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Abstract

The terms of the budget equations for turbulence kinetic energy (TKE), heat, flux, and tem-
perature variance are evaluated observationally using 4 levels of turbulence observations
made over a period of 10 months at a 30-m tower in southern Brazil. All terms are evaluated,
except those associated with horizontal transport or pressure perturbations, which were not
observed. The analysis is split between daytime, convective conditions and night-time, stable
conditions. In both cases, the terms are initially shown in their original dimensional form as
a function of the mean wind speed at 3 m, and the observations are then classified by net
radiation. During the day, the TKE budget is dominated by shear and buoyant production,
while dissipation is the main removal mechanism and the residual analysis indicates that the
pressure transport term is positive near the surface. At night, the TKE budget is dominated
by shear production and destruction by dissipation, while the buoyant destruction is about
an order of magnitude smaller than both. The inferred role of pressure transport depends on
the turbulence regime. In the daytime heat flux budget the dominant production mechanism
varies between gradient and buoyant production, depending on mean wind speed and net
radiation, while most of the destruction is mainly attributed to the pressure covariance term,
inferred from the budget residual. At night, buoyancy becomes a relevant destruction mech-
anism, and its relationship with gradient production is related to the stable boundary layer
turbulence regime. Temperature variance budget is a balance between gradient production
and dissipation both at day and night, in which case the residual is larger and its possible
causes are discussed. Dimensionless expressions for the dominant terms in the three budgets
considered are compared to the data, as a function of the stability parameter.
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1 Introduction

Turbulence is the most important feature of air flow in the planetary boundary layer (PBL),
in fact defining it as a region different from the others in the atmosphere. Although it ulti-
mately responds to processes at the lower and upper PBL limits, such as radiative exchange,
molecular transfer of heat and entrainment exchange with the free-atmosphere, turbulence
processes largely affect mean atmospheric variables in this portion of the atmosphere. There-
fore, the adequate understanding and forecasting of quantities relevant to human activities,
such as mean winds, mean temperature, and mean concentrations of gases cannot be attained
unless there is knowledge on a variety of turbulence-related variables, such as the turbulent
fluxes. Statistically, such fluxes are given by covariances between the quantity whose flux is
being evaluated and components of the wind velocity. The physical processes that generate,
destroy, and transport these and other second-order moments of turbulent perturbations of
atmospheric variables are related in their budget equations. Their understanding is essential
for the adequate representation of the turbulent processes in numerical models of the PBL,
either through their parameterization or their solution through prognostic equations.

Mellor and Yamada (1974) proposed a hierarchy of turbulence closures for numerical
weather forecast models of the PBL, based on the second-order moments that are solved prog-
nostically, rather than parameterized. Of those they suggested, the most commonly employed
approach is to solve only one second-order budget equation, that of turbulence kinetic energy
(TKE). This variable is then employed to determine mixing lengths that compose the eddy
diffusivities used to formulate the turbulent fluxes in terms of mean gradients (Weng and
Taylor 2003; Cuxart et al. 2006; Steeneveld et al. 2006; Nakanishi and Niino 2009; Baas
et al. 2018, among others). In the classification proposed by Mellor and Yamada (1974),
the next level of complexity is achieved by additionally solving prognostic equations for the

temperature variance 6’ 2, and, in such case, the value of this variable is used as part of the
stability function needed for eddy diffusivity determination(Nakanishi and Niino 2009) for
estimating the counter-gradient contribution to the heat flux (Therry and Lacarrere 1983), or
for both purposes (Kurbatskii and Kurbatskaia 2010). Complete second-order models where
all fluxes and variances are solved prognostically have been implemented in some studies
(Wilson 1988; Canuto et al. 1994; Cheng et al. 2002). Maroneze et al. (2019) have shown that

the inclusion of a prognostic equation for the heat flux w'@’, besides those for TKE, and 6’ 2,
specifically improves the solution of the turbulence regime in stable conditions. At the same
time, a diversity of studies (Deardorff 1972; LeMone 1973; Salesky et al. 2017, among many
others) indicates that in convective conditions the turbulence regime of forced or free con-
vection is highly affected by the heat flux. For these reasons, the present study focuses on the

budgets of TKE, 6’2, and w’6’. The first two are those whose prognostic equations are most
commonly solved for employment in turbulence closure in PBL numerical schemes, while
the third plays a crucial role in determining the PBL turbulence regime, in both convective
and stable conditions.

The emphasis in these three second-order moments is also given in previous studies that
have had a similar objective as the present one, that of evaluating the budgets of turbulence
second-order moments in the PBL. The TKE budget is the most commonly addressed in
observational studies. Its non-dimensionally scaled terms have been shown as a function of
stability by Wyngaard and Coté (1971), Bradley et al. (1981), Frenzel and Vogel (1992),
Li et al. (2008), among others. Its observations over surfaces have been made at forested
(Meyers and Baldocchi 1991), urban (Christen et al. 2009; Nelson et al. 2011), marine
(Edson and Fairall 1998; Sjoblom and Smedman 2002) and complex-terrain (Barman et al.
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Turbulence Budgets in Stable and Unstable Conditions 621

