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Abstract

A field experiment was carried out on a dry flat bed of Qingtu
Lake in Minqin, China to measure the velocity and temperature
in the atmospheric surface layer (ASL) at high Reynolds num-
ber (Reτ∼O(106)). The facility, the Qingtu Lake Observation
Array (QLOA), permits synchronous multi-point measurements
of three-dimensional wind velocity and temperature at differ-
ent wall-normal and spanwise positions. Data were collected
continuously during two three-month periods (March to May)
over two years (2014 and 2015), from which 89 hours of high
quality data were selected to analyse the characteristics of the
large-scale coherent structures under different stratification sta-
bility conditions (strong unstable, weak unstable, near-neutral
and stable conditions). In the unstable ASL, [1] indicate that the
positive buoyancy essentially represents a wall-normal force,
which likely has a “lifting” effect increasing the size of large-
scale structures. By computing two-point correlations of the
fluctuating streamwise velocity, this paper analyses such effects
using this unprecedented dataset collected under different strat-
ification stability conditions. The results confirm the previous
findings and further illustrate that negative buoyancy in the sta-
ble condition has an opposite effect leading to small structures
with less wall-normal coherence. The unique measurement ar-
ray at this facility also permits us to study the three-dimensional
form of these features, and the associated temperature fluctua-
tions which are also discussed in this work.

Introduction

Experimental and numerical studies identified that various types
of coherent structures exist within the turbulent boundary layer
(see the review by Robinson [8]). The vast majority of labora-
tory studies of boundary-layer turbulence have been conducted
at low to moderate Reynolds numbers [Reτ = O(103 − 104)]
and in neutral conditions. As mentioned by Guala et al. [3], the
near-neutral ASL can be seen as a true high-Reynolds-number
facility (Reτ = δuτ/ν = O(106), where δ is the atmospheric
surface-layer thickness, uτ is the skin-friction velocity and ν is
the kinematic viscosity). Hutchins et al. [5] revealed remark-
able similarity for the first time when comparing the coherent
structure features observed in the near-neutral ASL with low
Reynolds number laboratory data. Carper and Porté-Agel [1]
found that the structure inclination angle is a strong function of
atmospheric stability, varying between 15◦ and 35◦. Recently,
Chauhan et al. [2] also demonstrated that the inclination angle
changes drastically under different stability conditions, varying
systematically with the Monin–Obukhov stability parameter in
the unstable regime.

In this study, two-point correlations of the fluctuating velocity
and teperature are examined in the atmospheric surface layer.

Figure 1: (a) Northwest view of the sonic anemometer array,
the solid squares labelled spi (i=1, 2, . . . , 6) and the solid cir-
cles htj (j=1, 2, . . . , 11) represent the spanwise and wall-normal
anemometer array respectively. (b) Northeast view of the mea-
surement array installed at the QLOA.

The two-point correlation of the streamwise velocity compo-
nent u is defined as:

Ruu(∆x,∆y,∆z) =
< u(x,y,z)u(x+∆x,y+∆y,z+∆z)>

σu(x,y,z)σu(x+∆x,y+∆y,z+∆z)
(1)

where ∆x is converted from the temporal lead/lag using Taylor’s
hypothesis of frozen turbulence (∆x =U∆t, U is the convection
velocity taken as the mean velocity at the corresponding wall-
normal position z), ∆y and ∆z are the relative width and height
from the reference point, and the angle bracket ”<>” indicates
long time averages. Based on the high Reynolds number ASL
experimental data, the purpose of the present effort is to explore
the coherent structures under different kinds of stability condi-
tions by the two-point correlations.

Experimental Facility

A field experiment was carried out on a dry flat bed of Qingtu
Lake in Minqin, China to measure the three-dimensional veloc-
ity and temperature in streamwise, spanwise and wall-normal
directions in the ASL at high Reynolds number(Reτ∼O(106)).
The QLOA site is located on a sand surface between the Badain
Jaran Desert and the Tenger Desert (N39◦12.17′ E103◦40.03′).
The three components of wind velocity and the temperature
were acquired by sonic anemometers (Gill Instruments R3-50)
with a sampling rate of 50 Hz (all seventeen anemometers are
sampled simultaneously). Figure 1 shows the anemometer array
and an overview of the QLOA site. The seventeen anemome-
ters (used in this work) were installed at the main tower and
six spanwise lower towers. The main tower is 32 m high and
the remaining lower towers are 5 m in height. The span-wise
array covered an overall distance of 30m with 7 anemometers
placed 5m apart and at the height of z = 5m. The wall-normal



