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Abstract The analysis of momentum and heat fluxes from the Cooperative Atmosphere-

Surface Exchange Study 1999 (CASES-99) field experiment is extended through-
out the diurnal cycle following the investigation of nighttime turbulence by Sun
et al. (Journal of the Atmospheric Sciences, 2012, Vol. 69, 338-351). Based on the
observations, limitations of Monin-Obukhov similarity theory (MOST) are exam-
ined in detail. The analysis suggests that strong turbulent mixing is dominated by
relatively large coherent eddies that are not related to local vertical gradients as
assumed in MOST. The HOckey-Stick Transition (HOST) hypothesis is developed
to explain the generation of observed large coherent eddies over a finite depth
and the contribution of these eddies to vertical variations of turbulence intensity
and atmospheric stratification throughout the diurnal cycle. The HOST hypothe-
sis emphasizes the connection between dominant turbulent eddies and turbulence
generation scales, and the coupling between the turbulence kinetic energy and the
turbulence potential energy within the turbulence generation layer in determining
turbulence intensity. For turbulence generation directly influenced by the surface,
the HOST hypothesis recognizes the role of the surface both in the vertical vari-
ation of momentum and heat fluxes and its boundary effect on the size of the
dominant turbulence eddies.
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2 Jielun Sun et al.

1 Introduction

For decades, Monin-Obukhov similarity theory (MOST) has been the cornerstone
for turbulence parametrization in the surface layer of the atmospheric boundary
layer (ABL), which we define as the bottom few decameters of the ABL. Departures
from MOST have led researchers to divide the lower ABL into several layers (Fig.
1); in ascending order these are the roughness sublayer, the inertial sublayer where
MOST is valid, and the outer layer where the effect of the surface on the airflow
is negligible (e.g., Garratt, 1992). Nonetheless, because MOST is the only theory
in use for turbulence parametrization in the surface layer, bulk formulae based on
MOST are often used in situations where MOST may not be applicable.

The relationship between mean atmospheric variables and turbulence inten-
sity, which is the goal of turbulence parametrization, has recently been examined
for the nighttime boundary layer by Sun et al. (2012) (henceforth S12) using the
month-long dataset collected from the Cooperative Atmosphere-Surface Exchange
Study in October 1999 (CASES-99). They found that, when turbulence is gen-
erated by shear at night, turbulent mixing from the surface up to the highest
turbulence observation height of 55 m can be categorized into three regimes de-
pending on the relationship between turbulence variables and wind speed ‘_/(z)
(the overbar represents a time average). The turbulence variable here can be any
turbulent kinetic energy (TKE) related variable, such as the square root of TKE,
Vrke(2) = [(1/2)(0u(2)? + 0v(2)? + 0w (2)?)]'/2, or 0w(z) as used in S12, where
ou(z), ov(2), and ow(z) are the standard deviations of the zonal, meridional,
and vertical wind components. There are two dominant regimes—a weak and a
strong turbulence regime—separated by a threshold averaged wind speed, V;(z),
at a given height z; Vrxp(z) increases linearly with V(z) in the strong turbu-
lence regime, and is weakly correlated but still mostly increasing with V() in
the weak turbulence regime. As the plot of the dramatic transition between the
weak and strong turbulence regimes resembles a hockey stick, Sun et al. (2015)
referred to this as the HOckey-Stick Transition (HOST). The observations in S12
clearly demonstrate that dominant turbulent eddies have a finite length scale ¢z
and turbulence generation is related to shear, §V(z)/dz, as opposed to a scale
derived from the local derivative 9V (z)/0z. In the strong turbulence regime, the
dominant turbulence eddies scale with z, indicating that they are generated by
bulk shear V'(z)/z, i.e., 6z = z. As the stability increases, the size of the dominant
turbulence eddies gradually becomes less than z but finite, indicating that they
are generated by 8V (2)/dz rather than 9V (z)/0z as assumed for all stability con-
ditions in MOST. In other words, large eddies with a scale z that predominantly
contribute to turbulence intensity are not governed by 9V (z)/dz, especially under
neutral conditions. In addition to the weak and strong turbulence regimes, occa-
sionally relatively strong turbulence can be transported downward to height z even
if V(2) < Vi(2), which is the third regime in S12. Overall, the importance of S12
is its documentation of the contribution of coherent eddies of finite scales to tur-
bulent mixing. Here coherent eddies refer to large eddies that efficiently transport
momentum and heat.

The general concept of turbulent mixing across finite scales above the surface,
also referred to as non-local mixing, has been previously discussed by, for example,
Stull (1984), Hogstrom et al. (2002), Zilitinkevich (1995), and Zilitinkevich et al.
(2006). Large rolls in the convective ABL have also been observed to transport
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momentum and heat, as reviewed in Etling and Brown (1993). The new idea from
the observations in S12 is that the scale of eddies responsible for turbulent mixing
under near-neutral conditions is well-defined and related to the local wind speed in
the surface layer. As the atmospheric stability increases, the scale of the dominant
eddies decreases, but remains finite.

The relationship between strong winds and strong turbulence has been noted
previously (e.g., King et al., 1994; Acevedo and Fitzjarrald, 2003). Since the pub-
lication of S12, HOST has been confirmed at various sites (e.g., van de Wiel et al.,
2012; Mahrt et al., 2013, 2015; Martins et al., 2013; Bonin et al., 2015). van de Wiel
et al. (2012) found that the net radiation is also a factor in determining Vs(2). By
comparing observations from three field experiments, Mahrt et al. (2013) suggested
that V5 (z) might decrease with increasing surface roughness. Recently, Mahrt et al.
(2015) found that although HOST is characterized by the dramatic variation of
turbulence intensity with V(z), the vertical potential temperature difference be-
tween the observation height and the surface also plays a role in X_/s(z).

In this paper, after discussing the observations in Sect. 2, we examine MOST
in detail in Sect. 3. We then further extend the nighttime analysis in S12 and
include analyses of daytime turbulence generation, and the transport of momen-
tum and heat (Sect. 4). In Sect. 5, we investigate vertical variations of daytime
and nighttime momentum and heat fluxes in comparison with the MOST bulk
formulae. Section 6 is a summary, where we generalize the explanation for the ob-
served diurnal and vertical variation of momentum and heat fluxes as the HOST
hypothesis.

2 Observations

The dataset used herein was obtained from 60-m tower measurements during
CASES-99 (Poulos et al., 2002; Sun et al., 2002, 2013). Three-dimensional sonic
anemometers were installed at heights of 10 m, 20 m, 30 m, 40 m, 50 m, and 55
m above the ground on the 60-m tower. Two additional sonic anemometers were
installed at 1.5 m and 5 m above the ground on a 10-m tower, 10 m east of the
60-m tower to avoid flow distortion from the base of the 60-m tower. The obser-
vations referred to in this study as 60-m tower observations actually came from
both towers. The lowest sonic anemometer was moved to the 0.5-m level from 1.5
m on 20 October. In addition to the eight sonic anemometers, the wind speed and
direction were also measured by prop-vanes at heights of 15 m, 25 m, 35 m, and
45 m. Air temperature was measured by Viisild temperature/humidity sensors at
six levels (Sun et al., 2002) and by 34 thermocouples with a vertical spacing of 1.8
m from 2.3 m to 58.1 m height on the 60-m tower, and also at 0.23 m and 0.63 m
on two adjacent posts, which were about 1 m from the 60-m tower. Net radiation,
Rnet, was measured by net radiometers at six satellite stations surrounding the
60-m tower, and was used to quantify the thermodynamic effect of the surface on
turbulent mixing.