2019) environments. Observations of the vertical profiles of the TKE budget terms have been
evaluated using aircraft data over land by Lenschow (1974), Pennell and LeMone (1974),
Lenschow et al. (1980), and over the ocean by Chou et al. (1986), while Zhou et al. (1985) did
so using tower data and Deardorff and Willis (1985) used laboratory observations. All these
studies regard the daytime convective boundary layer (CBL) and are composed of a limited
number of profiles. Modelling studies have also provided estimates of the vertical profiles
of the TKE budget terms, both using Reynolds-averaged Navier—Stokes (RANS) equations
(André et al. 1978; Therry and Lacerrere 1983), and large-eddy simulation (LES, Deardorff
1974; Moeng and Wyngaard 1989; Moeng and Sullivan 1994; Mironov et al. 2000). Of these
studies, only André et al. (1978) also showed the profiles of the TKE budget terms at the
nocturnal, stable boundary layer (SBL). More recently, these profiles have been presented
in stable conditions using LES (Kosovic and Curry 2000) and direct numerical simulation
(DNS), by Shah and Bou-Zeid (2014), Iman Gohari et al. (2017), Atoufi et al. (2019), and
Lee et al. (2020). Of all these studies, a few also have shown the terms of the budgets of

w’6’, and 6’2, These include their dependence on stability from observations for the w’¢’

budget (Wyngaard et al. 1971), for the 6’ 2 budget (Wyngaard and Coté 1971; Edson and
Fairall 1998), the vertical profiles of both budgets from observations (Chou et al. 1986), from
RANS modelling (André et al. 1978), from LES (Moeng and Wyngaard 1989; Moeng and
Sullivan 1994; Mironov et al. 2000), and from DNS under stable stratification (Shah and
Bou-Zeid 2014). The vertical profiles of the w6’ budget terms above a canopy have been
shown by Cava et al. (2006).

In the present study, the budgets of TKE, w6 and 6’> are observationally determined
using 10 months of turbulence data at 4 vertical levels over a pasture site in southern Brazil.
The main difference from previous studies is the very long term of the observations, which
reduce the effects of random variability in the averages. Besides, being at a subtropical
location, where pre- and post-frontal conditions naturally succeed each other, horizontal
transport terms are expected to average out over long periods, so that the budget residuals
are more likely dominated by contributions from other terms not evaluated in the budgets,
such as those associated with pressure perturbations. The budget terms are evaluated in terms
of mean wind speed (in dimensional form) and stability (in dimensionless form), for both
convective and stable conditions. In the analysis of the dimensional terms, the role of net
radiation in controlling the second-order moments and their budgets is also considered.

The novelties of the study are:

e The evaluation of the budgets of TKE, heat flux and temperature variance for both con-
vective and stable conditions using the same long dataset, which reaches broader limits of
stability than previous studies;

e Presenting the budgets dimensionally, in terms of mean wind speed and its dependence on
net radiation. This has been initially motivated by recent studies (Sun et al. 2012; van de
Wiel et al. 2012) that found that in stable conditions the turbulence regime changes at a
threshold wind speed, and the question whether such a transition may be influenced by the
second-order budgets analyzed here. By evaluating the effects of near-surface mean wind
speed and net radiation on the budgets, the present results may be useful to understand
the controls exerted by these processes in turbulent quantities and to validate higher-order
turbulence models in specific real world simulations;

e The long term of the observations offers more confidence for discarding horizontal advec-
tion by the mean wind and, therefore, a more robust inference of the budget residuals as
being dominated by the not-observed terms associated with pressure perturbations;
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622 A.E.D. Pozzobon et al.

e The dimensionless analysis over a broad range of the stability parameter offers indication
of the stability limits over which the scaling used, based solely on local parameters, is
valid.

In Sect. 2, the budget equations are presented, and the observations and their methods of
analysis are described in Sect. 3. The results sections are separated by period in the day: CBL
in Sect. 4 and SBL in Sect. 5. In both of them, first the equilibrium values of the three second-
order moments are shown and described in terms of mean wind speed and net radiation, and
later each of the three budgets are detailed with respect to the same quantities, dimensionally.
In Sect. 6, the dimensionless budgets are shown for both convective and stable conditions.
Conclusions appear in Sect. 7.

2 Budget Equations

The TKE budget considered in the present study is obtained by assuming horizontal homo-
geneity of turbulence and, therefore, neglecting the effects of horizontal flux convergence in
both terms (77) and (PT) of Eq. 1. Besides, in term (SP) the contributions from horizon-
tal wind shear as —u’29i1/dx and —u'v'9%/dy are neglected in comparison to those of the
vertical wind shear, and the reference frame is rotated so thatv = w = 0,

de _de ——0u g —— Jw
— =—u— —u'w— + w’@,j -
at ax dz O, 0z p 0z

BP (&)
(ADV) (SP) (7) (TT) (PT) (DIS)

In Eq. 1, u, v, and w are the wind velocity components, 6 is potential temperature, p is
air pressure, p is air density and g is gravity acceleration.Overbars represent averages over
fixed time periods (see Sect. 3) and primes are instantaneous perturbations with respect to
those averages. Therefore, e is TKE defined as half the sum of the variances of the wind
velocities: e = 0.5 (u’2 +02 + w’z). Covariances u'w’, w'0), w'e represent turbulent fluxes
of momentum, buoyancy and TKE, respectively.

On the right-hand side (r.h.s) of Eq. 1, term ADV represents the advective transport by
the mean wind and by eddies with temporal scale larger than the averaging time in each case
(these combined contributions are generally referred as “advection” in the manuscript). SP is
the shear TKE production, BP/D is the buoyant production (BP in convective conditions) or
destruction (BD in stable conditions), 77 is vertical TKE transport by turbulence, while 7P
is vertical TKE transport by pressure perturbations. Finally, DIS is the molecular dissipation
of TKE.