Wall normal y z Spanwise y z
array (m) (m) array (m) (m)
ht1 0 0.9 ht5 0 5
ht2 0 1.71 sp1 5 5
ht3 0 2.5 sp2 10 5
ht4 0 3.49 sp3 15 5
ht5 0 5 sp4 20 5
ht6 0 7.15 sp5 25 5
ht7 0 8.5 sp6 30 5
ht8 0 10.24
ht9 0 14.65
ht10 0 20.96
ht11 0 30

Table 1: y− z coordinates of the 17 annemometers.

array consisted of 11 sonic anemometers installed with a loga-
rithmic spacing from z = 0.9 to 30m, and 11 anemometers were
installed in a logarithmic manner (z = 0.9, 1.71, 2.5, 3.49, 5,
7.15, 8.5, 10.24, 14.65, 20.96, 30m). The spanwise and wall-
normal coordinates for each of the 17 anemometers are given in
Table 1. It should be noted that the first sonic anemometer in the
spanwise array is shared with the fifth on the main tower, which
means we have 7 available anemometers in the spanwise array.
Data were collected continuously during two three-month peri-
ods (March to May) over two years (2014 and 2015). A total
of 89 hours (from a total of more than 3000 hours collected)
of high quality data were selected after a series of pretreatment
operations described below.

Data Selection

For observations in the atmospheric surface layer, much of the
acquired data are unsuitable for this type of analysis owing to
variable or unsuitable prevailing conditions. The usable data
were selected by following similar methods to those outlined in
Hutchins et al. [5] where we seek periods of relatively steady
conditions, where the wind is coming from an appropriate di-
rection, and where the mean direction is relatively constant.
Wind direction adjustment, de-trending manipulation, steady
wind selection and stability judgement are introduced in de-
tails in Wang and Zheng [10]. The friction velocity uτ is ob-
tained from uτ = (−uw)1/2 at z = 5 m (calculated by ht5). The
thermal stability of the ASL is generally characterized by the
Monin-Obukhov stability parameter z/ζ, which is defined as

z
ζ
=−κzgwθ

θu3
τ

(2)

and where κ= 0.41 is the kármán constant, g is the gravitational
acceleration, wθ is the surface heat flux, and θ is the mean tem-
perature. We assume an estimate for the surface-layer thickness
of δ = 60 (same as Hutchins et al. [5]). The 89 hours of data
remaining after preselection are divided into 4 datasets based
on the value of the stratification stability parameter. Part 1 con-
tains periods with the a stability parameter z/ζ < −0.3, which
indicates the strong unstable condition. Part 2 contains peri-
ods which exhibit a weaker unstable behaviour within the range
−0.3 ≤ z/ζ < −0.03. Part 3 represents the near-neutral con-
dition defined here as −0.03 ≤ z/ζ < 0.03. The final part (4)
represents the stable condition data z/ζ≥ 0.03. The percentage
occurrence for parts 1 - 4 are 22.5%, 55.1%, 11.2% and 11.2%,
respectively.

In the absence of a direct measure for the boundary layer thick-
ness, we have to assume a certain value of δ for consistency
across a range of measured statistics. [6] and [5] seemed to
choose 60 m as the proper boundary layer thickness δ to com-

pare well with laboratory data in statistics and the two-point
correlation results. [10] and [7] estimated the boundary layer
thickness δ based on the formulation of the streamwise turbu-
lent intensity. However, [9] and [4] point out that the boundary
layer thickness δ varies significantly between the stable and un-
stable conditons. The value of δ depends strongly on the con-
vection intensity and direction. This poses a real challenge for
studies such as this, where we wish to detrend data, and analyse
the dominant coherent structure under different stability con-
ditions. As mentioned in [5], correlation estimates can be ex-
tremely sensitive to long-term (non-turbulence related) trends in
the data. Results of [6] suggest that events of length 10δ−20δ

are not uncommon in laboratory-scale turbulent boundary lay-
ers. Since the filter scales used to seperate turbulence from
weather related phenomena are usually scaled in terms of δ,
the lack of a reliable estimate here is problematic. For future
measurements, an independent measure of δ via LIDAR mea-
surements would greatly assist in this endeavour. An additional
sonic placed a greater distance away from the main array (at
least several hundred meters) would also greatly assist in de-
trending. Any energy that was coherent between this remote
measurement and the main array could be considered as non-
turbulent information to be filtered out in the detrending proce-
dure. In the absence here of this information a constant δ = 60
m is assumed throughout this analysis in line with [5].