The sonic anemometer data were corrected for instrument axis misalignment
using the method proposed by Wilczak et al. (2001) over the entire field experiment
period (Sun, 2007). The difference between the corrected and uncorrected data is
not significant.
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Turbulent momentum fluxes are expressed as u«(z) = [Wz(z) +w’” (2)]M4,
where the prime of a variable represents a fluctuation from its time average.
Similarly, the vertical potential temperature flux, which we refer to as the kine-
matic heat flux, w’0’(z), is expressed through the temperature scale, 0.(z) =
—w'0'(2) /u«(z), where 6 is the potential temperature. We use the sonic temper-
ature for turbulence statistics involving virtual temperature since the difference
between them has negligible impact on the statistics because of the relatively low
humidity. Turbulence variables at the lowest measurement level, which is 1.5 m
before 20 October and 0.5 m afterward, are used to represent turbulence at the
surface, and are denoted by the subscript 0. For example, the Obukhov length is
L = Gou?y/(kgh«0), where g is the acceleration due to gravity, and & is the von
Kérméan constant. The aerodynamic roughness length z,, = 0.05 m (defined in
Sect. 3) is obtained using the high wind-speed data only (Sun, 2011). The near-
surface 0y value is obtained from the lowest thermocouple measurement at 0.23
m.

Momentum and heat fluxes are calculated from Haar wavelet cospectra inte-
grated over 30-min segments (Howell and Mahrt, 1994; Howell, 1995; Howell and
Sun, 1999). To avoid “random” temporal influences of submeso disturbances on
turbulent fluxes especially under stable conditions (Mahrt, 2009), the lowest fre-
quency at which cospectra contributing to fluxes for each segment are well-behaved
is determined for each segment by visual inspection. Because the averaged relation-
ship between turbulent fluxes and mean variables using the 30-min dataset closely
agrees with that using the 5-min dataset when turbulence variables are calculated
using unweighted block averages from the 5-min segments, we focus on the 30-min
flux data and use the 5-min flux data to increase the number of overall data points.
Under near-neutral conditions, the turbulent momentum fluxes are almost entirely
due to the along-wind turbulent momentum fluxes, W'V’ 41on4(2) &= w'V’(z), where
V(z) = Vu?(z) + v?(z) and Vgiong(2) is the wind speed in the wind direction. In
the 5-min dataset, 24% of the periods have |L| > 100 m, i.e., near-neutral; 29%
have —100 m < L < 0, i.e., unstable; and 47% have 0 < L < 100 m, i.e., stable.

All twelve levels of wind measurements at a given time are used to calculate the
local shear OV (2)/0z as described in Sun (2011). In brief, the wind speeds at three
measurement levels—one at height z, one below, and one above— are fitted with a
log-linear function of z, and local shear is calculated using this locally-fitted wind
profile. Although |0V (2)/0z| > 0V (2)/0z, where OV (2)/0z and OV (2)/8z denote
a vector and a speed shear, respectively, the two differ only when wind speed is low
as the vertical variation of wind direction is almost eliminated by strong mixing
associated with strong winds. We use 0V (z)/9z here to focus comparison between
MOST and observations under strong mixing conditions as the weak wind regime
is beyond the scope of this study because of the difficulty in estimating dz. Thus
the local gradient Richardson number is Ri(z) = (g/00)[00(z)/02]/[(0u(2)/0z)* +
(90(2)/02)%] ~ (9/60)[00(=)/02)/[0V (2)/0z]2.

All times are UTC, which is 6 h ahead of local standard time. Daytime and
nighttime are defined when Rnet switches sign. The nighttime defined by zero
downward solar radiation is slightly longer than the one defined by Rne: at the
site, which does not affect the conclusions.
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3 MOST

Parametrizing vertical turbulent momentum transport based on vertical wind
shear can be traced back to Boussinesq (1877), who assumed that the formulation
for turbulent mixing is similar to that for molecular diffusion. Later, Prandtl (1925)
introduced the concept of a mixing length [(z), where I(2) = u.(2)/[0V (2)/0z].
Von Karmdn (1930), who was Prandlt’s student, found that near the surface,
I(z) = k2.

Obukhov (1946) and Monin and Obukhov (1954) recognized the influence of the
stability on [, and introduced a stability function @ such that I(z, Ri) = 1, (2)®(Ri),
where the subscript n represents the neutral condition, and I,(z) = kz. In addi-
tion, based on the assumed analogy between momentum and heat transfer, Monin
and Obukhov extended their relation for momentum transfer to heat transfer (Mc-
Naughton, 2009). The well-known MOST equations were originally expressed as
functions of Ri, i.e.,

52000 — o (R, )
kz 00(z) .
e 0- = D (Ri), (2)

where @,, and @}, are the stability functions for momentum and heat, respectively,
and need to be determined from observations (e.g., Hogstrom, 1996).
The non-dimensional ratio z/L is related to Ri using Egs. 1 and 2 as

Ri(z) = (/L) ®n/P7. (3)

As L represents a length scale associated with turbulence, the ratio z/L can be
seen as a measure of the turbulence eddy scale relative to z. The atmosphere
is considered neutral when |z/L| = 0, ie., |L| — oo. In practice, the neutral
ABL is commonly associated with |L| > 100 m. A small |z/L| value could result
from a very large |L| or a near-zero z and a not-very-large L, suggesting that
the atmospheric stability near the surface is always near-neutral, and not easily
influenced by L variations. In contrast, for large 2z, z/L is more sensitive to L
variations.

Using the concept of the mixing length, Egs. 1 and 2 can be alternatively
expressed as

b (2, 2/ L) = w0 /axgiz) — lon(2)/ @2/ L) = 12 B (2] L), (4)
In(z,2/L) = 9*0/82(;) = lhn(2)/Pn(z/L) = kz/P}(z/L), (5)

where [, and [;, are the mixing lengths for momentum and heat, respectively.
Equations 4 and 5 clearly show that [, and l;, at a given z under any stability
condition are equal to their neutral values at z, lnn(2) and I, (2), modified by
their corresponding stability functions. Under the influence of the surface, the
neutral mixing length is proportional to z, i.e., lymn = lpn = K2z, which determines
the vertical validity of MOST.

Assuming u.(z) and 6.(z) are approximately constant with height near the
surface, u«(z) and 0.(z) within this layer, which are expressed as wu.«o and 6.,
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respectively, can be formulated in terms of mean variables V' (z) and 0(z) by ver-
tically integrating Eqs. 1 and 2. The vertically integrated formulae, i.e., the bulk
relation, are then

W'V’ = uly = Ca(2)V(2)?, (6)
w00 = —ux000 = —Cr(2)V(2)[0(2) — 0] = —Ch(2)V(2)A(2), (7

which are widely used for parametrizing near-surface turbulence in numerical mod-
els. In Egs. 6 and 7, Cy and C, are the drag coefficient and the exchange coefficient
for heat, respectively, and are expressed as

/{2

(In(z/zm) = ¥m(z/L)]*"

K?2

(In(z/2m) = ¥m(2/L)][In(z/2n) — ¥n(z/L)]’

Ca(z) = (8)

Cn(z) = (9)

where z,, and zj, are the aerodynamic roughness length and the roughness length
for heat, and ¥,, and ¥,, are the vertically integrated ®,, and @, respectively.
Later in Sect. 5 we use the stability functions presented in Beljaars and Holtslag
(1991). Note that the approximate constancy of u.(z) and 6«(z) is not required
for Egs. 1 and 2 except in the surface layer for deriving the bulk formulae. Mathe-
matically z,, and zj are fitted parameters such that the observed momentum and
heat fluxes satisfy Eqgs. 6 and 7, respectively (Sun and Mahrt, 1995).

The validity of MOST clearly relies on the implicit assumptions of stationarity
and horizontal homogeneity near the surface as well as the explicit assumptions
listed above. Non-stationarity results in scatter in the relationships between the
stability functions and the stability parameters Ri or z/L in MOST (e.g., Mahrt,
2007). By examining the vertical variation of Iy, and [, using the CASES-99
dataset, Sun (2011) found that the layer where MOST is valid is approximately
between 0.5 m and 10 m during CASES-99. This depth increases with wind speed
(Penia et al., 2010), i.e., if wind speed were greater than that observed during
CASES-99, the upper height for the validity of MOST would be > 10 m. Com-
monly, MOST is assumed approximately valid in the bottom 10% of the ABL layer
but above the roughness sublayer (Sect. 1), which is substantially different from
the observed depth for MOST during CASES-99 (more in Sect. 5).

