̅̅ ̅̅ ̅̅ >, can be used to estimate the shear velocity u* (Nezu 211 

et al. 1997): 212 



𝑢∗ =√−< 𝑢′𝑤′̅̅ ̅̅ ̅̅ >    (9) 213 

In accordance with the Law of the Wall, as described by Eqn. 2, the velocity profile 214 

measurements can be used to obtain two least-square regression coefficients, m and n, by fitting 215 

a log-linear function as, 216 

𝑈 = 𝑚𝑙𝑛(𝑧) + 𝑛    (10) 217 

Following Bauer et al. (1992), both the apparent von Kármán parameter κa and the apparent 218 

roughness length z0 for different stability conditions can be determined using the following two 219 

equations, respectively, 220 

𝜅𝑎 =
𝑢∗

𝑚
     (11) 221 

and  222 

𝑧0 = exp(−𝑛/𝑚)    (12) 223 

The velocity gradient ∂u/∂z at location z can be derived using 224 

𝜕𝑈

𝜕𝑧
=

𝑚

𝑧
     (13) 225 

From our observations and those by Ohya (2001), Li (2018), and Cheng et al. (2021), the 226 

potential temperature θ profile also follows a log-linear function as 227 

𝜃 = 𝑎𝑙𝑛(𝑧) + 𝑏    (14) 228 

where a and b are least-squares regression coefficients. The local potential temperature at any 229 

height can also be estimated using the above equation. Like wind gradient estimations, the 230 

thermal gradient at location z is obtained using 231 

∂𝜃

∂z
=

𝑎

𝑧
      (15) 232 

From the thermal and velocity gradients, the gradient Richardson number at z can be estimated 233 

using Eq. 1. 234 

As Rig is a function of z, an integrated gradient Richardson number Ri is proposed to evaluate 235 

the overall effect of atmospheric stability, based on the gradient Richardson numbers from z0 to 236 

an upper limit of constant stress layer, 0.022 m (i.e., ~ 0.16δ), 237 

𝑅𝑖 =
1

0.022−𝑧0
∫ 𝑅𝑖𝑔𝑑𝑧
0.022

𝑧0
    (16) 238 



3. Results  239 

3.1 Influence of atmospheric stability on vertical profiles of flow velocity, turbulence 240 

intensity and Reynolds stress. 241 

Altogether 96 normalized streamwise (𝑈/𝑈∞) and vertical (𝑊/𝑈∞) velocity profiles were 242 

collected in the first set of experiments to explore the full range of stability conditions. We 243 

found that all vertical 𝑈/𝑈∞  profiles within the constant stress layer were log-linear, as 244 

described by Eq. 10, with each log-linear regression having an R² value above 0.9. Due to 245 

difficulty in displaying all 96 profiles, we derived bin-averaged 𝑈/𝑈∞ and 𝑊/𝑈∞ profiles in 246 

stable, neutral, and unstable conditions, respectively, and plotted them in Figs. 2a and 2b. As 247 

shown in Fig. 2 (a), the normalized streamwise velocity at any given elevation decreases with 248 

increasing Ri. In moving away from the bed surface, however, the effect of atmospheric stability 249 

gradually diminishes so that at 0.16δ the normalized streamwise velocities approach 250 

convergence. On average, the standard deviation of U/U lies between 1% and 2%, though 251 

under unstable conditions it is generally smaller than for stable conditions.  Fig. 2 (b) shows 252 

that W/U∞ remains almost constant around 0 under neutral conditions, independent of elevation. 253 

As expected, the normalized vertical velocity increases under unstable conditions (Ri < 0) from 254 

near 0 adjacent to the bed surface to 0.0043 at 0.16, and is negative for stable conditions (Ri > 255 

0), decreasing in absolute magnitude with increasing elevation from -0.0057 to -0.0024. 256 



 257 

Fig. 2 Effect of atmospheric stability on vertical profiles of the flow velocity (a and b), turbulence intensity (c and 258 

d) and Reynolds stress (e). Error bars indicate the standard deviation for each bin.   259 