In the present study, terms SP, BP/D, TT and DIS are directly observed by the turbu-
lence observations carried out at the Santa Maria micrometeorological tower. Term ADV is
neglected, based on the fact that it can be of either sign, depending on wind direction, so that
it might nearly average out over a long time, such as the one used in the present analysis. The
limitations of such an assumption are considered in the analysis. Term PT is not observed, as
no observations of pressure perturbations are available, and its contribution to the equation
residual, or the value necessary for TKE budget closure, is addressed in the results Sects. 4
and 5.
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Equivalent assumptions to those made in Eq. 1 lead to the heat flux budget equation:
qw'e’ w'e  —500 — w2 1079p.

at dx I3z O, 0z p 0z (©))
(ADV) (GP) (BP/D) (TT) (PC)

Given that the heat flux W’6’ may be of either sign, we assume that any given term is
regarded as a production term when it has the same sign of the existent heat flux, so that
it contributes to the increase of its magnitude. Therefore, given that the heat flux is gener-
ally positive in daytime convective conditions and negative at night-time stable conditions,
during the day positive terms represent production and negative terms represent destruction
mechanisms, while the opposite occurs at night. In Eq. 2, ADV represents heat flux advec-
tion; GP is heat flux production by the thermal gradient; the buoyant term BP/D is always
positive because 6’ ~ 6, so that the covariance between them approaches the variance of
either one. Therefore, it represents production (BP) during the day when > 0 and destruction
(BD) at night when < 0; TT is the heat flux transport by turbulence and PC is the pressure
covariance term. Here, we are following studies such as Wyngaard et al. (1971) and Moeng
and Wyngaard (1989) in presenting PC as a single term, but it is sometimes presented in two
components as Shah and Bou-Zeid (2014),

100p"  10p'0"  1po6

p 4z p 0z p 0z

’

where the first term on the right represents the heat flux transport by pressure perturbations
and the second is the return-to-isotropy contribution. No molecular term is presented in Eq. 2
because they tend to be much smaller than the others in high Reynolds number turbulence
when the molecular processes occur in scales in which turbulence is isotropic and, therefore,
covariances between variables are negligible (Wyngaard et al. 1971).

Here, terms GP, BP/D and TT are directly observed. Term ADYV is, to a first approximation,
neglected assuming that advective effects tend to average out over a large period such as the
one presently used. Term PC is not observed, and the possibility of assessing it as the residual
necessary to produce budget closure (left-hand side zero in Eq. 2) is addressed in the results
section.

Under similar assumptions of horizontal homogeneity and neglecting the horizontal ther-
mal gradients with respect to the vertical ones in term GP, the budget of temperature variance

9'2 is:

3672 3672 30 w62
= —a— 2w — — 2
ot ox 0z 0z

(ADV) (GP) (TT) (DIS) (RAD)

— &gz —ER.

3

In Eq. 3, ADV is the advection, GP is 62 production by the thermal gradient, 77 is its
transport by turbulence, DIS is the dissipation by molecular processes and RAD is the radiation
destruction term. All terms, except for ADV and RAD are observed at the tower, being
analyzed and discussed in Sects. 4 and 5.
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624 A.E.D. Pozzobon et al.

3 Observations and Analysis

A 30-m micrometeorological tower has been operating at the campus of Universidade Federal
de Santa Maria (UFSM) since 2013 (29° 43’ 27.502” S; 53° 45" 36.097” W). In the present
study, the period analyzed goes from 6 December 2019 to 31 October 2020, when 4 sonic
anemometers operated, at heights of 3, 6, 14 and 30 m from the ground surface. The area is
on a cattle-grazing experimental site covered by pasture. The tower is at a relatively lower
portion of the terrain, with a few kilometres of fetch in the preferential wind-direction, which
is to the south-east of the tower. A suburban environment starts at about 500 m to the north
of the tower. Hills about 500-m high exist at about 5 km north of the tower. Further details
on the site and measurements carried there, including pictures and the wind roses can be
found at Rubert et al. (2018). The site roughness length (zp) is 0.1 m when data from all
wind directions are considered. Acevedo et al. (2021) have showed that z( varies with wind
direction at the site, but given that in the present analysis no wind direction filtering is used,
as a way of minimizing the effect of horizontal transport terms in the budgets, the value of
0.1 m must be considered.

The turbulence data used in the present study were measured at four different levels: 3, 6,
14 and 30 m above the ground. Fast response measurements of wind and sonic temperatures
were performed with an Integrated Gas Analyzer and 3-D Sonic Anemometer IRGASON,
Campbell Scientific Inc.) at 3 m, CSAT3B 3-D sonic anemometer (Campbell Scientific Inc.)
at 6 and 14 m, and a CSAT3 3-D sonic anemometer (Campbell Scientific Inc.) at 30 m, all
sampled at 10 Hz. For the determination of temperature gradients, slow-response thermohy-
grometers installed at 4, 8 and 22 m have been used. Temperature has been measured using
the CS215 temperature and relative humidity probe (Campbell Scientific Inc.) at 4 and 8 m,
and using the HMP45C temperature and relative humidity probe (Campbell Scientific Inc.)
at 22 m. The slow-response sensors have been intercompared prior to deployment, and the
data have been corrected based on a linear adjustment following the intercomparison.

For the daytime convective case, data from 1000 to 1600 LST have been used, while
night-time, stable data used went from 2200 to 0400 LST. The choice of only 6 h of data in
each period has been made to assure that transitional periods have not been included in any
time of the year. Turbulence statistics have been evaluated over 15-min periods at daytime,
as previously done by Wyngaard et al. (1971) and Bradley et al. (1981), and 1-min periods
at night-time, as used by Mahrt et al. (2013), Acevedo et al. (2016), and Stiperski et al.
(2019), among others. These choices are a compromise to capture a large fraction of the
turbulent contribution without including excessive low-frequency, non-turbulence influence
in the statistics. In the terms that contain vertical gradients, those were evaluated as central
finite differences between observations taken at the next level above and below the level under
analysis. For this reason, the budget terms are shown only at levels 6 and 14 m, while values
of the second-order budgets under consideration are shown at the 4 levels of observations.

Sonic temperatures have been used for temperature fluctuations. As they are a good approx-
imation to virtual temperature (6, ) (Sjoblom and Smedman 2002), their covariances to vertical
velocity fluctuations are a good approximation to the buoyancy flux, necessary in Eq. 1. On
the other hand, it also means that all occurrences of 6/ in the right side of Egs. 2 and 3 are
approached as 6’ ~ ¢’,,.