Another important issue regarding MOST is self-correlation that occurs in de-
termining @, and &;,. Although the issue has been studied, for example, by Hicks
(1978), Andreas and Hicks (2002), Klipp and Mahrt (2004), Baas et al. (2006), and
Mahrt (2007, 2008), a clear example is provided here using the CASES-99 dataset
because self-correlation is still often ignored in the research community. Due to
the common factor 99(z)/dz in both @}, and Ri, the well-known relationship be-
tween @5, and Ri can be reproduced by even randomly generated 96(z)/9z (Fig.
2a), which clearly illustrates that @, is strongly influenced by its self-correlation
with Ri. However, self-correlation may not always artificially enhance the actual
physical relationship between turbulence intensity and mean variables as in the re-
lationship between ¢, and Ri; it can sometimes undermine it as in the relationship
between &, and Ri (Fig. 2b). Thus, it is important to examine non-dimensional
relationships by, for example, replacing common parameters in both the abscissa
and ordinate with randomly generated numbers as in Fig. 2.
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4 Observed relationships between mean and turbulent variables

Here we investigate how daytime and nighttime momentum and heat fluxes vary
with height over the relatively deep tower layer during CASES-99. Both atmo-
spheric stratification and shear affect turbulence intensity, and the two factors are
related. To clarify the concept, which is essential for explaining the observed tur-
bulent mixing using mean variables, we first describe the evolution of the vertical
temperature gradient and its relationship with turbulent mixing in the ABL even
though it may seem to be elementary. To simplify the discussion here, we ignore
heating and cooling in the ABL due to, e.g., aerosols and clouds (Sun et al., 2003).

Because surface heating and cooling are the main heat source and sink for
the diurnal variation of the ABL, vertical variations of temperature in the ABL
mainly result from the vertical redistribution of warm/cold air from the surface by
turbulent mixing. Therefore, temperature profiles in the tower layer mainly depend
on the generation of warm or cold air through molecular thermal conduction or
diffusion in a relatively thin layer adjacent to the surface and turbulent transfer
above the molecular diffusion layer. Longwave radiative cooling at the surface
provides the cold air source to the ABL at night (e.g., Sun et al., 1995, 2003); solar
radiative heating at the surface provides the warm air source to the ABL during
daytime. The air cooled by molecular diffusion adjacent to the surface is mixed
upward by shear-driven turbulence and replaced by warmer air from above. The
air warmed by molecular diffusion adjacent to the surface spontaneously generates
convection since it is lighter than the overlying air. The evolving balance between
turbulent mixing from above and molecular diffusion from below leads to a range
of air-surface temperature differences.

Turbulence can be generated by either shear or positive buoyancy at the sur-
face, but the two processes affect the vertical temperature gradient differently.
Shear-generated turbulent mixing is a mechanical mixing, which leads to a more
uniform temperature in the mixing domain. This mixing can increase the verti-
cal temperature gradient above the thin molecular diffusion layer once the mixing
starts to transport the cold air accumulated in the thin layer near the surface up-
ward. If the mixing increases and persists, it can reduce the vertical temperature
gradient once the cold air supply from molecular diffusion becomes less than the
vertical distribution of the cold air by the mixing. In contrast, surface positive
buoyancy generates turbulence thermally through temperature decreasing with
height.

The vertical gradient of potential temperature can vanish throughout the diur-
nal cycle if shear-generated turbulence dominates the mixing in the daytime and
is sufficiently strong at night. Thus, the nighttime ABL is not necessarily stably
stratified, and the daytime ABL is not necessarily unstably stratified. Because
the maximum |Ryet| is much smaller at night than during daytime, near-neutral
conditions near the surface can more often form at night than during daytime for
a given high wind speed. The month-long observations during CASES-99 indicate
that the vertical 0(z) gradient near the surface can be reduced to nearly zero at
night but not readily during daytime unless Rye: is small or wind speed is very
high (Fig. 3). The correlation between turbulent mixing and the vertical tempera-
ture gradient is important in understanding vertical variations of momentum and
heat fluxes in the ABL.
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4.1 Nighttime momentum and heat fluxes

The nighttime relationship between Vrg g(2) (defined in Sect. 1) and wind speed
V (2) has been investigated by S12. Because u.(z) is well correlated with Vrxg(2),
the nighttime u«(z) in Figs. 4a and 4b has HOST behaviour similar to Vrgg(z).
Here we focus on the effect of the bulk potential temperature difference Af(z)

Af(z) = / %@y 6 —a, (10)

—0.23m Oz

on u,(z) in the HOST, which was not discussed in detail in S12. When V(z) >
Vs(2) (defined in Sect. 1), large u.(2) is generated by V(z)/z, and large eddies with
scale z lead to a well-mixed turbulent layer with a small Af(z) (e.g., the wind and
potential temperature profiles shown in red in Figs. 4c and 4d). In other words,
the atmosphere near the surface can reach near-neutral conditions just as if Ryet
were near zero (more in Sect. 5). When V (z) < Vi(z), small u.(z) at height z leads
to a shallow mixing layer with its depth determined by the vertical length scale of
the shear, 0z < z as documented by S12 (e.g., the wind and potential temperature
profiles shown in green in Figs. 4c and 4d). That is, turbulent eddies at height z
do not reach the surface. In this situation, cold air near the surface cannot directly
reach height z, resulting in a large Af(z). A large fraction of nighttime turbulent
mixing is weak (Fig. 5a).

Because of the dependence of Af(z) on turbulent mixing, the relationship
between u.(z) and Af(z) depends on the turbulence regime. When V(z) < Vi(2),
ux(2) varies between zero and s (2), where u.s(2) is u«(2) at V(2) = Vi(2) (Figs.
4a and 4b). When V (z) > V,(2), Af(z) is reduced by turbulent mixing, and u.(2)
does not vary much with Af(z). Because Af(z) represents a vertically integrated
potential temperature difference, |Af(z)| generally increases with z even when
|00(2)/0z| is small, which is reflected in the observed Af(z) < 2 K at 10 m and
< 1K at 5 m in Figs. 4a and 4b, respectively. Naturally the relationship between
u«(z) and AfH(z) also depends on the history or non-stationarity of turbulent
mixing because Af(z) reflects the consequence of turbulent heat transfer and the
build-up of the cold air near the surface over a period of time.

Because 6. (z) is traditionally studied as a function of the vertical potential
temperature gradient, 99/0z, here we compare the dependence of 6. (z) on Af(z)
and V(z) at 5 m (Fig. 6); similar results can be found at the other levels (Fig.
7). Under nighttime stable conditions, the observed 6. (z) is better correlated with
V(z) than with Af(z) (Fig. 6) and 99/9z (not shown). This indicates that un-
der stable conditions turbulent mixing affects temperature variances more than
thermal stratification does.

When V(2) < Vi(z) and Af(z) is relatively large, 0.(z) is limited by vertical
velocity fluctuations, which are directly related to V' (z) (Fig. 6a), resulting in 6. ()
being mainly dependent on V(z) instead of Af(z) (inset in Fig. 6b). For small 2,
0. (z) approximately linearly increases with V(z) when V() < Vi(2) (Fig. 7a); for
large z, 0.(z) remains near-zero when V(z) < Vs(z) as turbulent eddies at height
z do not reach the surface, and increases sharply with V(z) when V(z) — Vs(2).

When V(z) > Vi(z), strong turbulent mixing leads to the rapid reduction of
the vertical potential temperature gradient (Figs. 4a and 4b), leading to the sharp
decrease of 0.(z) with V(z) (Figs. 6a and 7a). As demonstrated in S12, 6.(z)
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reaches its maximum value, 07***(2), at V(2). Similar close relationships between
u+(z) and scalar fluxes of, e.g., ozone, carbon dioxide, and water vapour have been
observed by, for example, Sun and Massman (1999).