 260 



In a similar way, we also derived the bin-averaged turbulence intensity (Tu, Tw) and 261 

dimensionless Reynolds stress (Tuw) profiles with their standard deviations for different stability 262 

conditions (c.f. Figs. 2c-2e). There is substantial variability in these profiles, which is similar 263 

to the vertical profiles of W/U∞. The bin-averaged Tu and Tw profiles decrease in magnitude 264 

away from the bed surface, with Tu decreasing much faster than Tw. However, the Richardson 265 

number has no clear influence on these profiles. Finally, the individual Tuw profiles do not show 266 

any consistent trend with elevation, whereas the binned profiles shown in Fig. 2 (e) appear to 267 

display a minimal reduction, which is largest in unstable conditions, but still below 3%. Note 268 

that Tuw values are expected to be constant within the constant stress layer. 269 

3.2 Parameterization of the Law of the Wall 270 

Figure 3a reveals the apparent von Kármán parameter κa (Eqn 11) varies widely from 0.33 to 271 

0.51 for Set 1 (blue dots), with a strong linear dependency on Ri (R2 = 0.73 and p < 0.001, 272 

excluding two outliers denoted by black triangle symbols). The y-intercept indicates that the 273 

von Kármán constant for neutral conditions 𝜅 is 0.414. For Set 2 (red dots), which were solely 274 

run to examine the variability of 𝜅 under neutral conditions, the measurements obtained follow 275 

a right-skewed normal distribution with a mean (̅) of 0.412 and a standard deviation of 0.0232, 276 

i.e., about 56 % of values lie between 0.39 and 0.42. In effect, excellent agreement is obtained 277 

between  and ̅ derived for neutral conditions from both sets of experiments.  278 



 279 

Fig. 3 Influence of atmospheric stability (Ri) on a) a, b) m/U, c) zo and d) u*/U . Red point symbols pertain to 280 

Set 2 for neutral conditions only, as distinct from the remaining data collected from Set 1. Data shown as black 281 

triangles in c was not considered during regression analysis. 282 

Further analysis of the streamwise velocity profiles from Set 1 shows that m (Fig. 3 c) and z0 283 

(Fig. 3d) derived from the Law of the Wall (Eqn 2) show very strong linear (R2 = 0.55, p <0.001) 284 

and exponential (R2= 0.58, p < 0.001) dependency on Ri, respectively. The overall variability 285 

in m and z0 for stable experiments is larger than that for unstable experiments due to the 286 

difficulty in controlling surface roughness when misting the sand bed. In particular, one set of 287 

experiments is far away from the main point cloud (marked with black triangles), and thus have 288 

been removed from the exponential regression. The derived m and z0 values from Set 2 fall in 289 

line with the projected linear regression based on data collected for Set 1. The normalized shear 290 

velocity 𝑢∗/𝑢∞  derived from Reynolds stress profiles (Exp 1) shows a linear decline with 291 



increasing thermal stability (Fig. 3e, R² = 0.38 and p < 0.001). However, the intercept is 292 

somewhat lower than the mean normalized friction velocity determined from Set 2. 293 

4. Discussion 294 

4.1 Stability controls on wind field 295 

Our results show that time-averaged streamwise velocity (U) profiles are always log-linear 296 

regardless of their stability conditions, and with a linear increase in Ri, the apparent roughness 297 

lengths (z0) rise exponentially, and the normalized slopes (m/U∞) rise linearly. These results are 298 

consistent with previous wind tunnel (Ogawa et al. 1981, Sessa et al.  2020, Demarco et al. 299 

2022) and field studies (Monin and Obukhov 1954, Frank and Kocurek 1994, Andreas et al. 300 

2006, Salesky et al. 2013). In addition, a zero normalized vertical-velocity (W/U∞) for neutral 301 

conditions is consistent with field and laboratory measurements (Ohya et al. 1996, Lee 2018) 302 

indicating an equilibrium between upward and downward directed movement of the air flow. 303 

In unstable conditions positive W/U∞ values signal the occurrence of convectional air movement, 304 

and negative W/U∞ values indicate the occurrence of sinking air. The convective flows tend to 305 

reduce the apparent surface roughness effect by reducing the compression force of air on the 306 

surface, while sinking air makes the apparent roughness effect more pronounced by enhancing 307 

air compression and inhibiting turbulent mixing (Zilitinkevich et al. 2008, Zhang et al. 2013). 308 

