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Surface energy balance has always been a goal of those studying the Earth’s
climate system. However, many studies have demonstrated that turbulent heat
fluxes are usually underestimated by eddy covariance (EC) measurements, such
that the energy balance is not closed. This study proposes a new perspective
on calculating sensible heat flux based on the environmental temperature
using EC. Using this approach, additional sensible heat fluxes were detected as
outcomes of the vertical transportation of thermal structures in the atmospheric
surface layer (ASL). For data obtained over a 40-day period over a grassland in
Southern China, additional sensible heat flux observations exceeding 50 W m=
were measured for 8 of the 40 days; smaller but still significant contributions
were captured for another 11 days. In the proposed model, the difference
between the mean and environmental temperature (AT) and the local mean
vertical velocity (w) serve as determinants for the additional flux, where the
former can be deemed as the activity level of the thermal structures. A modeled
underestimation of a[w] H, of the total vertical sensible heat flux was revealed
using our method, where « equals 3.55 for this study, H, is the traditional EC
results, and [w] is the non-dimensional w. Moreover, the additional flux usually
showed large values in the daytime that were not detectable using the traditional
EC method; this may help explain the energy imbalance problem in the ASL.

KEYWORDS

atmospheric surface layer, environmental temperature, sensible heat flux, single-point
tower measurement, thermal structure

1 Introduction

The eddy covariance (EC) method has been widely used for decades to estimate
the vertical fluxes of momentum, heat, and gases between the Earth’s surface and the
atmospheric surface layer (ASL). The EC method assumes that all signals of small-scale
motions are included to calculate the results from the covariance between measurement
scalars and vertical velocity fluctuations. However, it is known that the conventional EC
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method often underestimates the vertical energy flux, which is one of
the main reasons for the widespread “energy imbalance problem” in
the ASL. Analysis from FLUXNET sites shows that average turbulent
energy fluxes underestimate available energy by 20% at most sites
(Wilson et al., 2002). Instrumental errors (Richardson et al., 2012;
Mauder and Zeeman, 2018), data processing errors (Kaimal and
Finnigan, 1994; Leuning et al., 2012), additional sources of energy
(Mauder et al., 2013; Garcia-Santos et al., 2019), and sub-mesoscale
transport processes (Mauder etal,, 2010, 2020) are supposedly
the underlying reasons for the surface energy imbalance. In the
past 25 years, although a great deal of research has attempted to
address the energy imbalance in the ASL, the results have not
been satisfactory. Thus, energy imbalance remains an ongoing issue.
Based on the above reasons, some have taken a closer look at the
theoretical foundations of the EC method.

The turbulent heat flux in the ASL w+ (T - T,) requires knowing
the base temperature T, (Webb et al., 1980), commonly referred
to as the “environmental temperature” (Priestley and Swinbank,
1947). Heat is imparted to and carried by each parcel of air,
so the temperature change with respect to the base temperature
T - T, is needed rather than the temperature T itself (Webb et al.,
1980) or even the well-understood temperature anomaly T-T.
Because T, is difficult to specify and is considered very close to
T (Mauder et al,, 2020), it is usually discarded when using the
conventional EC method under the assumption of homogeneous,
isotropic turbulence. However, the widespread three-dimensional
(3D) anisotropic turbulence in the ASL limits the validity of applying
the conventional EC method in this case. In practice, when the
environmental and mean temperatures are in good agreement, such
that the difference between them is negligible (Webb et al., 1980;
Webb, 1982), the conventional EC method would be applicable.

As such, some have shifted their attention to determining
environmental temperature and new aspects of the total heat flux.
Shang et al. (2003, 2004) used the most probable temperature as
the reference temperature for studying the local convective heat
flux in turbulent Rayleigh-Bénard convection; their results showed
that non-isotropic coherent structures in the convection cell can
carry much more heat than that specified using the conventional
EC method.

Mauder etal.  (2008) treated the
temperature as the environmental temperature and determined that

time-space-averaged

the contribution of additional sensible heat flux was significant.
Specifically, they designed a 3.5km x 3.5km ground-based
experimental set-up to study the sensible eddy heat flux. The
additional flux, with the contribution of large, organized structures
captured by the spatial EC method, exceeded 50 Wm™.