On a given night, 6*“(z) is influenced by the vertical temperature difference
between the residual layer affected by the proceeding daytime heating and the near-
surface layer resulting from the surface radiative cooling and molecular diffusion
in transferring heat across the air-land interface. When the afternoon heating is
reduced by clouds and the wind speed is high at night, Af(z) is relatively small,
leading to a relatively small 6"%%(z). During CASES-99, the maximum downward
solar radiative flux was mostly around 700 W m™~2 except for 16 October when it
reached about 400 W m~2. In addition, V (z) was relatively large for this night. As
a result, the decrease of 0. (z) with V(2)/Vs(z) from this night is shifted below the
0.(2)-V (2)/Vs(2) relationship for the other nights (red dots in Fig. 6 are primarily
from the night of 16 October). The relationship between 0. (z) and Af(z) when the
positive nighttime Af(z) approaches zero, i.e., the neutral condition, is consistent
with its relationship when the negative daytime Af(z) approaches zero (more in
in Sect. 4.3).

Because 0, (z) and u.(z) have opposite dependency on V(z) when V (2) > V;(z)
and a similar dependency on V(z) when V(z) < Vi(z) (Figs. 4a, 4b, and 7a), the
nighttime |w’€’(z)| increases with V(z) until it reaches a maximum value. The
nighttime maximum downward w’6’(z) does not occur at Vs(z) as 07***(z) does,
but at Vinazm(z) > Vs(z) (Fig. 7b). Because the rate of the 6.(z) decrease with
V(2) increases with z for V(2) > Vi(2) (Fig. 7a), Vinazz(2) approaches Vi(z) as
z increases (Figs. ba and 7a). This maximum downward heat flux at night has
also been observed by, for example, Mahrt et al. (1998), and van de Wiel et al.
(2007, 2012); our observations indicate that its occurrence is not only a function
of stability, but also of height z.

4.2 Threshold wind speed

The role of stable stratification in turbulent mixing has been extensively investi-
gated, and 90(z)/0z is commonly believed to be the key variable in determining
turbulence intensity as evidenced in numerical and laboratory experiments (e.g.,
Hopfinger, 1987; Lindborg, 2006). Because buoyancy fluxes are associated with
both TKE and turbulent potential energy (TPE, which is also called available po-
tential energy by Holliday and Mclntyre (1981)), where TKE = (1/2)(V'2 4+ w'?),
TPE = (1/2)[g/(ToN)]?(6")2 (Zilitinkevich et al., 2007), N is the Brunt-Viisild
frequency, and Tp is a reference air temperature, shear-generated turbulence in
a stably stratified flow can result in variations of both TKE and T PE through
buoyancy fluxes (Ostrovsky and Troitskaya, 1987). According to Zilitinkevich et al.
(2007), the total turbulence energy (I'TE = TKE + TPE) can be achieved by
combining the TK E and T PFE equations through cancellation of buoyancy fluxes
in both equations, resulting in,

DTTE  0%r _ om0V (2) a1

Dt 0z 0z

where @7 is the vertical flux of TTE, ie., &7 = P + [g/(ToN)2]¢0, P =
(1/p) p'w’ + (1/2) V2w’ (p is the air density, and p is the air pressure) and
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&g = (1/2) (¢)2w’. Note that all the terms in &7 are third-moment except p/w’.
Equation 11 indicates that if 0®r/0z is relatively small, the turbulence shear
production on the right side of Eq. 11 controls the variation of TTFE. For a flow
with a given turbulence shear production and negligible 9&1/9z (e.g., Lenschow
et al., 1988), TKE of the flow would be reduced if imposed stable stratification
on the flow increases because more turbulence energy is used to increase TPE as
shown in both laboratory and numerical simulations (e.g., Lin and Pao, 1979). If
the stable stratification is reduced, T K E would increase with a given shear. That
is, TKE and TPFE are dynamically coupled, thus momentum and heat fluxes are
connected. Stable stratification does not eliminate TKE but converts TKE to
TPE as shown in Eq. 11.

The nighttime observed dependence of u.(z) and 0.(z) on V(z) and Af(z)
confirms the close connection between TKE and T PE through turbulent mixing
generated by shear. When V(z) is small, the vertical redistribution rate of cold
air through weak turbulent mixing is mainly near the surface while the air tem-
perature at greater heights is not affected. As a result, Af(z) can increase if g
in Eq. 10 decreases (Fig. 4d). Once the turbulence mixing is sufficiently strong,
the large coherent eddies dominating transport grow to scale with z, and the ver-
tical potential temperature gradient below z is significantly reduced by turbulent
mixing because the cold-air generation process is slow compared to the turbulent
heat transport. Therefore the observed HOST in S12 (Fig. 4) essentially indicates
that when V(2) < Vi(2), the increase of TK E near the surface is constrained by
the energy used for increasing T'PFE through the buoyancy flux; thus TKE does
not increase significantly with increasing V' (z). When V(z) > V,(z), the vertical
potential temperature gradient below z is effectively eliminated by large turbulent
eddies with scale z, and shear generates TK E directly without being consumed
to increase TPE. This changing TPE consumption mechanism as V(z) exceeds
Vs(2) leads to a dramatic increase of TKE with V(z). Therefore, V(z) repre-
sents a statistically-averaged V(z) associated with the critical shear at z; when
V(z) > Vs(z), the vertical potential temperature gradient in the layer between
the surface and z can be virtually eliminated. In other words, even though @2,
0.(2), and w0’ may not be zero for V(z) > Vs(z), the turbulence energy used
for increasing T'PFE is considerably reduced, leading to a significant increase with
V(2) in variables related to TKE, such as Vrgg(2), ow(2), and u.(z).

The strong dependence of any TKE-related variable on V (z) and weak depen-
dence on the vertical potential temperature gradient in HOST is simply due to the
fact that coherent eddies with finite scales contribute significantly to turbulence
mixing, and turbulent mixing shapes the vertical potential temperature gradient.
In other words, because the vertical potential temperature gradient and turbulence
intensity are dynamically coupled, the wind-speed variation in the HOST of any
TKE-related variable naturally separates the stable regime for V(z) < Vi(z) and
the near-neutral regime for V' (z) > Vs(2).

As the energy required for eliminating the vertical potential temperature gra-
dient in the layer between the surface and height z increases with the depth of
the layer, Vi (2) increases with z. To capture the variation of turbulence intensity
dominated by large coherent eddies on the scale of z, factors affecting the TTE
balance within the layer between the surface and height z, including turbulence
shear-generation within the layer and boundary conditions, need to be consid-
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ered. Therefore, the HOST of any TKE-related variable can be affected by surface
roughness and effective surface heating/cooling (more in Sect. 5). The surface ef-
fect on HOST has been observed by van de Wiel et al. (2012), Mahrt et al. (2013),
and Mahrt et al. (2015).

S12 demonstrated that the mixing length based on the local momentum and
heat fluxes increases dramatically when V(z) undergoes transition from V(z) <
Vs(z) to V(2) > Vs(2), suggesting that the increase of u.(z) dominates the in-
crease of L because u.(z) increases linearly with V(z) and 0.(z) decreases with
V(2); Vs(2) essentially separates the near-neutral from the stably-stratified night-
time surface layer. Even though technically the neutral atmosphere corresponds to
|L| — oo, which can only be approximated in the atmosphere under strong winds,
characteristics of turbulent mixing in the strong turbulence regime are similar
to the neutral atmosphere. The small vertical potential temperature gradient for
V(2) > Vs(2) changes only slightly with increasing V(z).