The TKE dissipation rate ¢ and temperature variance dissipation rate £,2 have been
determined from the second-order structure function for longitudinal velocity component
(S,f) and for temperature (S%), respectively, as done by Puhales et al. (2015). In general, the
second-order structure function on the inertial sub-range can be written as So% = FO,R2/ 3
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where r is the point separation distance and F,, is a function that depends on the second-order
structure function nature. For the longitudinal wind speed F, = Cre?/3, where C; = 2.13
is the Kolmogorov constant (Sreenivasan 1995). For temperature Fr = C reV 389,2 and
Cr = 3.2 is defined under a constant skewness assumption (Kiely et al. 1996). As the
second-order function is a power law on the inertial sub-range, a linear fit for 9 points on this
particular range was employed to obtain ¢ and &, from the experimental data.The linear
fit was performed using a moving window with 9 points across the second-order structure
function domain. The window selected was one that provides a smallest deviation from the
2/3 exponent, with a coefficient of determination R? > 0.8.Data with an absolute error larger
than 10% regarding the 2/3 exponent have been discarded.

The budget terms here analyzed are initially shown in a dimensional form, in terms of wind
speed and net radiation. The majority of previous budget analysis has shown dimensionless
forms of the terms, which is useful for providing a universal comparison of the terms among
themselves at any given condition, as well as more easily allowing their use for modelling
purposes (Wyngaard et al. 1971; Moeng and Wyngaard 1989; Sullivan and Moeng 1994,
among others). However, the analysis of dimensionless budget terms masks the dependence
of the budget itself in some of its controlling quantities. The analysis in terms of wind speed
as a controlling variable has been motivated by the findings from studies such as those from
Sun et al. (2012) and van de Wiel et al. (2012) that night-time turbulence regime is, to a
great extent controlled by the mean wind speed. Here, the analysis is done in terms of the
mean wind speed at 3 m, the lowest available in the observations. The wind speed near the
surface is preferred to the one near the top of the tower because they maybe decoupled from
each other, especially in very stable situations, in which case the budget variables near the
surface are not related to the wind speed aloft. Although there is no knowledge that daytime
turbulent quantities and regimes have an explicit dependence on mean wind speed, this is also
considered as a control variable in the period, as a means of addressing to which extent such
analysis is viable. In Sect. 6, stability is quantified in terms of the dimensionless parameter
from Monin—Obukhov similarity theory, zZL~! at 3 m, where z is height above the ground and

-1
L is the Obukhov length, defined as L = ui@(fc gw’@{,) , where u, is the friction velocity,

defined as the squared root of the magnitude of the vertical flux of horizontal momentum, ®
is a reference temperature, « is von Karman constant, g is gravity acceleration and w’6’,, is
the buoyancy flux.

All budgets are presented as bin averages, where the number of points in each bin is fixed.
Therefore, each bin consists of n points of similar V, and their position in the horizontal axis
is shown as the average V within the bin. The number n of points in each bin is 200 for
convective conditions and 2000 in stable conditions, the difference coming from the fact that
there are more observations in stable windows when the averaging window is smaller. For the
temperature variance budget, n is 150 in convective and 1500 in stable conditions, because
there are more missing points in this budget than in the others, arising from indeterminations
in the temperature variance dissipation rate. Whenever any budget term was missing, the
correspondent observation of all other terms of the same budget was not used.

4 Convective Case
Before addressing the budgets of the second-order moments, we look at how the near-surface

values of TKE, heat flux and temperature variance depend on mean wind speed and net
radiation (Fig. 1). At daytime, convective conditions, TKE increases near linearly with the
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Fig. 1 Average daytime dependence of 3-m TKE (upper panels), 3-m heat flux (middle panels) and 3-m
temperature variance (lower panels) on 3-m mean wind speed V and net radiation

near-surface mean wind speed from an average value near 0.5 m?> s~2 for very weak wind
speed to 2.5 m® s~2for V. = 6 m s~! (Fig. la). For V > 6 m s~!, TKE is observed to
increase more sharply with wind speed. In the entire range of wind speeds, TKE is only
slightly affected by net radiation. In contrast with TKE, the heat flux (here approached by
the buoyancy flux w’6’;) is mostly dependent on net radiation, varying little with the mean
wind speed, except for R,, > 400 W m~2 (Fig. 1b). Such a dependence on net radiation arises
naturally from the role of the sensible heat flux as a major component of the surface energy
budget. Interestingly, when R, > 400 W m~2, the wind speed exerts an appreciable control
on the heat flux. Given that the latent heat flux also increases slightly with wind speed in
that net radiation range (not shown), this result implies lack of energy budget closure at low
wind speeds. Similar to the heat flux, temperature variance (here approached by the sonic

temperature variance 6’ %) is much more dependent on the net radiation than on the mean
wind speed, and in this case it is regardless of the level of net radiation (Fig. 1c).

Based on these results, in the following analysis the second-order moment budgets are
shown in terms of the mean wind speed, and the dominant terms are also shown by classes
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of net radiation, to address if not only their magnitude, but also their dependence on wind
speed is affected by Rj,.