However, neither Shang et al. (2004) nor Mauder et al. (2008)
provided a physical basis for their treatments of the environmental
temperature. A more accurate determination of the environmental
temperature and its impact on the turbulent heat flux in the ASL
is necessary, allowing for a re-estimation of the vertical sensible
eddy heat flux from single-point tower measurements. A new
calculation of sensible heat flux based on determination of the
environmental temperature is here proposed. Even for average
measuring times of 30 min, our results from single-point tower
measurements show that the total vertical sensible eddy heat flux
is considerably underestimated. The addition of the sensible heat
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flux, which is not the same as the spatial averaging method derived
from Mauder’s study (Mauder et al., 2008), can also be measured by
single-point tower measurements and is associated with anisotropic
thermal structures in the ASL that are ignored by the conventional
EC method. This new calculation of sensible heat flux may provide
an inspection of the energy imbalance problem in the ASL.

In this study, we re-estimated the vertical sensible heat flux
using the new calculation of sensible heat flux and single-point
tower measurements over a 40-day period in a grassland region
of southern China. Additional sensible heat fluxes were detected
that were considered outcomes of the vertical transportation of
thermal structures in the ASL. In our research, three 30-min runs
with different stability conditions were chosen to shed light on
the environmental temperature and its diurnal fluctuations. Long-
term flux measurement data were included in the re-estimation
of the vertical sensible heat flux. In the following, we describe
our experimental setup and explain the theoretical basis of
our approach.

2 Materials and methods
2.1 Data resource

Detailed descriptions of the study site and long-term flux
measurement system can be found in Bi et al. (2007). Only a brief
account is provided here.

Preliminary measurements were carried out in May 2004 over a
flat, homogeneous, grassland site (area: 300 m x 400 m) in southern
China (Bietal.,, 2007; Qietal, 2015). The site was 12.5 m above
sea level and was located in the tropical monsoon region (22.43°N,
113.25°E). The air temperature and wind velocity components (u, v,
and w, respectively) were measured using a 3D sonic anemometer
(CSAT3, Campbell Scientific Inc., Logan UT, USA). Water vapor
density and CO, were measured using a LI-7500 system (LiCor
Biosciences, Lincoln, NE, USA). Fast response sensors were installed
3.9m above the ground, with a sampling frequency of 10 Hz.
Other supporting data, such as soil heat flux, soil temperature,
and radiation, were measured in the experiment (Bi et al., 2007);
however, these measurements were not included in our analysis.

Following Foken etal. (2004), post-field data quality control
processes were applied. In particular, noise and various kinds
of interference from 30-min measurements of turbulence using
a criterion of X(t) < ()_(— 40) or X(t) < (§+ 40) were eliminated,
where X(t) denotes the measurement (i.e., wind speed components
and temperature), X is the mean over the interval, and o the standard
deviation. Data during and after rain events were removed because
the sonic anemometer would be in error in these cases. After
quality controlling of the 40 days’ data, 1733 out of 1920 half-hour
data remained.

The study period was 40 days from 1 June 2004 to 10 July
2004 to re-estimate the sensible heat flux. Three 30-min runs were
conducted daily to obtain data under different stability conditions:
3:00-3:30 for stable conditions, 11:00-11:30 for unstable conditions,
and 19:00-19:30 for neutral conditions. The mean meteorological
conditions for the three runs are shown in Table 1, where the friction
velocity up, sensible heat flux H, (calculated from the conventional
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TABLE 1 Summary of the mean meteorological conditions for the three 30-min runs: friction velocity (u;), stability parameter (), sensible heat flux (H,),

stability condition (S C), mean horizontal wind 0U[, wind direction (W D), mean air temperature M, temperature fluctuation standard deviations (0;-), and
vertical velocity fluctuation standard deviations (o,,).

Run? no. scP (U) m/s W D°N T°C ‘ or-°C ‘ 0, m/s us m/s H, W/m? ‘ {
1 Stable 118 118 3228 0.11 0.18 0.12 -7.85 0.15
2 Unstable 323 125 35.95 059 047 038 151.60 —011
3 Neutral 353 116 35.03 0.06 050 036 1017 0.003

“Run nos 1, 2, and 3 represent 3:00-3:30, 11:00-11:30, and 19:00-19:30, respectively.

>The stability conditions are classified as stable for 0.125 < { < 1, neutral for —0.0625 < { < 0.125, and unstable for =1 < { < =0.0625 (Foken et al., 1991; Siebicke et al., 2012).