This study shows that both turbulence intensities (Tu and Tw) decrease with increasing elevation, 309 

while the dimensionless Reynolds stress (Tuw) remains almost constant within the constant 310 

stress layer, which is consistent with many other field and wind tunnel studies (Joffre 2001, 311 

Ohya 2001, Hara et al. 2009; Li and Mckenna Neumann 2012). The existence of a constant 312 

stress layer also validates our methodology to determine u* (Nezu et al. 1997). Our results also 313 

confirm that stable stratified flows tend to have smaller Tw, Tuw and u*/U∞ (Hancock and Hayden, 314 

2018) while thermally unstable flows tend to have larger values (Hansen 1993; Hancock et al., 315 

2013). This difference suggests that the damping effect from stable stratification can compress 316 

eddies, while the convection effect from unstable stratification can enlarge them (Oke 1978). 317 

However, we find that our neutral profiles do not always lie inbetween the stable and unstable 318 

profiles, which is most obvious for Tu, Tw, and Tuw profiles. This result could be due to 319 

substantial variability in the turbulence measurements (c.f. Figs 2c-2e). A longer sampling 320 

period for each position could reduce such variability, however, the longer sampling duration 321 

would also result in more significant temperature changes, which may introduce more 322 

variability in the wind field measurement. 323 



4.2 Stability controls on 𝜿𝒂 and ∅𝒎 324 

Based on Prandtl’s Mixing Length Theory (1925) and von Kármán’s Similarity Theory (1931), 325 

𝜅𝑎 is a scaling factor describing the eddy size. Atmospheric stability controls the eddy size, and 326 

thus a strong, negative, linear relationship between 𝜅𝑎 and Ri was observed in our study. Our 327 

derived 𝜅 value under neutral conditions (0.414) falls in the canonical value range, 0.37-0.42, 328 

as suggested by many fluid dynamic studies in the field and laboratory, such as Wieringa's 329 

(1980) re-evaluation of the Businger et al. (1971) data sets, Kondo and Sate (1982), Frenzen 330 

and Vogel (1995), Högström (1996), or Mckeon et al. (2004). Compared to the arctic sea ice 331 

SHEBA field study (Andreas et al. 2006), our 𝜅𝑎 range (0.33~0.51) largely overlaps theirs 332 

(0.24 ~ 0.58), indicating substantial variability under non-neutral conditions.  333 

334 

Fig. 4 Relationship between Ri and ∅𝑚 335 

Most atmospheric studies report the dimensionless wind shear∅𝑚, so we further transformed 336 

the reported 𝜅𝑎 to ∅𝑚 using Eq. 5 and 𝜅 = 0.414. Our ∅𝑚 has a relatively small range of 0.8 337 

to 1.25, compared to the famous Kansas field study (Businger et al. 1971) with ∅𝑚 varying 338 

from below 0.8 to over 2. Regression analysis between ∅𝑚 and Ri reveals a strong positive, 339 

linear relationship between  ∅𝑚 and Ri with R2 = 0.65, p < 0.001. This relationship is similar to 340 

the Kansas study, provided their Ri is reduced by a factor of ten (c.f. Fig. 4). This adjustment 341 

arises from a difference in scale between the field and laboratory studies, since Ri is a function 342 

of scale dependent velocity and thermal gradients while ∅𝑚, defined as 𝜅/𝜅𝑎, is likely to be 343 

scale independent.  344 

4.3 Implications for aeolian research 345 

y = 38.605x + 1.0074
R² = 0.6523, p < 0.001
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In this study, we report on a dataset with detailed wind measurements obtained centimeters 346 

above the sand bed surface within the constant stress layer under varied stability conditions. 347 