4.3 Daytime momentum and heat fluxes

During daytime, turbulence generation is dominated by positive buoyancy from
the heated surface with an additional contribution from shear as observed by, for
example, Williams and Hacker (1992). Large coherent eddies generated by positive
buoyancy from the heated surface contribute to the heat flux as well as to the
momentum flux, which enhances u+(z) compared to the nighttime HOST (Fig.
8) except at z = 0.5 m (more in Sect. 4.5). Because of the vertical momentum
transfer over a relatively deep layer by large coherent eddies generated by positive
buoyancy fluxes, V(z) is enhanced near the surface and reduced above, which
explains the significantly greater fraction of V(z) > Vi(z) points for z < 20 m
than for z > 20 m (Fig. 5b). Here we only use V;(z) as a reference for a relatively
high V(z) at each z because V,(z) determines the transition between the stably-
stratified and near-neutral nighttime turbulence regimes as described in Sect. 4.2.
Because buoyancy flux is related to Ryet, the enhancement of u+(z) by buoyancy
flux can be clearly viewed in the increase of u.(z) with V(z) as a function of Rpet
(Fig. 9). Furthermore, Fig. 9 indicates that the buoyancy enhancement of wu.(z)
is significant except at z = 0.5 m (more in Sect. 4.5) or when V' (z) is large. The
influence of Rpet on u+(z) becomes more significant with increasing z especially
when the wind speed is low. For example, the greatest increase of u.(z) with Rpe:
is for V(2) < 2m s~ ! at 55 m. Also, the change of u.(z) with Rye; decreases with
increasing Rnet for a given wind-speed range.

In contrast to the nighttime 6.(z), daytime 6.(z) is strongly correlated with
Af(z), but not so much with V(2) (not shown) when positive surface buoyancy
is the driving force for turbulent mixing. The observed 6. (z)-Af(z) relationship
remains unchanged above ~ 20 m, suggesting that both 6(z) and 6.(z) become
approximately invariant with z above ~ 20 m as shown in Fig. 7d for —0.5 K
< AfB(2) < 0. The layer of constant 0.(z) and A(z) above ~ 20 m resembles the
atmospheric mixed layer, which is often considered to be above the bottom 10% of
the ABL, i.e., above about 100 m. Near the surface, both 6. (z) and Af(z) decrease
sharply with z. Because 6. (z) is actively maintained by positive buoyancy fluxes
during daytime, the daytime . (z) is non-zero even when 6(z) is uniform for z > 20
m as the large coherent eddies at z are generated by buoyancy over a layer that
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scales with z (Sect. 4.4). The small fraction of the observed |0«(z)| that occurs
at large |A0(z)| and does not vary with Af(z) is due to increasing correlation
between w and 6 at large Af(z) (not shown). The observed daytime 6. (z)-Af(z)
relationship remains unchanged even when Af(z) is slightly positive and wind
speed is high at night, i.e., A0(z) > 0 and V(z) > Vs(z) (Figs. 6b and 7c). Thus
large coherent eddies generated by either convection or bulk shear contribute to the
same 0. (z)-Af(z) relationship valid for both unstable and near-neutral conditions.

4.4 Scale variations of turbulent eddies

The structure of large coherent eddies can be investigated through w spectra as
in S12, and through vertical coherences of wind and temperature between dif-
ferent observational levels. We select three time periods to represent unstable,
neutral, and stable surface layers for both analyses (Figs. 10 and 11). As in S12,
for V(z) > Vi(z), the normalized w spectra, 27 f Sy (2)/02,(z), where f is the fre-
quency, Sw(z) is the power spectrum of w, and o.,(z) is the standard deviation
of w, from different heights all reach their peak values at the same normalized
frequency 2w fz/V (z) = 2 (Fig. 10b). This result implies that if horizontal scales
of turbulence eddies are represented by their half wavelengths, the horizontal scale
of the dominant turbulent eddies equals z in response to the bulk shear V(z)/z
under the near-neutral condition. Under stable conditions when V(z) < Vs(2), the
normalized w spectral peaks shift toward higher normalized frequency compared
to their neutral values (Fig. 10c), indicating that the scale of dominant turbulent
eddies decreases with increasing atmospheric stratification. Under convective con-
ditions, the spectral peak for turbulent eddies generated by buoyancy flux shifts to
a frequency less than 2 (Fig. 10a), suggesting that the horizontal size of dominant
convective eddies is slightly larger than that under the near-neutral condition.

The vertical coherences of w, V, and 6 between 55 m and all the underlying
heights of the sonic anemometers as functions of wavenumber k = 27 f/V(z) for
the same three stability cases as shown in Fig. 11 provide further evidence for
large coherent eddies. Here the wavenumber k is calculated using V(z) at each of
the underlying heights, which approximates the upper limit of k if V(2) increases
with height. The differences in V'(z) for the three stability cases account for the
varying wavenumber cut-off. Under the near-neutral stability when turbulence is
generated by strong shear (the middle column in Fig. 11), the relatively large
decrease of the w coherence with increasing distance between 55 m and the under-
lying heights compared with the V' coherence indicates that w varies significantly
in the vertical compared with V. The near-constant large vertical coherence of
0 at all heights reflects the similar temporal variation of # at all heights in the
near-neutral condition under strong winds.

Under the unstable condition, the vertical coherences of w and V are even
larger than their neutral values at the small k£ = 0.03 m ™" for the underlying level
z > 5 m, while the vertical coherence of € is smaller than its neutral value (the
left column in Fig. 11). These results suggest that the vertical variation of the
horizontal size of convective eddies is smaller under the convective condition than
the near-neutral condition for z > 5 m especially in the well-mixed layer above
20 m. The organized structure of large coherent convective eddies explains the
observed increase of u.(z) and 6. (z) with increasing Af(z) in Sect. 4.3.
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As the stable stratification increases when V(z) < Vi(z) at night (the right
column in Fig. 11), the vertical coherences of w and V for large eddies become
smaller than their neutral values even between 55 m and 30-40 m at the smallest
resolved k ~ 1072 m~!, indicating the absence of large coherent eddies under
stable conditions. The relatively large coherence of 6 at small & and its sharp
decrease with increasing k suggest that 6 varies significantly between heights on
relatively small scales due to the influence of small-scale turbulent mixing on 6
under the stable condition, and that the decreasing trend of § beginning in the
evening and extending for the relatively long time scale of nearly 4 h is similar
between 55 m and the underlying heights.

4.5 The near-neutral sublayer

The thinner the layer between the surface and height z, the smaller V(z) that
is needed to mix the layer to a nearly uniform potential temperature. Therefore,
V(z) adjacent to the surface can easily exceed V;(z) from downward momentum
transfer. We find that |Af(z)| at z = 0.5 m is mostly < 1 K even when the surface is
strongly heated, implying that the layer near the surface can be maintained at near-
neutral stratification as a result of turbulent mixing regardless of the turbulence
generation mechanism. As a result, u«(z) at z = 0.5 m increases approximately
linearly with V(2) throughout the diurnal cycle (Fig. 8). This result suggests that
the sublayer of z < O(1) m is on average near-neutral all the time. Although the
same conclusion may seem to be reached with MOST as |z/L| — 0 when z — 0,
the MOST bulk formula does not perform well at 0.5 m especially under strong
winds because the stability functions in the literature are based on observations
above 0.5 m, where the atmospheric stability has greater variation (Sect. 5.3).

4.6 Richardson number

Since both positive buoyancy and shear generate turbulence, the combination of
the two may seem to capture both contributions to turbulence generation. How-
ever, the length scale over which the Richardson number should be calculated is
always an issue. Although w.(z) is clearly related to both V(z) and Af(z) through-
out the diurnal cycle, u«(z) is not well correlated with either the bulk Richardson
number, Rig(z) = (g92/00)A0(z)/V?(z), or Ri for the entire range of stabilities
(Fig. 12). From the above analyses, the size of the dominant turbulent eddies near
the surface is, in general, §z, which is & z under neutral and unstable conditions,
and is < z under stable conditions except very near the surface (Sect. 4.5). Under
stable conditions, the shear for generation of these turbulent eddies is 6V (z)/dz,
which approaches 9V (z)/dz only when 6z — 0. Because V(z)/z is only responsi-
ble for the near-neutral turbulent mixing while its corresponding Af(z) is strongly
controlled by the strong turbulent mixing such as at night, Rig can only capture
the variation of u.(z) under near-neutral conditions such as the windy cases as well
as near the surface (Fig. 12). The small Ri values under strong mixing conditions
reflect only the small 90(z)/0z resulting from strong mixing while 9V (2)/0z can
sometimes be invariant with z (e.g., Banta et al., 2003; Banta, 2008). In a stably
stratified flow, because dz can be any value between zero and z, and turbulent
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eddies at z do not reach the surface, neither Rip nor Ri captures the variation of
ux«(z) for the entire range of observed stabilities (Fig. 12). Similar conclusions on
the performance of Ri were reached by Caulfield and Kerswell (2001). The above
analysis suggests that a robust relationship between turbulence intensity and any
stability parameter for a range of stability conditions requires the stability param-
eter to capture the turbulence generation mechanism over the stability range, i.e.,
it has to be calculated on the scale of turbulence generation.