Results

Throughout this paper u, v, w and θ refer to the fluctuating ve-
locities in the streamwise (x), spanwise (y), and wall-normal (z)
directions and the temperature component, respectively.

Two-point correlation

Figure 2: Two-point correlations of the streamwise velocity
fluctuation Ruu calculated for the near-neutral ASL data in (a)
streamwise, and (b) spanwise direction. Dash blue line in (a)
shows the ASL result from [6], at comparable z/δ = 2.14/60
and in (b) shows the TBL result what about the ASL result from
[5] ([6], z/δ = 0.1).

Figure 2 (a) shows the auto-correlations in the streamwise di-
rection for z/δ ≈ 2.5/60 compared with the ASL and labora-
tory TBL results in [6]. It should be noted that we have here
used the same preprocessing methods as [6] to obtain the tur-
bulence related signals. In general, the current ASL data in
Figure 2 (a) matches well the results in literature for the range
−1 < ∆x/δ < 1 , however, beyond this range differences are ob-
served. Though there are many factors that may explain these
differences (difference in terrain, humidity etc), we feel that the
most likely culprit will be the preprocessing, and in particu-
lar the detrending operation. The data are filtered at a length
λx = 15δ. The additional curves on figure 2 (a) show the same
data with a different assumed delta of 100m and 150m. Figure
2 (b) shows the two-point correlation across the spanwise array.
This time the difference between the current ASL data, and re-
sults in the literature are more pronounced. Though there is rea-



Figure 3: Iso-contours of Ruu. Contour levels for all plots are
from Ruu = -0.2 to 0.6.

sonable collapse for−0.1 < ∆y/δ < 0.1, the negative lobes that
have typically been observed in such studies are no-longer visi-
ble. Again the additional curves on this plot which show results
when we assume δ= 100m and δ= 150m, give some indication
of the sensitivity to the assumed boundary layer thickness and
to the filter scale.

A 3D view of the large-scale coherence

In this section, we build up a three-dimensional view of the
large-scale coherence using the correlations Ruu, Ruv, Ruw and
Ruθ under four different stratification stability conditions. By
varying the reference point location for the two-point correla-
tions to different anemometers along the spanwise array, it is
possible to produce a volumetric correlation map. For con-
venience of comparasion, (a), (b), (c) and (d) for the fol-
lowing plots all represent the strong unstable, weak unstable,
near-neutral and stable stratification stability conditions, re-
spectively. All plots depict a three-dimensional view of the
x− z plane at ∆y = 0 and seven equi-spaced y− z planes at
∆x/δ =−3,−2,−1,0,1,2,3. These planes are chosen for clar-
ity and to illustrate key features of the correlation maps.

Figure 3 shows the two-point correlation of the streamwise ve-
loccty component Ruu. For all stability conditions, a highly
elongated region of positive correlation at the reference posi-
tion is apparent. The region of positive correlation shows that
the coherent structure has a large wall-normal extent and is ex-
tremely persistent in the streamwise direction. It appears that
the unstable surface layer has a larger spatial extent of mean-
ingful correlation and hence the underlying coherence occurs
at a larger physical scale, which is opposite to the stable con-
dition. Buoyancy in the atmospheric surface layer essentially
represents a force that acts normal to the preferred orientation
of these structures. Thus, positive buoyancy can be interpreted
to have a ‘lifting’ effect, with a ”suppressing” occurring effect
under the action of negative buoyancy in the stable condition.

Figures 4 to 6 explore the correlations of u fluctuations with
the remaining two velocity components and scalar tempera-
ture. Figure 4 shows the correlation between the streamwise
and spanwise velocity fluctuations (Ruv) . At ∆x/δ = 0 and
∆y/δ > 0, all four conditions exhibit an arrangement of anti-
correlated behavior close to the wall giving way to a region of
positive correlation further from the wall. The two point cor-
relations are unsigned, but if we consider a negative u fluctu-
ation at the origin (which is essentially forming a Linear Sto-

Figure 4: Two-point cross-correlations of streamwise velocity
fluctuation with spanwise velocity fluctuation Ruv. Contour lev-
els for all plots are from Ruv = -0.1 to 0.1.