4.1 Turbulence Kinetic Energy Budget

In the daytime TKE budget (Eq. 1), SP increases nearly as the third power of the mean wind
speed for all ranges of V (Fig. 2a). At 6 m, this is the dominant production term for V >
1.5m s~ !, but at 14 m this condition is restricted to V > 2.5 m s~ 1. BP dominates otherwise,
and DIS is the main mechanism of TKE destruction, always exceeding 77, also negative at the
entire extension of the tower (Fig. 2c), indicating that TKE is being transported by turbulence
from the surface towards levels above the tower height. The residual term, necessary for
budget closure is generally positive for all mean wind speeds. Such a residual must account
for the role of pressure-transport term (7P), advection by the mean wind in all directions and
horizontal TKE turbulent flux divergence, besides errors of any kind in the estimates. Given
that horizontal transport terms by both the mean wind and turbulence are likely to average
out over a large enough period at a location such as the site of the present study where
pre- and post-frontal situations alternate sequentially, it is possible to speculate that most of
the observed residual is caused by term TP. The residual found, of similar magnitude and
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Fig. 2 Daytime dependence of the TKE budget terms (according to legend at panels a and ¢) on 3-m wind
speed V (a and c). Terms that have a fixed sign are shown as their absolute values in a log scale at the panel
a, while terms that may be of either sign are shown in a linear scale at panel c. Color relate to the vertical
level, according to legend at panel a. Panel b shows the same terms as in panel a, classified in 4 classes of
net radiation classes, according to legend. All classes have the same number of occurrences, representing a
quartile of the total data
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opposite sign to that of the other transport term, 77, gives confidence that such speculation
may be at least approximately valid. This is because LES results indicate that 7P has an
opposite sign and the same order of magnitude than 77. Specifically, Moeng and Wyngaard
(1989) have found, in a convective simulation with —z; L~! 2 15, that near the surface TT
is of opposite sign and nearly twice as large in magnitude than 7P. A similar quantitative
relationship has been found by the Deardorff and Willis (1985) laboratory study, where 7P
was inferred from the budget residual, and by Puhales et al. (2013) in a LES simulation of a
diurnal cycle with —z; L ™! ranging between 7 and 15. In slightly more convective situations
(—z; L~'=18), Moeng and Sullivan (1994) found the two transport terms to be of opposite
signs and similar magnitudes near the surface.

Errors in each of the observed terms affect the errors in the residual estimates. Here, the
errors are generally smaller because of the large number of observations in each averaged
bin. We estimate the standard error SE of each of the terms evaluated as SE, = o,//n
where o, is the bin standard deviation and » is the number of observations in each bin (200
at daytime, 2000 at night-time). Here, it is important to notice that o also contains naturally
driven variability, due to differences in forcings, such as net radiation, within each bin. The
accumulated residual error is given by the sum of the absolute values of the errors in each
of the observed terms. The accumulated residual error is shown in Fig. 3c as vertical bars
at each residual point. Despite incorporating errors in the 4 other terms, they are generally
smaller than the estimated residuals and, except in large wind speeds, do not bring uncertainty
to the sign of the residual, providing additional confidence in the association between the
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Fig. 3 The same as if Fig. 2, but for the heat flux budget. In this case, the residual is shown in panel a, and
indicated by its sign in the logarithmic plot
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residual observed and the role of the unobserved term associated with transport by pressure
perturbations.

The dependence of SP, BP and DIS on mean wind speed is similar in all ranges of net
radiation, although their magnitudes vary (Fig. 2b). The relative magnitude of the terms also
depend on net radiation, so that BP increases more between the first and second quartiles
of net radiation observations than over the next two classes, while the largest increase in SP
occurs between the second and third quartiles. This is a consequence of the different effects
net radiation has on the different budget terms, as suggested in Fig. 1, and it implies that
the wind-speed threshold for budget dominance between SP and BP depends slightly on net
radiation.

4.2 Heat Flux Budget

In the daytime heat flux budget (Eq. 2), our observations provide information on two pro-
duction mechanisms, GP and BP, and the turbulent transport, 77 (Fig. 3). When they are
classified by the mean wind speed V at 3 m, it is observed that the dominant production
mechanism changes at about V = 2.5 m s~!. For mean 3-m wind speed smaller than this
threshold, BP is the dominant mechanism for w’6’ production, while GP becomes dominant
for V > 2.5 ms™!. This occurs mainly as a consequence of the increase of GP with the mean
wind speed, as BP depends much less on this quantity. The large dependence of GP on V is
caused by the role of the vertical velocity variance, which increases steadily with V, in this

term. Term BP, on the other hand, depends mainly on the temperature variance 6’2, which
does not vary largely with V (Fig. 1c). Turbulence transports w/6/ away from the surface, as
TT is negative at both levels, and regardless of the wind speed (Fig. 3¢c), but the magnitude of
this term is always smaller than either of the production mechanisms. The residual necessary
for budget closure is, therefore, large and negative (Fig. 3a, “minus” signs). Such a residual is
likely dominated by contributions from the PC term, although likely the other missing terms
and errors of any kind also play a minor role. The role of PC as the dominant mechanism of
w/67 suppression in the CBL has been established in the LES studies of Moeng and Wyngaard
(1989), Moeng and Sullivan (1994) and Mironov et al. (2000).

The magnitude of both production terms varies largely with net radiation (Fig. 3b), but
their dependence on mean wind speed is generally unaffected. As with the TKE budget
(Fig. 2b), the terms vary differently with net radiation. Most of the variation of BP occurs
between the first and second net radiation quartiles, while for GP it occurs between the second
and third quartiles. Again, the consequence is that the mean wind speed threshold for budget
dominance between GP and SP depends on R),.

4.3 Temperature Variance Budget

The daytime 6’ budget (Eq. 3) is, to a large extent, a balance between production by GP
and destruction by DIS (Fig. 4). The increase of GP with wind speed (Fig. 4a) is not driven
by w6/, which varies much less with respect to that same variable (Fig. 1b). Therefore, the
near twofold observed increase in GP from V = I ms~! to V =3 m s~! is mostly driven
by a similar increase in the thermal gradient with wind speed, which is unexpected, given
that increased winds have a tendency to increase mixing, destroying vertical gradients. In the
present case, it occurs mainly as a response to the daily cycle. The daytime thermal gradient
near the surface is larger in the afternoon, when the surface is warmer, and this is also the time
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Fig. 4 The same as Fig. 2, but for the temperature variance budget. In this case, the residual is shown in panels
a, and indicated by its sign in the logarithmic plot

when largest wind speed occurs, causing both variables to be positively correlated along the
period of the analysis, with is between 1000 and 1600 local time. On the other hand, DIS is
nearly independent of wind speed, being larger than GP for V < 1.2 ms~!, and smaller than
GP otherwise, at 6 m. At 14 m, GP is always larger than DIS.TT is negative regardless of

wind speed at 6 m, and positive at 14 m (Fig. 4b) indicating that the turbulent transport of 6’ 2
operates over a shallow layer. Nevertheless, the magnitude of 77 is much smaller than that of
the other observed terms, so that the residual is nearly the difference between GP and DIS, at
6 m being negative for small wind speeds, positive for larger ones. Such a residual is smaller
than the two dominant terms at 6 m, and it is likely composed of contributions of horizontal
transport terms and observational errors of any kind. The average observed dependence of
GP and DIS on mean wind speed persists over different ranges of net radiation, although the
magnitude of each of the terms is observed to increase with R,,. (Fig. 4b).