EC method), and stability parameter { are estimated in Eq. 1:

— 72 —v2];
up = [W T +wy ] s
H,=pCw'T’, (1)
(=z/L= —Kzg(w'T' + 0.61Tw'q')/?u3m,
where p, C,, and g represent air density (kg m™), the specific
heat under constant pressure (J kg"1 K1), and the gravitational

acceleration, respectively. L =—Tu} /;cg(w'T' + 0.61Tw'_q') is the
Obukhov length, which includes the buoyancy correction due to
water vapor; k is the von Karman constant, and |L| is the height
at which the buoyant force begins to predominate over the shear
force. Notably, all scalar fluctuations in (1) are derived from the time
moving-averaging operation.

2.2 Theoretical considerations

The heat transferred by eddies cross a horizontal surface
in the atmosphere, at any height z, is given by Priestley and
Swinbank (1947):

H=pC,w(T-T,), (2)

where p and C, are the mean air density (kg m™) and the
specific heat capacity of dry air at a constant pressure (J kg™ K1),
respectively. Here, w is the vertical wind velocity and T'- T is the
temperature change with respect to the environmental temperature
(Priestley and Swinbank, 1947) or the base temperature T
(Webb et al., 1980). Webb et al. (1980) describe the base temperature
T, as ..taken as constant at any given height, representing roughly
an assumed initial base temperature from which each element of air
is warmed (or cooled) during the vertical transfer of heat supplied
(or removed) at the underlying surface” Henceforth, we use the
term “environmental temperature” for T;. If we substitute the mean
temperature Tinto Eq. 2, it becomes

H=pC,w-(T-T,)+pC,w'T = AH+H, (3)

where T" represents the temperature fluctuation with respect to the
mean temperature T. Additionally, we replace T — T, with AT.

In the conventional approach, the first term on the right side of
Eq. 3 is usually neglected as small values of w exit in the ASL (Webb,
1982) and the difference between the mean and environmental
temperature is considered minimal (Webb et al., 1980). However, we
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demonstrate in the following that this is not the case, as indicated by
Mauder et al. (2008, 2020).

First, consider the two terms on the right side of Eq. 3 denoted
as AH and H,. The additional flux AH is ignored by the conventional
EC method that considers only H,, which is determined by the
product of the mean vertical velocity and the difference between
the mean and environmental temperatures; it does not account for
the additional heat transport contributed by anisotropic thermal
structures in the ASL. The decomposition of the sensible heat flux in
Eq. 3 suggests that the heat flux H is determined by two temperature
scales and two velocity scales. It should be noted that both AH and H,
are generated by atmospheric eddy motion, regardless of the mean
flow and velocity fluctuations (Shang et al., 2004).

2.2.1 Environmental temperature T,

An air parcel is heated or cooled as it moves between different
layers at different heights. For instance, heat is taken away by the
parcels ejected upward, and new parcels with lower temperatures
sweep in to supply the removed air. Ramps are commonly
observed in temperature traces when high-frequency measurements
of temperature are taken for the vertical transportation of these
thermal structures (Gao et al., 1989; Chu et al.,, 1996). A sample of
temperature traces under various stability conditions is shown in
Figure 1 for 23 June 2004 at 11:00. The ramp-like structures occur
under both stable and unstable conditions. In this regard, the surface
renewal ramp model was first described by Snyder et al. (1996) and
further modified by Chen etal. (1997) as a more realistic ramp
model. Figure 2 shows the ramp-like model and information to be
extracted, as summarized thus:

e The total ramp duration is characterized by the time over
which the air temperature changes, Lr (s), and the time
over which the air temperature remains unchanged (i.e.,
quiescent), Lq (s). The thermal structures in the ramp period
Lr are responsible for heat, momentum, water vapor, and
other gaseous transportation. During the quiescent period Lgq
between the falling ramp and the formation of the next ramp,
the flux exchange is scarce (Chen et al., 1997).

e The amplitude a, (a,) (°C) of the ramps has the following
relations: a, >0 for unstable conditions, a, <0 for stable
conditions, and usually |a,| > |a,].

e Both the warm plumes found in unstable conditions, and the
cool plumes that occur under stable conditions in the low ASL
are usually driven by instabilities in the velocity layer (Gao et al.,
1989; Belmonte and Libchaber, 1996), thus creating the slopes

frontiersin.org


https://doi.org/10.3389/feart.2024.1269252
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Qietal. 10.3389/feart.2024.1269252
FIGURE 1
Air temperature (°C) fluctuations observed in a 10-Hz sample for stable (03:00, (A)), neutral (19:00, (B)), and unstable conditions (11:00, (C)) on 23 June
2004.

of the ramp-like structures. SI; and SI, are the slopes of rising
and falling ramps, respectively. Usually, |SL,| > |SI;].