Figure 5: Two-point cross-correlations of streamwise velocity
fluctuation with wall-normal velocity fluctuation Ruw. Contour
levels for all plots are from Ruw = -0.2 to 0.2.

ichastic Estimate), this will be accompanied by spanwise con-
verging flow close to the wall, giving way to spanwise diverg-
ing flow at greater values of z. This pattern is typically the
tell-tale sign of counter-rotating roll-modes accompanying the
elongated low and high momentum regions. It is evident that
in the unstable condition (figure 4a) the wall-normal extent of
the anti-correlation is larger, indicating larger (diameter) roll-
modes. Since these roll-modes are known to be inclined to the
wall, this may also be a reflection of a steeper inlination angle of
these roll-modes under unstable conditions. Under stable con-
ditions (figure 4d), the opposite situation occurs, the regions of
negative and positive correlation in Ruv are surpressed to a much
smaller wall-normal extent, opposite to the stable condition.

The corresponding streamwise–wall-normal correlation (Ruw)
contours are shown in Figure 5. The Ruw correlation exhibits a
notable asymmetry in the streamwise direction, such that in the
near-neutral and stable conditions the correlation has a longer
tail for positive ∆x than for negative ∆x. For the unstable con-
ditions (figure 5a and 5b) the opposite is true, with the Ruw
contours seeming to exhibit a backwards inclination. The anti-
correlations on the reference plane (at ∆y/δ = 0) are flanked in



Figure 6: Two-point cross-correlations of streamwise velocity
fluctuation with temperature fluctuation Ruθ. Contour levels for
all plots are from Ruθ = -0.1 to 0.1.

the spanwise direction by regions of positive correlation. This
suggest that a low momentum event at the reference point will
be accompanied by flow away from wall, with flow towards the
wall occurring some distance away to the span. This again is
consistent with the notion of counter-rotating roll-modes ac-
companying these events. There are signs that such roll-modes
will be larger for the unstable cases, with a steeper inclination,
while for the stable case they are more constrained to the wall.

The correlations of u fluctuations with the associated temper-
ature fluctuations are shown in figure 6. It is obvious that the
stable condition and the unstable condition have the opposite
correlation around the reference point with the unstable region
indicating a strong anti-correlation as expected, and the stable
case exhibiting strong positive correlation. This is expected
since u is anticorrelated with w at the reference point (see fig-
ure 5), and for the stable case w would be positively correlated
with θ (where the wall-normal temperature gradient is positive),
while this correlation between w and θ would be negative in
the unstable case. However, the shape of the Ruθ contours are
markedly different to those of Ruw, which deserves further in-
vestigation. The negatively correlated region for the unstable
cases is strongly skewed in the upstream direction, while the
positively correlated region for the stable case is skewed in the
downstream. In addition, we would expect the near-neutral case
to exhibit near zero correlation for Ruθ. The fact that this is not
the case, suggests that in future a much tighter constraint on this
condition may be required. At present the near-neutral case ex-
hibits a Ruθ behaviour that would be associated with a weakly
stable condition.

Conclusions

The three-dimensional correlation of u events is analysed to re-
veal the underlying average large-scale structure under unstable,
near-neutral and stable conditions. Significant differences in all
correlations analysed (Ruu, Ruv, Ruw and Ruθ) are observed be-
tween the different stability conditions. In general, the unstable
cases produce extend regions of coherence, that are significantly
longer and wider than the other cases. The wall-normal fluctu-
ations w associated with the large-scale u events in these cases
appear to be noticeably tilted backwards (upstream), which is
in stark contrast to the near-neutral case, suggesting a substan-
tially modified structure. The stable case seems to exhibit a
similar structure to the near-neutral, albeit one with a smaller

coherence, and that is prevented from growing so far from the
wall. The results of the present work contribute to a better un-
derstanding of the coherent structures under the unstable, near-
neutral and stable stratification stability conditions. In the fu-
ture, the vortical structures associated with these events will be
studied in more detail, and asymmetries between positive and
negative u events will be explored using conditional averaging.
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