5 Stable Case

At night, TKE generally increases with mean wind speed (Fig. 5a), as naturally expected.
Contrasting with the daytime behaviour (Fig. 1a), there is some TKE dependence on net
radiation, with larger TKE occurring with small than with large net radiative loss, for similar
ranges of mean wind speed. The dependence of the nocturnal w’6’,(Fig. 5b) mirrors the
observations at daytime (Fig. 1b) in the sense that the heat flux depends almost exclusively
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Fig. 5 The same as Fig. 1, but for the night-time period

on net radiation when the absolute value of R, is small, and becomes also dependent on wind
speed at larger values of | R, |. A similar observation has been made by Acevedo et al. (2021),
interms of the 30-m mean wind speed. The range of wind speeds over which the heat flux
increases with net radiation may be regarded as the weakly stable regime, when most of the
energy lost by radiation is returned towards the surface by the heat flux. On the other hand,
in the very stable regime, the heat flux is unable to provide such an energy return, and as a
consequence heat flux and net radiation are less dependent of each other. The temperature

variance 6’ % peaks at V = 2 m s~ !for most ranges of net radiation (Fig. 5¢). In fact, the

maximum 6’ % in Fig. 5c generally occur at mean wind speeds that coincide with those when
the heat flux quits depending on mean wind speed and becomes solely dependent on net

radiation, in Fig. 5b. It means that 6’ % tends to be maximum at the SBL regimetransition,
a result in agreement with those found by Acevedo et al. (2016). Besides, there is a clear

tendency of larger values of 6’ % to occur when the radiative loss is larger, a behaviour that
also mirrors the daytime observations (Fig. 1c).
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5.1 Turbulence Kinetic Energy Budget

In terms of magnitude, the two dominant terms of the TKE budget (Eq. 1) in stable conditions
are SP and DIS (Fig. 6a). SP is larger than DIS at large V, which is the weakly stable regime.
In the limit of large V, the ratio DISSP~! is minimum, approaching 0.7, meaning that
at night-time at least 70% of the turbulence produced by the wind shear is molecularly
dissipated. This is similar to the ratio between these two terms found in the weakly stable
LES of Kosovic and Curry (2000). In the very stable regime, on the other hand, at small
V there is an excess of DIS over SP, implying that other TKE production mechanisms are
present (van Hooijdonk et al. 2015). Despite the dominant role played by BD in driving the
SBL regime transition (Bou-Zeid et al. 2018; Maroneze et al. 2019), DIS is always the largest
term amongst the sink mechanisms. BD increases with V, as all terms do, but its relative
contribution as a sink is larger in the very stable (BDDIS~"' = 0.23 at small V) than in the
weakly stable regime (BDDIS™' = 0.05 at large V), as previously shown by Acevedo et al.
(2016). The TT term is small in magnitude (Fig. 6¢). At V > 2.0 m s~!, TT is negative at
6 m and positive at 14 m, implying TKE turbulent transport from the lower to upper levels
over a shallow layer that is covered by the tower extension. The magnitude of the TKE loss
near the surface by 77 in these situations is of the same order of magnitude as that provided
by the BD term. For V < 2.0 m s~! on the other hand, TT is positive both at 6 and 14 m, as
may be expected, given that in such very stable regime TKE increases with height, as shown
in Fig. 6a, therefore being transported downward.
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Fig. 6 The same as Fig. 2, but for the night-time TKE budget. In this case, the residual is shown in panels a,
and indicated by its sign in the logarithmic plot
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As a consequence of all these observed patterns of SP, DIS, BD and TT, the residual
necessary for TKE budget closure is positive for small V, and negative otherwise, being
mainly determined by the balance between the dominant terms SP and DIS. It is unclear the
extent to which such a residual found indicates that the PT term is positive under very stable
and negative under weakly stable conditions near the surface, especially because at night it
is more likely that unaccounted horizontal transport terms by mean winds and turbulence
are relevant. Acevedo et al. (2016) also found a dominance of DIS over SP that implies a
positive residual in very stable conditions. The same was observed by Smeets et al. (1998)
for zL~'> 0.3, who suggestedthat PT must be positive in that range of stabilities to provide
budget closure. Kosovic and Curry (2000) presented the vertical profiles of the TKE budget
terms during a weakly stable simulation, finding negative PT near the surface. Cuxart et al.
(2002) describe observations of PT along a night with intermittent turbulence, finding it to
be generally negative near the surface and positive above 30 m. Therefore, the TKE budget
residual from the present analysis indicates that PT is positive near the surface in very
stable conditions, in agreement with Smeets et al. (1998) and with Acevedo et al. (2016), and
negative in weakly stable conditions in agreement with the LES of Kosovic and Curry (2000).
Nevertheless, there are large uncertainties associated with undetermined terms in the budget
and errors of any kind, which imply that such a result must be accepted with caution. Being
mostly driven by the heat flux, the magnitude of BD varies consistently with net radiation,
being larger when the radiative loss is reduced (Fig. 6b). TKE dissipation rate is enhanced in
the class of largest radiative lossfor very weak winds. Given that in such case DIS exceeds
SP, it is clear that additional TKE sources exist, which could be the horizontal transport by
enhanced low-frequency submeso activity under these conditions.