5 Vertical variation of the relationships between turbulence and mean
variables in comparison with MOST

Based on the CASES-99 observations, we further explore how external factors
such as surface roughness, surface heating/cooling reflected in Ryet, and horizon-
tal pressure gradients reflected in V(z), affect the observed relationships between
ux(2), 0+(2), V(2), and Af(z) throughout the diurnal cycle. Here we ignore the
small fraction of top-down turbulent mixing cases presented in S12, and focus on
turbulent mixing generated near the surface. We investigate how u.(z) and 6.(z)
vary through simplified expressions based on the observations described in Sect.
4. We emphasize that these simple expressions only provide a basis for our investi-
gation, and should not be used as new bulk formulae for parametrizing turbulence
until more observational studies over different surfaces and weather conditions are
made.

5.1 Vertical variation of u«(2)

When turbulence is generated by strong shear, i.e., V(z) > Vi(2), u«(2) can be
approximately expressed as

us(2) = a(2)V(2) + B(2), (12)

which is schematically shown in Fig. 13a. Under unstable conditions when the
thermally-generated turbulence enhances u.(z) from its near-neutral u.(z) — V()
relationship, the enhancement mainly occurs under weak winds, thus Eq. 12 is ap-
proximately valid for daytime mixing as well. The influence of the surface mechan-
ical effect on wu.(2) can be isolated from the surface thermal effect under neutral
conditions when strong turbulent mixing eliminates the atmospheric stratification
or when Rpetr =~ 0.

To avoid complications associated with various empirically developed stability
functions for the MOST bulk formulae in the literature, we first focus on comparing
the observed u«(z) expressed in Eq. 12 with the formulated u+(z) based on MOST
in Eq. 6 under the neutral condition. The observed a(z) near the surface under the
neutral condition, i.e., when V(z) is large, is an(2) & us(2)/V (2). The equivalent
term in the MOST bulk formula for u«(z) under neutral conditions is

MOST(Z) _

and the equivalent B(z) in MOST is

MOST _ o, (14)
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Using observations from the 60-m tower, we find that a(z) under neutral con-
dition (i.e., Rnet = 0), an(z), decreases sharply with height below 5-10 m, and
remains nearly constant with height above (Fig. 13b). The decrease of o, (z) with
height near the surface indicates the reduced direct influence of the surface on tur-
bulent momentum transfer with possible small influence of the atmospheric strat-
ification because AH_(Z) under strong wind conditions is only significant at large
heights. Comparison between the observed an(z) and o957 (z) indicates that
the two approximately agree below 10 m, and aM oS T(z) is consistently smaller
than ay,(z) above 10 m. Changing 2, only shifts agreement between a2/957T (2)
and an(z) from one level to another (more in Sect. 5.3). The difference between
the observed o (2) and o997 (2) could also be related to the non-constant . (z)
with height even near the surface, which is observed by Sun et al. (2013).

Unlike an (2), the observed B, (z) decreases monotonically with z from its zero
value at the surface, while M 957 is zero regardless of z (Fig. 13c). The observed
negative 3y (z) reflects the required increasing shear for the increasing depth of the
air layer to generate strong turbulent mixing for reducing the atmospheric strati-
fication to near zero. The observed non-zero 8, (z) further suggests that turbulent
mixing within the layer between the surface and height z needs to be considered for
determining turbulent intensity at z, which is excluded in the MOST bulk formula
(more in Sect. 5.3). The difference between a?“57(z) and the observed o (2)
cannot compensate for the zero SM 95T because a(z) and S(z) describe different
characteristics of u.(z) variations with V(z): a(z) is the rate of the u.(z) gen-
eration dominated by shear, and 3(z) is associated with V(z), which represents
the required minimum V (z) for shear-generated turbulent mixing within the layer
between height z and the surface that is strong enough to eliminate the influence
of the atmospheric stratification on turbulence mixing.

We now investigate how the surface thermal condition affects wu«(z) when
Ruet # 0. When Rpet # 0, a(z) does not deviate significantly from its neutral
value for z < 1.5 m, which confirms the existence of the near-neutral sublayer
discussed in Sect. 4.5. At night when Ry,e: < 0, the larger a(z) compared to its
neutral value reflects the small monotonically decreasing stratification with in-
creasing V (2) even when V' (z) exceeds Vs(z). The relatively constant a(z) for z >
20 m for stable conditions suggests that the atmospheric stratification for z > 20
m does not change significantly during CASES-99. The increasing negative (3(z)
for the stable case compared with its neutral value at a given z reflects the re-
quired increasing shear for overcoming the increasing Af(z) with height to reach
the strong mixing regime.

During daytime when Ryt > 0, a(z) is smaller than its neutral value, and de-
creases with height while 8(z) becomes slightly positive and increases slightly with
height (Fig. 13c). The relatively small deviations of «(z) and S(z) from their neu-
tral values compared to their nighttime deviations indicate that the contribution
of thermally-generated turbulence to momentum transfer in the convective surface
layer does not affect the u.(z) — V(2), u«(2)-V () relationship significantly even
though the absolute value of Ryet is much larger during daytime than at night.

We now discuss nighttime weak turbulent mixing under stable conditions when
V(z) < Vs(2). The observations in Figs. 4a and 4b indicate that unless turbulence
at any height z is dominated by the strong top-down turbulent transport, u«(z)
at a given z is normally in the stable regime below u.s(2)V (2)/Vs(2), which is
schematically outlined by the dashed lines in Fig. 13a. In general, u.(z) in the
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outlined stable regime decreases with increasing Af(z), and becomes smaller with
increasing height due to the decoupling of turbulence between z and the surface.
Because statistically V' (z) > Vi(z) occurs less frequently with increasing height,
the percentage of ux(z) in the stable regime increases with height. The turbulence
in the stable regime is generated by dV(z)/0z as well as directional shear; the
length scale §z for shear generation of turbulence varies between zero and z, and
may be smaller than the vertical resolution of observations. We cannot predict
u+(z) in this regime well unless we understand the variation of §z. In addition,
part of the shear-generated turbulence energy is used to increase T PFE, which
depends on the magnitude of the vertical temperature gradient, which in turn
depends on the history of turbulent events in transporting the cold air from the
surface to higher levels at night and the efficiency of surface cooling. Understanding
the physical processes that lead to dz for turbulence generation and temporal
variations of TKE and TPFE in the interior of the atmosphere away from the
surface are difficult, and more investigations are needed.

From the above analyses, the HOST of any TKE-related turbulent variable
across the transition between the stable and near-neutral regimes at a height in-
fluenced by any surface type should have a similar pattern as the observed one
here. However, the shape of the HOST depends on nighttime variations of a(z) and
B(z), where a(z) is influenced by both zm, and Ryet, which in turn are influenced
by surface properties, and 3(z) is related to Vs(z), which is related to the depth
of the mixing layer as well as surface properties. When z,, over complex terrain
is wind-direction dependent, «(z) can vary with wind direction; thus using wind
from all directions may smear out the dramatic transition of any TKE-related
variable between the stable and the near-neutral regimes as a function of V(z).
In addition, if the atmospheric stratification is enhanced by local circulations in
complex terrain, such as strong downslope winds associated with adiabatic warm-
ing, the HOST transition of any TKE-related variable may not be as well-defined
as for level terrain.

