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Abstract 

The atmospheric boundary layer (ABL), as with all turbulent boundary layers, is composed of flow 

structures which can be described as eddies or coherent structures, all of which contain a form of 

vortex. These flow structures are of all sizes, ranging from sub millimetres to the boundary layer 

thickness, and in the case of the ABL there are cyclonic weather systems that are much larger still. 

This paper discusses the static pressure signature of these flow structures and their observed influence 

on wind loads. 

1. Introduction 

‘Tornadoes hit Rugby and Essex’ – BBC News 26th April 2012. Vorticity is inherent in all 

turbulent shear flows including the atmospheric boundary layer (ABL), and evidence is now 

available, (Hutchins N, et al 2012) to show that fluid structures of large scales exist in the ABL. 

There is also likely to be a significant contribution to vorticity from thermal effects and the 

reference to ‘tornadoes’ is applied to strong vortex structures of moderate extent, O(10 m), which 

are more intense and larger than the average vortex in the ABL. Here we are concerned with 

vortices that are classified in boundary layers as coherent structures or eddies, and with the static 

pressure associated with them. These fluid structures range in size from millimetres to 

approaching the boundary layer thickness, and in the case of the ABL they exist to cyclone size, 

and all sizes in between. These fluid structures contain a complex low pressure core with smaller 

structures being embedded within larger ones; it is the static pressure variations in such flows that 

contribute to wind loads. 

No direct allowance is made in existing wind loading codes for the contribution arising from the 

pressure within vortices to the load on a structure. The reason for this is that the pressure within 

these vortices is not generally measured and the mode in which this pressure is transferred to 

static pressure on the surface of a structure is unknown. To illustrate this, the temporal static 

pressure within the ABL at low height has been measured using ‘static’ pressure probes, (Moran 

P., and Hoxey R.P., 1979). The term ‘static’ in Bernoullian flow refers to the contribution to total 

pressure less the dynamic pressure, and in steady, irrotational flow, this is constant along a 

streamline. However, the unsteadiness associated with rotational elements within the flow results 

in the ‘static’ pressure not being steady. This may be stating what is well known, but it is ignored 

when taking measurements in boundary layer flows where surface pressures on structures are 

solely related to the local dynamic pressure.  

This paper discusses the implication to wind loading of coherent structures present in the ABL. It 

must be noted that the significant contribution to wind load of fluctuations in static pressure are 

often of relatively small spatial extent, unlike the load associated with wind dynamic pressure 

which may envelope the entire structure. 



2  Measurements in the ABL 

Measurements were made on the exposed site at Silsoe of the static pressure at ground level and 

at 1, 3, 6 and 10 m above ground. A simple surface tap was used at ground level, with static 

probes, (Moran P., and Hoxey R.P., 1979), mounted on brackets off-set from a 10 m mast. All the 

static probes had been adjusted to give zero pressure coefficient in a low turbulence wind tunnel. 

Three-component sonic anemometers were also mounted at 1, 3, 6 and 10 m above ground on the 

same mast but off-set to avoid interference with the static probes and the mast. Synchronised data 

of static pressure and of wind velocity from the sonic anemometers were collected at 10 samples 

per second for 30 minute records. 

An example of the dynamic pressure, derived from a three-component sonic anemometer, and the 

‘static’ pressure measured at full scale in the ABL at a height of 6 m is shown in figure 1. (Note: 

‘true’ zero for static pressure is not known; the static pressure data shown are with reference to a 

long-term static pressure average at ground level). There is interaction between the two quantities 

as both respond to vortices but there is imperfect correlation as the dynamic pressure depends on 

the proximity of a vortex passing the anemometer, whereas the static pressure depends on the 

distance of the probe from the vortex core. 

 

Figure 1. Example of the wind dynamic and static pressure in the ABL at a height of 6 m. 

Power spectral analysis of the wind dynamic pressure is shown in figure 2, and that of the static 

pressures at 6 m in figure 3. The dynamic pressure has the familiar characteristic of a -5/3 

logarithmic decay rate. However, the static pressure shows a reduced decay rate of -4/3, a result 

that was not expected.  