Unlike previous studies adopting very low wind velocities of 0.7 – 1.9 m s-1 to maintain a large 348 

thermal difference between surface and the airflow (e.g., Ohya 2001, Hara et al. 2009, Hancock 349 

et al. 2013, Hancock and Hayden. 2018), we simulated a stratified boundary layer with the wind 350 

speed large enough to entrain fine sediment from a bed surface. These high wind velocities 351 

make our study not only important for understanding the stratification effect on wind profiles, 352 

turbulence intensity and momentum flux, but also relevant to the modelling of sediment 353 

entrainment and transport by wind.  354 

Little is known about the effect of atmospheric stability on sediment entrainment. Our study 355 

shows that both the vertical velocity component and Reynolds stress are influenced by thermal 356 

stratification (c.f. Figs. 2b and 2e). Given sediment entrainment is normally driven by both lift 357 

and aerodynamic drag forces (Bagnold 1936; Shao and Lu, 2000) and vertical velocity and 358 

Reynolds stress can significantly affect these forces, the atmospheric stability may have a 359 

substantial effect on sediment entrainment. As shown in Fig. 2b, normalized vertical velocity 360 

𝑊/𝑈
∞
 in the constant stress layer had negative values for stable conditions and nearly 0 or 361 

positive values for unstable conditions. This vertical velocity direction change can significantly 362 

influence the lift force (Coulter and Martin 1996, Yang and Ishraq, 2021), i.e. increasing the 363 

lift in unstable air and decreasing the lift in stable air. In addition, the enhanced Tuw under 364 

unstable conditions exert stronger drag on the sand particles than under stable conditions. As 365 

both lift and drag forces have been raised in the unstable air and reduced in the stable air, 366 

decreasing atmospheric stability can enhance the probability of sand particle entrainment, and 367 

hence decrease the fluid threshold shear velocity𝑢∗𝑡. Since the fluid threshold shear velocity 368 

was not measured, further studies should focus on quantitatively evaluating the relationship 369 

between 𝑢∗𝑡 and Ri. The sediment transport rate Q is well recognized to be dependent on 𝑢∗
3 370 

(Bagnold 1937, Zingg 1953), or(𝑢∗ − 𝑢∗𝑡)𝑢∗
2 (Lettau and Lettau, 1978). Since the fluid stress 371 

is usually estimated from velocity profile measurements using a von Kármán constant κ of 0.4 372 

(Eqn. 2), substantial errors may arise in wind erosion modelling when estimating u* without 373 

considering the variability of 𝜅𝑎  under non-neutral atmospheric conditions. Based on our 374 

experiments, which addresses a narrow range of gradient Richardson numbers, 𝜅𝑎  can vary 375 

from 0.33 to 0.51, which can potentially result in an error of up to 23% in u* estimation and up 376 

to 88% error in sediment transport rate Q prediction following Bagnold’s and Zingg’s models. 377 

For the Lettau and Lettau (1978) model, without knowing the concrete relationship between 378 



fluid threshold shear velocity 𝑢∗𝑡  and atmospheric stability, making definite conclusions is 379 

difficult. However, it is reasonable to make a qualitative evaluation. As atmospheric stability 380 

increases,𝑢∗ decreases while 𝑢∗𝑡 increases. This change leads to a decrease in (𝑢∗ − 𝑢∗𝑡)𝑢∗
2 381 

and thus a reduction in Q. Furthermore, these errors will also be translated to saltation induced 382 

dust emission models which also require the accurate estimations of 𝑢∗and 𝑢∗𝑡 (Ginoux et al. 383 

2001, Shao 2001, LeGrand et al. 2019).    384 

5. Conclusions 385 

Our thermally controlled experiments simulated airflow under different stability conditions and 386 

characterized the time-averaged and instantaneous flow characteristics within the constant 387 

shear stress layer at millimetre scale resolution. The key results demonstrate that 388 

1) Increasing atmospheric stability manifests as higher apparent aerodynamic roughness 389 

length (z0) in vertical profiles of wind velocity.  390 

2) Stable stratification supresses the turbulence intensity and dimensionless Reynolds 391 

stress, while unstable stratification has the opposite effect. 392 

3) The apparent von Kármán parameter is inversely proportional to the integrated gradient 393 

Richardson number (Ri) with a value of 0.414 under neutral conditions. 394 

4) Increasing atmospheric stability may lead to overestimation of shear velocity and 395 

transport rate, and underestimation of threshold shear velocity. 396 
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