5.2 Vertical variation of 0. (z)

As demonstrated in Sect. 4.3, 0.(z), is approximately linearly related to the at-
mospheric stratification, Af(z), for the convective and near-neutral surface layer,
i.e., when Af(z) < 0 or AB(z) > 0 and V(2) > Vi(z), which can be approximately
expressed as

0.(2) = v(2)A0(2), (15)

where (%) is a coefficient that varies with z. Since Eq. 15 is valid when the surface
layer approaches neutral as well as under unstable conditions as shown in Figs. 6b
and 7c, the observed v(z) can be compared with the MOST bulk formula under
neutral conditions,

MOST K
z) = ———. 16
The observations in Fig. 13d show that v(z) decreases sharply with height near
the surface and remains nearly constant above about 20 m, approaching the lower
part of the mixed layer. Similar to the observed v(2), 4997 (2) decreases with
height, but the sharp decrease ceases around 10 m, and remains nearly constant
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for z > 10 m, which is different from the steady decrease of the observed 7(z).

As with z,, changing zj, can only improve the fit of v/ OST(z) from one level to
another near the surface. The non-constant 6.(z) observed in Fig. 7d may also

contribute to the discrepancy between the observed (z) and 42957 ().

At night, the observations in Fig. 7a indicate that 6. (z) varies nearly linearly
with V(2)/Vs(2) close to the surface. As z increases, . (2) is near zero for weak
V(2)/Vs(z) and increases sharply with V(z)/Vs(z) when V(z)/Vs(z) approaches
one. We find that when V(z) < Vi(2), for example, at V(z)/Vs(z) = 0.125, 0.(z)
decreases steadily with height as does 6***(z) (Fig. 13e). However the variation of
0. (2) for a given V' (2)/Vs(z) at a given height is relatively large compared with that
for u«(z) especially at large heights as the temperature variance depends on the
history of turbulent heat transfer; i.e., the depletion of the cold air near the surface.
Because Af(z) is an internal parameter influenced by the external forcings of wind
and variable surface temperature, which can be affected by surface properties such
as soil type and moisture, and vegetation cover, as well as downward radiation,
v(2) can be surface-dependent.

5.3 Limitations of MOST

The MOST bulk formulae are commonly believed to be valid near the surface, but
the exact depth of the layer where MOST is valid, i.e., the MOST layer, is not
clear in the literature, and is commonly assumed to be the bottom 10% of the
ABL. Because of the existence of the near-neutral sublayer described in Sect. 4.5,
to capture a range of stability conditions, ®,, and ®; have to be estimated using
observed OV (z)/0z and 90(z)/0z at a height not too close to the surface even
though MOST correctly describes the neutral stratification as z/L — 0 at z —
0. As the observed ~(z), which is valid for both neutral and unstable conditions,
and o, (%) vary with height near the surface, determination of z, and z, based
on Egs. 12 and 16, respectively, may be observation-height dependent even when
the turbulent mixing at height z is fully coupled to the surface.

Comparison between the observed 9V (z)/0z and V(z)/z indicates that the
two are linearly related near the surface, and both decrease with height for all sta-
bilities (Fig. 14); however because the bulk shear V' (z)/z decreases gradually with
height, V(z)/z > 0V (z)/0z unless the level z is above the near-neutral sublayer
and wind speed is small such that the atmospheric stability at z is significant.
Turbulent mixing in response to the larger shear between V' (z)/z and 9V (z)/0z is
demonstrated in S12. The lack of dependence of the nighttime Vrx g on 8V (2)/0z
for z > 5 m in S12 clearly suggests that the variation of 9V (z)/9z is not the driv-
ing factor for turbulence generation, but a consequence of momentum transfer by
large eddies constrained by the turbulence energy balance within the layer between
height z and the surface.

Using local vertical gradients of mean variables, such as 9V (z)/0z, which is
affected by the surface, to capture turbulence variables such as u«(z) over a fi-
nite vertical scale, dz, relies on the establishment of an approximate relationship
between 0V (2)/0z and 6V (z)/6z, which inevitably is height-dependent. As a re-
sult, the performance of the relationship between u.(z) and 9V (z)/dz deteriorates
when the relationship is applied at a height that deviates from the height where
the approximate relationship between OV (z)/0z and 6V (z)/6z is established. Ap-
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plying the MOST bulk formulae above 10 m under all stability conditions would
lead to systematic underestimation of u«(z) and 6.(z) mainly due to the underes-
timation of ay,(z) and y(z) by applying o257 (z) and v 957 (2) (Fig. 15), for
which stability functions can only modify turbulence intensity from their neutral
values at a given height, and cannot correct for any systematic biases of turbu-
lence variations with height under the neutral condition. The assumed constancy
of ux(z) and 04(z) in MOST partly contributes to the underestimation of oy, (2)
and (z).

At a height of 0.5 m, the MOST bulk formula systematically overestimates u.
for large u. even though o957 (z) and SM 95T (2) agree reasonably well with the
observed an(z) and S, (z). The overestimate under strong winds is likely due to
the application of the stability functions developed above the near-neutral sublayer
to the near-neutral sublayer at 0.5 m. Comparison between the estimated and
observed u.(z) and 6.(z) with the stability functions described in Beljaars and
Holtslag (1991) (Fig. 15) suggests that the MOST layer is approximately below
10 m and above O(1) m throughout the diurnal cycle.

The relatively poor performance of the MOST bulk formula for daytime 6. (z)
even in the MOST layer compared with that for u.(z) is due to the relatively
large departure between the observed v(z) and v2957T(%). Fundamentally V (2)
and 6(z) play different roles in mechanical and thermal generation of turbulence.
Shear-generated wu. is directly associated with the vertical variation of V'(z) and
the momentum sink at the surface, and V' (z) is forced by horizontal pressure gra-
dients. In contrast, 6 (z) is related to Af(z) only under unstable and near-neutral
conditions, and A#(z) is an internal parameter dependent on heat transfer by
thermally- or mechanically-generated turbulent mixing. Thus, the observed o, (2)
varies approximately logarithmically with height while v(z) decreases with height
at a rate less than the logarithmic decrease predicted by 'yf:/[ OST(Z). Therefore,
the relationships between Af(z) and 0.(z) and between V(z) and wu.(z) are not
similar for all stabilities as assumed in MOST.

The fundamental issues that limit the validity of MOST in a shallow layer are,
1) its inability to capture the generation of large non-local turbulent eddies by
relating turbulence intensity to local vertical gradients, and 2) the neglect of inter-
actions between turbulent mixing and the vertical potential temperature gradient
when the vertical potential temperature gradient depends on turbulent mixing.
The former issue goes beyond MOST. The assumption that the magnitude of the
turbulent momentum transfer is related to OV (z)/0z when large eddies are actu-
ally generated by V(z)/z leads to, for example, counter-gradient fluxes (Garratt,
1992) or negative viscosity (Starr, 1968) when V(z)/z and 0V (z)/0z have differ-
ent signs. In other words, counter-gradient fluxes represent turbulent transport by
large eddies when the vertical difference of mean quantity over the deep layer has
an opposite sign from its local gradient at z. The importance of counter-gradient
fluxes in the ABL especially under convective conditions has been recognized in
the literature for decades. Fundamentally, the validity of the Boussinesq hypothesis
requires that the turbulent mixing length is small compared to the scale of vertical
variations of mean variables (Tennekes and Lumley, 1972; Schmitt, 2007). Viola-
tion of the assumed similarity between molecular diffusion and turbulent mixing
has been investigated by Hamba (2005) and Sanderse et al. (2011) especially for
turbulent mixing near a wall under near-neutral conditions.
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6 Summary

We extend the work of S12 on the observed nighttime turbulence transition with
V(2) and further investigate turbulent mixing in the CASES-99 60-m atmospheric
layer above the surface by examining the diurnal variation of u.(z) and 6.(z2).
Based on the data analyses, we propose the HOST hypothesis to generalize the
explanation for the observed diurnal variation of u«(z) and 0« (z): the magnitude
of a TKE-related variable is dominated by large coherent eddies of finite verti-
cal scale dz determined by the turbulence energy generation, such as by positive
buoyancy or shear, and the turbulence energy partition between TKE and TPE
within the layer of depth 6z (Fig. 1). Because of the connection between TKE
and TPE through buoyancy fluxes, thermally-generated turbulence from positive
surface buoyancy enhances not only TPE but also TKE; mechanically-generated
turbulence from shear enhances not only TKE but also TPE and the partition
between the two varies with the diurnal variation of the surface heating/cooling.
The HOST hypothesis explains the observed transition of a TKE-related vari-
able, such as Vrk g, ow, or u«(z), from their stable to near-neutral regimes at
night, the stronger dependence of 6. (z) on wind speed rather than Af(z) at night,
the dependence of daytime 6.(z) on Af(z), and the enhancement of u.(z) by
thermally-generated turbulent mixing during daytime.