Here, we take the temperature within the quiescent period Lg
as the environmental temperature T;,. The reason for this is that the
temperature change T — T} is a very small value during the quiescent
period; thus, the air is depleted of heat flux exchange. The probability
density function (PDF) of the temperature provides a simple method
to evaluate the environmental temperature. A relatively distinct peak
in the PDF of temperature fluctuation is likely to be present, even
under the condition that a very short period of Lq is included. Thus,
we take the most probable temperature within a 30-min period as
the environmental temperature T, (Shang et al., 2004). Here, we do
not need to estimate the ramp period Lr or the quiescent period Lg;
only the recorded temperature is necessary.

Webb et al. (1980) noted that T}, should be constant at any given
height and represents a reference state of temperature from which
each element of air is warmed (or cooled) during the vertical transfer
of heat supplied (or removed) at the underlying surface. Thus, the
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thermal structures will supply or remove heat at the given height,
but T, will remain constant. Moreover, the ramps are characterized
by the thermal structures, the pass-through of which returns the
temperature to a stable level (Figure 2). The statement above serves
as the second reason for obtaining T by analyzing the measured
temperature’s PDE

The environmental temperature T, is determined using the
following steps:

1) Calculate the temperature fluctuations T = T — T, where T is
low-pass-filtered by a window function G(tt,), as given by
Moncrieff et al. (2004) using Eqs 4 and 5:

~ t r r r
T(t):j0 G(t —t;ty)T(¢ ) dt (4)
-4
and
1/2t, forlt| < ¢,
G(t:ty) = (5)
0 forlt| > ¢,
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FIGURE 2

Analysis of the ramp-like model for temperature fluctuations in the atmospheric surface layer (ASL), where a, (a,) is the amplitude of the air
temperature, L, is the ramp period, L, is the quiescent time period, Ty is the environmental temperature, and Sl; and S, are the slopes of the rising and
falling ramps, respectively. This figure is re-drawn from Snyder et al. (1996) and Chen et al. (1997).

Here, the width of window (2f;)) is 30 minand is thus
comparable to the common temporal EC method.

2) Evaluate the PDE denoted as P(T'), of each 30-
min temperature fluctuation by clustering the 18,000
measurements within different bins in the same window
width of 0.01°C.

3) Identify
maximum of P(T'), where T, ranges between the

temperature TI'W that corresponds to the

minimum and maximum of T".
4) Obtain the environmental temperature T, using Eq. 6:

To() = T(t) + Ty, (8). (6)

5) Calculate the difference between the mean and environmental
temperature using Eq. 7:

3 Results

3.1 AT for single-point tower
measurements

To more accurately illustrate AT for the measurements, detailed

information about the three runs with different stability conditions
is described. Table 1 lists the mean meteorological conditions. The
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stable condition run had a relatively small horizontal wind speed
(1.18 ms™!), a small u5 (0.12 ms™*), and small ¢~ (0.11°C) and o,
(0.18 ms™!). Under unstable conditions, a moderate horizontal wind
speed (3.23 ms™!) and a large ug (0.38 ms™), or (0.59°C), and o,
(0.47 ms™!) were observed. For the neutral condition, the horizontal
wind speed was moderate at 3.53 ms™'; large values were recorded
for uy (0.36 ms™') and o, (0.50 ms™"), yet o- was small (0.06°C).
All incoming winds of the three runs had nearly the same direction.

Figure 3 shows the PDFs for the temperature fluctuations of
the three runs under the different stability conditions. To contrast
them more fully, all maximums of the PDFs were normalized
to the value of 1. Distinct peaks were found in the PDF
distributions for all stability conditions. For the three runs, the
differences between the mean and environmental temperatures
(AT) were —0.07 °C, 0.29°C, and 0.01°C for stable, unstable,
and neutral conditions (Table 2), respectively. To understand the
dynamic mechanism for AT, detailed information including the

—\3 —\2\ 3/2

skewness of temperature (ST= <(T— T) >/<(T— T) > ) and
vertical velocity (SW = <(w - Tv)3>/<(w - v_v)2>3/2) and the skewness
of the temperature derivative (S'T: ((@T/31)*)/ <(6T/at)2>3/2) is
also reported in Table 2. Under stable conditions ({ = 0.147), both
Sy and §,, were greater than 0. However, under unstable conditions
({=-0.109), negative values were found for both S; and S,,. It is
known that the skewed distributions of temperature and vertical
velocity indicate the nature of the upward thermal structures in
the ASL (Chu etal., 1997). Here, the thermal structures under
stable and unstable conditions were generated by the instabilities
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FIGURE 3

Probability density functions of the temperature fluctuations for the three runs under different stability conditions.