5.2 Heat Flux Budget

In stable conditions, the buoyant term is positive and, therefore, opposes the downward heat
flux, being regarded here as a destruction mechanism. The budget is, therefore, dominated
by GP and BD, which oppose each other (Fig. 7). At large V, GP exceeds BD, while the
opposite occurs at small V. Similar behaviour in terms of the mean wind speed has been
found by Acevedo et al. (2016), who also found that the dominance between the two terms
near the surface switched with the SBL regime: in the very stable case |[BD| > G P, while
|[BD| < GP in the weakly stable regime. The same occurs at the Santa Maria data set,
where both terms are equal at V = 1.2 m s~ !(Fig. 7a), but this threshold also depends
on net radiation (Fig. 7b). Therefore, the present results indicate that the heat flux budget
and the condition |[BD|GP~' = 1 may be a good objective indicator of the SBL regime
transition, as found by Acevedo et al. (2016).The residual necessary for budget closure is
negative (and, therefore, contributing to the existing negative heat flux) with small V, when
|[BD| > G P and positive (“destroying” heat flux) in the opposite case, when |BD| < G P.
As in the convective case, it is likely that such a residual is dominated by PC, so that the
present results offer a hint on how such a term behaves in stable conditions. It cannot be
compared to estimates of this term from LES, as there are no such studies of the heat flux
budget in stable conditions. The DNS study of Shah and Bou-Zeid (2014) made that analysis
for Reynolds number ranging from 400 to 900. They divided the contribution of the PC term
to the heat flux budget into a transport and a return-to-isotropy term, finding that both had
opposing signs (negative transport, positive return-to-isotropy) and similar magnitudes near
the surface, so that the total contribution to the heat flux budget is small. In that case, this
result combined with those shown in Fig. 7a, b, allows speculating that when V is large, the
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Fig. 7 The same as Fig. 2, but for the night-time heat flux budget. In this case, the residual is shown in panels
a, and indicated by its sign in the logarithmic plot

negative residual is dominated by the transport portion of the term in the heat flux budget.
On the other hand, when V is small, PC is likely dominated by the positive contributions
from the return-to-isotropy component of this term.

5.3 Temperature Variance Budget

The temperature variance budget is dominated by GP, regardless of wind speed and height

(Fig. 8). The most important destruction mechanism observed is DIS, while 7T, transfers 6’ 2
away from the surface at 6 m. Nevertheless, both of them together account for less than half
of the production by GP, so that a large negative residual is necessary to close the budget
at 6 m. At 14 m, GP has decreased relatively more than DIS and, therefore, the residual
is smaller than DIS, despite 7T being almost negligible. The largest values of GP occur
either with very small V, when the thermal gradient is usually large, or with very large V,
when fluxes are still large (Fig. 5b) and the thermal gradient has not been totally destroyed.
Nevertheless, the combined effects of thermal gradient and w/67 cause GP to not vary largely
with V (Fig. 8a) On the other hand, a larger dependence on V is observed in both DIS and TT
(Fig. 9¢), which increase with V The magnitude of both GP and DIS increase appreciably
with the net radiative loss (Fig. 8b), but their overall dependence on wind speed follows what
is observed in the average (Fig. 8a).
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Fig. 8 The same as Fig. 2, but for the night-time temperature variance budget. In this case, the residual is shown
in panels a, and indicated by its sign in the logarithmic plot

Given that the only terms not observed in the 8’2 budget are those associated with radiative
processes and with the horizontal transport, both by the mean wind and by turbulence, the
large residual found suggest that either these terms are important or that the errors in the
estimate are large. Dias and Brutsaert (1998) suggested that term RAD plays a small role in

the 6’2 budget at the stable surface layer (Eq. 3). At the same time, although the long-term
observations in the present study and the much better closure of the budgets of TKE and w/6/
presented in the previous sections might suggest that the horizontal transport terms should

also be small, it is possible that such contributions are enhanced in the 6’ 2 budget, as small
horizontal temperature contrasts may produce scalar variance. In any case, it is likely that one
of those processes is playing an unexpected role. It is also somewhat surprising that DIS is so
much smaller than GP, contrasting with the observations at daytime, when these terms have
comparable magnitudes (Fig. 4), and with the results from the DNS by Shah and Bou-Zeid
(2014), who found |DIS| > GP and TT > 0 near the surface.

6 Dimensionless Budgets

To properly compare the present results to those from previous studies that analyzed the
second-order budgets, in this section they are shown in dimensionless form. This is done only
for the 6-m level, for simplicity, and the results are presented in Fig. 9. The TKE budget terms,
when scaled by ui(/cz)_l (Fig. 9a, b) are generally well represented by classical similarity
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relationships. The most important difference is that § Pu;3 (xz), which is often represented as
the dimensionless wind shear @7, does not approach unity at the neutral limit of 2L~ >0,
but 0.75. Reductions of the neutral value of ®j; have been described by Garratt (1980),
who attributed them to wake generation by a vegetated surface. The expressions proposed by
Wyngaard et al. (1971) for &, corrected by a multiplying factor of 0.75 (Table 1) provide a
fairly good adjustment to the observations of the present study (Fig. 9a, b, thin black lines) for
the entire range of zL~! values in the stable side, and for |zL’l ‘>0.5 in the convective side.
These results, therefore, indicate that beyond this limit of instability convective scaling may
be more appropriate than surface-based Monin—Obukhov similarity, for this dataset. This
conclusion is supported by the dimensionless dissipation rate DI Su, 3(kz) = ., which
is well-represented over a similar range of zL ™! by the expression proposed by Albertson
et al. (1997), again multiplied by a factor of 0.75 (Fig. 9a, thin dotted red line). Under stable
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Table 1 Algebraic expressions used to represent the second-order budget terms in Fig. 9