The analyses suggest that the limitations of the MOST bulk formulae result
from their not including turbulent eddies of finite sizes by using local vertical
gradients of mean variables especially under strong mixing conditions such as
near-neutral and unstable conditions, and the lack of dynamic coupling between
TKE and TPE. The assumptions of the relationship between the magnitude of
turbulence and local vertical gradients, such as OV (z)/9z and 90(z)/dz, and the
analogy between wind speed and temperature in their relationships with wu.(z)
and 0 (z) for all stabilities in MOST are of limited validity, and the MOST bulk
formulae are applicable only within a thin layer (Fig. 1). During CASES-99, the
MOST layer is approximately between O(1) m and 10 m.

While the HOST hypothesis emphasizes the contribution of large coherent
eddies and the need for considering the coupling between the turbulence kinetic
and potential energies in the turbulence generation layer for capturing variations
of turbulence intensity, the HOST hypothesis does not invalidate the energy and
heat balance at a point in space. However, this balance can be a consequence of
turbulent transport by large coherent eddies.
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positive surface buoyancy "4 4
generated eddies

outer layer

HOST
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f

\_/<Vs @ z, for which turbulent eddies
at z do not reach the surface

unstable neutral

Fig. 1 Schematic illustration showing the thin layer where MOST is valid (between the two
thick dashed lines), and the characteristic sizes of turbulent eddies described in the HOST
hypothesis. Turbulent eddies in purple and blue are generated by shear §V (z)/6z for 6z = z and
6z < z, respectively. The thick and thin blue eddies represent the situations when turbulent
eddies are attached to the surface but the shallow turbulence layer is below height z, and
when turbulent eddies are generated by elevated shear above the surface; in both situations,
turbulent eddies at z do not reach the surface. Turbulent eddies in red represent those generated
by positive buoyancy from heated surface.
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Fig. 2 Relationship between the 5-min Ri and (a) $m, and (b) ¢, at z = 5 m, where the blue
and green dots are values of observed and randomly-generated 96/9z in the calculations, re-

spectively. The red dots are calculated using the stability functions from Beljaars and Holtslag
(1991).
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Fig. 4 Composite nighttime relationship between V(z) and u.(z) as a function of Af(z) at,
(a) 5 m, and (b) 10 m based on the 5-min dataset. Each wind speed bin of 0.5 m s~! has at
least five points. The black dashed line in (a) and (b) is the average of all the nighttime data,
i.e., the HOST for u«(z). The red vertical line extending from top to bottom in (a) and (b)
represents the threshold wind for the height identified by S12. Af(z) for V(z) > Vi(z) is < 1
K at 5 m and < 2 K at 10 m. The three 6(z) profiles in (d) correspond to the three wind-speed
profiles in (c) in the same colours. The temperature scale for the red 6(z) profile in (d) is on
the top, and for the green and blue profiles are on the bottom. The threshold wind speed V;(2)
as a function of height is shown in (e).
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Fig. 5 (a) Nighttime and (b) daytime fractions of the 5-min observations as functions of wind
speed V(z) within each 1 m s~! bin for daytime and each 0.5 m s~! bin for nighttime at the
nine sonic anemometer heights, where the threshold wind Vs(z) at each level is marked with
a triangle of the same colour. In addition, V(z) at which the nighttime maximum downward

w0 (z) occurs, Vinazrr(2), is marked with a circle of the same colour in (a). Because Vi (z)
marks the transition between stable and near-neutral conditions, it is used only as a reference

in (b).
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Fig. 6 The observed relationship at 5 m, (a) between 6. (z) and V(2)/Vs(z) at night, and (b)
between 04 (z) and the bulk potential temperature difference, Af(z), throughout the diurnal
cycle, where the inset is the enlarged nighttime relationship.
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Fig. 7 Composite nighttime (a) 0. (2) and (b) heat fluxes w’0’(z) = —u4(2)0x(2) as functions
of V(2)/Vs(2). (c) Composite 0 (z) as a function of the bulk temperature difference Af(z) for
the daytime (Af(z) < 0) and the near-neutral at night (A8(z) > 0 and V(z) > Vs(z)) (solid
lines), and for the nighttime stable condition (Af(z) > 0 and V(z) < Vi(2)) (dot-dashed lines).
(d) The composite profiles of 84(z) and 8(z)— < 6(z) > for —0.5 K < Af(z) < 0 K, where
< 0(z) > is the vertically averaged 0(z). The removal of the vertically averaged 0(z) results in
easy comparison between the vertical variations of 6. (z) and 0(z).
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Fig. 8 Composite daytime relationships between u.(z) and V(z) compared to their averaged
nighttime relationship from the entire CASES-99 30-min dataset at nine observation heights.
The daytime relationship is further subdivided into three ranges of the bulk temperature
difference Af(z) = 6(z) — fp in K. The thin vertical lines represent the standard deviations
within each 4 m s~! V() bin.
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Fig. 10 Normalized vertical velocity w power spectra Sy (2), 27 fSw(2)/02 (2), as functions
of normalized frequency 27 fz/V (z) at eight observation heights for three stability conditions
represented by the Obukhov length (L = —3.9 m from 1600-2000 UTC on 10 October, L =
—1561 m from 0400-0800 UTC on 17 October, and L = 4.4 m from 0000-0400 UTC on 5
October), where o4, (2) is the standard deviation of w. The spectra are calculated using the
data recorded at 20 samples s~! at all observation heights except at 20 m in (c) due to
sonic anemometer problems. (b) and (c) are selected for V(z) > Vi(z) and V(z) < Vs(2),

respectively. The vertical dashed line marks 27 fz/V (2) = 2 where 27 fS,(z)/02 (2) reaches
its maximum in (b).
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Fig. 11 Vertical coherences of vertical velocity w (cohyw, top row), wind speed V (cohy,
middle row), and potential temperature 6 (cohg, bottom row) between 55 m and the successive
underlying sonic anemometer heights as functions of wavenumber (k) at the underlying-height
for the same three stability cases in Fig. 10, where the Obukhov length is labelled at the top
of each column.
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Fig. 12 Daytime and nighttime 30-min u«(z) values as a function of the bulk Richardson

number Rip and the local gradient Richardson number Ri at the nine observation heights.
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a(z) and (c) B(z) used in the relationship us(2) = a(2)V(2) + B(2)

(schematically illustrated in (a)) for various Rpet values; (d) the observed v(z) in describing
the daytime and near-neutral 6. (z) = v(z)A0(z), and (e) the observed 0.(z) at V(2)/Vs(z) =

0.125, and the maximum 64 (z) under stable conditions, 07*%(z). In (b), (c),

and (d) a(z),
T MOST

B(z), and 7(2) for the MOST bulk formulae under the neutral condition, o}/ 57 (2), g

and 7}‘\,/1 OST (%), are plotted in black for comparison with the observed neutral values (red in
b and ¢, black circles in d).
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Fig. 14 Relationships between the bulk shear (V(z)/z) and the local shear (9|V(2)|/0z) at
eight observation heights for three different Obukhov lengths, L. Here V (2z) is the wind vector.
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Fig. 15 Comparison between the 30-min observed vs. the calculated daytime and nighttime
ux(2) (left column) and 6.(z) (right column) at the selected sonic anemometer heights using
the MOST bulk formulae and the stability functions described in Beljaars and Holtslag (1991).
The daytime wu«(z) is changed to negative so that the daytime and nighttime wu«(z) can be
displayed on one plot. The red lines represent the 1:1 comparison. Here z; = 2z, = 0.1 m is
used in the MOST bulk formula to obtain good agreement with observed u«(z) below 10 m.