TABLE 2 Summary of skewness (S) of temperature and vertical velocity, skewness (S’) of the temperature derivative, the environmental temperature (T,),
and AT for the three runs.

1 Stable 0.147 —-0.394 0.325 —-0.054 32.35 -0.07
2 Unstable -0.109 0.980 -0.833 0.034 35.66 0.29
3 Neutral 0.003 —-0.246 0.067 -0.030 35.02 0.01

of the velocity layer for Sy S'T <0 (Belmonte and Libchaber,
1996). The vertical movement of thermal structures led to the
existence of a non-zero AT. For example, upward warm and cold
structures create temperature differences of AT >0 and AT <0,
respectively. Good agreement was attained between AT and the
stability conditions such that AT <0 for stable conditions and
AT > 0 for unstable conditions. Neutral conditions resulted in a AT
value of approximately 0.

Figure 4 shows the variations in AT for the period 01 June to
10 July 2004. AT had a maximum value on 04, 12, and 27 June.
Generally, positive values of AT were observed in the daytime hours;
atnight, AT was smaller and negative on average (Figure 5). Over the
observational period, under the condition of strong solar forcing on
sunny days, large AT (> 0.8°C) was observed on 4 of the 40 days: 04,
12, 14, and 27 June. On 6 June it was rainy, so AT remained small
(0.19°C). The diurnal variation of average AT was consistent with
the diurnal variation in the solar radiation: both exhibited strong
solar forcing and positive AT during the day, reached a maximum
at noon, but then declined to near 0 or below with negative AT
values at night. The relationships between the stability parameter {
and AT for 40 days are shown in Figures 5B, C. Because the unstable
boundary layer was more conducive to the development of thermal

Frontiers in Earth Science

structures, large positive values of AT were usually found under
unstable conditions in the daytime. In contrast, the stratification
of the boundary layer at night prevented heat and mass exchange
between the Earth’s surface and upper air layers, such that small
AT dominated.

3.2 Vertical velocity

Wind data from sonic anemometers are usually transformed
into a mean streamline parallel coordinate system to correct
for non-zero w effects (Wilczak et al., 2001; Finnigan et al., 2003;
Dellwik et al., 2010). Following Wilczak et al. (2001), the planar-fit
technique was adopted in this study. The corrected vertical velocity
can be calculated using Eq. 8:

w,=w—by—bu—Db,v, ®)

where: b, is a mean zero offset, possibly due to electronic problems
and flow perturbation in the measured vertical velocity; b, and
b, are wind direction-dependent coefficients; and u and ¥ are the
longitudinal and lateral velocity, respectively, as measured by a sonic
anemometer.
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FIGURE 4
Vertical wind velocities (m s™!) averaged over 30 min and AT (°C) for the period (A) 01 June to 10 June 2004, (B) 11 June to 20 June 2004, (C) 21 June
to 30 June 2004, and (D) 01 July to 10 July 2004.

The wind data for 27 to 30 June were selected to determine
the linear regression coefficients (bgy,b,,andb,) when the sonic
anemometer was functioning properly; a wide range of wind
directions were found for these four days. The resulting b, b;,and b,
were 0.0132 m s}, 0.1197, and 0.0156, respectively.

Figure 4 shows relatively small changes in the vertical velocity
(< 0.1 ms™); notably, the lack of diurnal variation in w dominated
our measurements. The grasslands had a slight effect on the
wind direction, depending on the vertical velocity. However, no
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distinct vertical component was found even at midday when vertical
convection is more likely.

There was a linear relationship between the daily maximum
of AT and the corresponding local vertical velocity (Figure 6). In
general, AT increased with w. Since AT was generated by the thermal
structures, it can be deemed an indicator of the activity level of those
structures in the ASL. The relationship between the maximum AT
and w suggests that an increase in the local w can result in more
active thermal structures. In turn, the development of the thermal
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FIGURE 5
(A) Diurnal variations in the difference between the mean and environmental temperatures (AT), including the standard deviation of the 40 days. (B, C)
Plots of AT vs. the stability parameter { for daytime and night, respectively.

structure can be suppressed by terrain gradients, large eddies in the
ASL, and/or by local thermal circulations, regardless of whether the
local w is induced.