Term  Budget Condition Dimensionless Adjustment Reference
equation expression on which is
based
SP TKE Ll <o Gi 0.75(1 —154)" /4 Wytnglaard
etal.
(1971)
SP TKE >0 K 0.75(1+4.7%) Wytnglaard
etal.
(1971)
DIS  TKE L7 <0 ez —(0.46 —2.78%) Albertson
u3 et al.
(1997)
DIS TKE L7 >0 £k —(0.46 +5.6%) Wyngaard
u; (1973)
by —1 — 2)2/3
GP  wilr <0 g 0.28 - 0.17(~ %) -
usw'6’ 0z
GP  wi dL7V>0 0 o7 028+ 1.88(3)7 -
usw'6’ 0z
BP  wor V<0 g T, 0.54(—£)*° -
Oy usxw'e’
—a —1 v z\1/2 z z)2
BD  wor V>0 kg G, ~[11H) 2 =12 v0027(7)*] -
v yew'0’
ap 02 FT A I << 1] 0.74(1 —9%) 71/ Wyngaard
w'er o and Coté
(1971)
02 -1 2kzus 90 2/3
GP 6’ e 0.74+0.6(%) -
pis o2 Ll <0 Kmee 08 g4 _
oy ()
pis o2 Ll S0 KmsE —[0.43 + 0.2(%)‘/5} -

(o)

stratification, the suggestion from Wyngaard (1973) of a linear relationship between ®, and
7L~ provides a good description of the observed dissipation rates, with the coefficients
shown in Table 1. The dimensionless buoyant term of the TKE budget is mathematically
identical to zL™!.

In the heat flux budget, terms have been scaled by M*W(Kz)’l. Because the heat flux
appears in the scaling, positive (negative) dimensionless terms represent gain (loss), regard-
less of the flux sign. The dimensionless heat flux budgets found present two substantial
differences from the results of Wyngaard et al. (1971). The first is a change in dominance
in convective conditions, at zL~! ~ —0.2, absent in Wyngaard et al. (1971), who found
that GP and BP converge to a similar value at the free convection limit of large —zL~!
(Fig. 9¢). Here, BP clearly dominates over GP in these conditions, while the opposite occurs
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at the neutral limit of zZL~! — 0. The second difference regards the residual term in stable
conditions. While Wyngaardet al. (1971) found it to be always negative when zL~! > 0, the
present results indicate that the budget residual switches sign at zL~! & 0.7 (Fig. 9d). This
is a consequence of GP being always larger than the magnitude of BD in their results, while
here IBDI> GP in very stable conditions, as confirmed by Acevedo et al. (2016). Therefore,
if the residual is assumed to be dominated by the pressure transport term PC, the present
results indicate that PC is the dominant heat flux loss mechanism in all conditions, except
for very stable ones, when BD plays that role. Algebraic expressions that adjust the GP and
BP/D terms in terms of the stability parameter zL ~! in convective and stable conditions are
presented in Table 1, and shown by thin lines in Fig. 9c, d.

The temperature variance budget terms have been scaled by (W)z(u*/cz)’ !, being
shown in Fig. 9e, f. In convective conditions, the dimensionless GP term is well represented
by the expression proposed by Wyngaard and Coté (1971), and presented at Table 1 (Fig. 9a,
thin black line). In stable conditions, on the other hand, the proposition by Wyngaard and Coté
(Fig. 9f, thin dotted black line) fails to reproduce the observed behaviour, and an alternative
expression is given in Table 1, and shown as a thin solid black line in Fig. 9f. Algebraic
expressions for the dimensionless temperature variance dissipation rate are also suggested in
Table 1, based on the data from the present study.

7 Conclusion

The main contribution of the present study is a long-term analysis, which allowed detailed
observations of the dependence of the budget terms on the mean wind speed, net radiation
and stability, here represented by the stability parameter zL ~!. With such a dataset available,
it aimed on answering the two following research questions: -How do the budgets of turbulent

kinetic energy (TKE), heat flux (w/6/) and temperature variance (9’ 2) depend on the mean
wind speed and net radiation in both daytime and night-time conditions? How much are the
results from previous observations, typically obtained in short-term campaigns supported by
this longer dataset?

Regarding the first question, the budget analysis in terms of wind speed (V) and net
radiation has established that amongst the three second-order moments considered, TKE
is mostly controlled by the wind speed, with little dependence on net radiation, while the

opposite occurs for 6’2, The heat flux, on the other hand, has a mixed dependence: both at day
and night, it is only controlled by V when the absolute value of R, is large. Wind speeds at
which there is a switch in the term that dominates the budget has been found in many cases.
During daytime, TKE production is dominated by the buoyant term for low wind speeds
and by the shear term for large wind speeds, while heat flux production is dominated by the
buoyant term in low wind speeds and by the thermal gradient term for large wind speeds.
At night, the magnitude of heat flux production by the thermal gradient only exceeds that of
buoyant destruction when a wind speed threshold is exceeded. In all cases, the wind speed
thresholds under which budget dominance changes is dependent on net radiation.

For the second question, in general previous results are supported by the present analysis,
with some novelties. A particularly interesting piece of evidence refers to effects of pressure
transport terms, although it is based on residual analysis. Results indicate that the pressure
transport term in the TKE budget opposes the turbulent transport term in convective con-
ditions, but is smaller in magnitude. In stable conditions, the uncertainty is bigger, but the
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present results point to a negative role of the transport term by pressure perturbations in the
weakly stable regime, that becomes positive in the very stable regime. Given that the two
transport terms are often parameterized as a single one in models that solve the TKE budget
equation (Duynkerke 1988; Nakanishi and Niino 2009; Han and Bretherton 2019), this is an
important finding that may help improving such parameterizations.
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