Figure 2.  PSD of wind dynamic pressure 

measured at a height of 6 m.  

Figure 3.   PSD of static pressure 

measured at a height of 6 m.. 
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3   Pressure measurement on the 6 m cube at full-scale 

It was observed from the measurement of static pressure (preceding section) that the spectral 

characteristics showed a marked decay rate with a logarithmic slope of -4/3 compared to -5/3 for 

the wind dynamic pressure. This form of spectral analysis is now extended to surface pressure on 

a representative tapping on the 6 m cube, (Richards P.J., et al 2001). The coincident wind dynamic 

pressure spectrum and the pressure spectrum from a pressure-tap near the centre of the roof of 

the cube are shown in figures 4 and 5. 

 

Figure 4.  PSD of the wind dynamic pressure 

measured at a height of 6 m upstream of the 

cube.  

 

Figure 5.   PSD of static pressure measured 

on the roof of the cube.  

It is clear from this spectral analysis that the surface pressure on the cube has a distinctly reduced 

decay rate compared with that of the wind dynamic pressure and that it is comparable to the decay 

rate measured for the static pressure in the upstream undisturbed flow. This suggests that surface 

pressure is responsive to variations in static pressure in the flow, and as the spectral analysis 

shows, this becomes more marked at higher frequencies where the energy in static pressure 

fluctuations decay at a reduced rate compared with the decay in the wind dynamic pressure 

fluctuations. 

 

4.  Application to wind engineering 

There are two distinct aspects of this work that need to be considered in its application to wind 

engineering in general, and specifically to wind loads on buildings and structures and wind effects 

on the ventilation of buildings. 

Evidence has been presented that the coherent structures in the ABL produce ‘static’ pressure 

variations as well as dynamic pressure fluctuations. The magnitude of these static pressure 

variations is significant and they can exceed 50% of the dynamic pressure (see figure 1). No direct 

measurements have been made of how the passage of these coherent fluid structures are affected 

by a building. However, the ABL static pressure has a spectral characteristic that distinguishes it 

from the wind dynamic pressure spectum. Results have been presented to show that the surface 

pressure on a building follows the same pattern as that of static pressure and not that of the wind 

dynamic pressure. This indicates that the higher frequency loading is dominated by static pressure 

variations and that small area loads on cladding, for example, should take account of this effect. 
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There is considerable evidence of small-scale damage to cladding and gable-end walls where the 

load exceeds that related to wind speed (squared) alone.  

The second aspect of this work is the concern over whether there is a Reynolds Number (Re) 

effect on the core pressure within a vortex. A complementary paper is being prepared for the 

conference on this topic and only the result is presented here. The Re effect is likely to reduce the 

vorticity in model-scale simulated ABLs, and hence account for the frequently reported lower 

turbulence intensity in boundary-layer wind tunnels (from typically 20% at full scale to 9-12% at 

model scale in simulated ABLs). The wind tunnel is therefore likely to moderate the static 

pressure in the centre of vorticies and hence to underpredict extreme negative surface pressure. 

There are many examples from full-scale/model-scale studies that have shown underprediction of 

negative pressures: (Tieleman, H.W., Surry, D., Mehta, K.C. 1996),  and (Endo, M., Bienkiewicz, B., 

Ham, H. J. 2003), are two examples from the Texas Tech experimental building. In some wind-

tunnel simulations additional roughness is used to increase the turbulence but this is unlikely to 

replicate the static pressure fluctuations that arise at full-scale; furthermore, the addition of surface 

roughness will change the boundary layer characteristics towards those representative of a full-

scale boundary layer over rough ground (or low buildings) where the turbulence intensity may 

well be around 30%. 

 

5   Concluding remarks  

There is evidence that coherent structures in the ABL contribute to wind loading, these loads can 

be intense but generally of small spatial extent affecting cladding, windows, gable ends, etc. The 

spatially-uncorrelated nature of these flow structures will also have significant effect on natural 

ventilation. 

It is speculated that coherent structures are Re sensitive as they consist of vortices whose 

rotational cores will be affected by viscosity, in a manner similar to that of the vortices found on 

the yawed 6 m cube. 
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