3.3 Sensible heat flux

The measurement location was in the tropic monsoon region
of southern China. Because measurement commenced in June, the
air temperature was relatively high and the diurnal variation in the
maximum temperature ranged between 26°C and 38°C (figure not
shown). Figure 7 shows the sensible heat flux over the 40-day period.
The maximal conventional EC method was used to calculate H,;
most values were larger than 80 Wm ™2 at noon, with 04, 14, 17, and

Frontiers in Earth Science 08

27 June showing a clear sky and strong solar forcing that resulted in
flux H, maxima of 231.4, 232.4, 236.3, and 229.8 Wm™2, respectively.
Relatively frequent rainfall was found within the observation period,
and the missing results of H, were largely induced by rainfall events.
Notably, rainfall at noon on 06 June produced a low H, value of
32.6 Wm™.

Large differences (>50 Wm?) between the new method used
to estimate the total sensible heat flux H and the conventional EC
method used to calculate H, were found for eight days: 03, 04, 13,
14, 15, 25, 26, and 27 June; AH for those days were 78.3, 63.4,
66.6, 61.2, 93.5, 51.1, 57.4, and 59.9 Wm 2, respectively, with the
ratio of the AH to H, reaching an astonishing 50.7%, 29.1%, 42.2%,
30.6%, 43.3%, 44.5%, 29.6%, and 26.1%, respectively. Those large
differences reached a maximum at noon when strong solar forcing
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FIGURE 6
Plot of the maximum of AT each day versus the corresponding local

vertical velocity w. Red line refers to the linear regression.

occurred under a large AT of 0.77, 1.02, 0.39, 0.54, 0.42, 0.48, 0.59,
and 0.80 °C, respectively. At the same time, a relatively small vertical
convection with positive local vertical velocities of 0.07, 0.04, 0.06,
0.08, 0.11, 0.08, 0.07, and 0.07 m s~ was observed on these eight
days. Notably, on occurrences with large AH, the wind speeds were
not large, ranging 1.6 to 3.9 ms™!, and winds were mostly from
the south (Figure 8). In addition to those eight days, additional flux
less than 50 Wm™ but larger than 30 Wm™ was observed for an
additional 11 days: 01, 05, 11, 12, 16, 22, 23, and 24 June, and 01, 06,
and 08 July.

In addition to the large positive additional flux observed, there
were also relatively large negative additional flux values (<-30
Wm™?) for some of the other days: —44.0, -32.0, -30.1, -48.2, -33 4,
-39.4, -54.9, and —34.3 Wm™2 for 01, 02, 08, 19, 21, 22, and 28
June, and 08 July, respectively. As with the positive flux, all of the
negative flux occurred at noon, with AT ranging between 0.40 °C
and 0.68 °C, but with small local subsidence in the vertical velocities
ranging between —0.07 and —0.04 m s

Mauder and Foken (2006) indicated an uncertainty of 5%
or 10 Wm™ from sonic anemometer measurements, using the
conventional EC method to estimate the sensible heat flux. The large
discrepancies described in sensible heat flux calculated from the
conventional EC method and the new EC method at noon in our
observations seem plausible as the thermal structures were active
at this time of day. The presence of small local vertical velocities
resolves these large discrepancies.

4 Discussion

4.1 Reason for the additional flux AH

The conventional EC method was developed under the
condition of homogeneous and isotropic turbulence flow, and
it was thought able to capture the heat flux contributed by all
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signals of small-scale motions. The visible contradiction between
the prerequisite of the conventional EC method and the widespread
anisotropic turbulence in the ASL was the first indication that
the conventional EC method may fail to estimate the correct heat
flux. The identified thermal structures were responsible for the
majority of the vertical heat, momentum, and mass fluxes in the ASL
(Gao et al,, 1989; Chen et al., 1997). Behind these thermal structures
are anisotropic flows. The ability of an anisotropic flow to transport
heat differs considerably from that of an isotropic flow.

We obtained the local environmental temperature from the
ramp-like structures in our model (Figure2). If warm (cool)
structures occupy the space, then the time mean temperature will be
higher (lower) than the environmental temperature. The time scales
of the thermal structures are much less than 30 min; thus, they can be
captured by the 30-min average operator. Additionally, their spatial
scales are not very large, such that the results represent the local heat
flux. To measure the additional heat flux contributed by large-scale
organized structures, Mauder et al. (2008) used the time-space-
averaged temperature as the environmental temperature. However,
this may be a limitation of their theory in practice.

When using the most probable temperature within a 30-
min period as the environmental temperature, an additional flux due
to the transportation of thermal structures could be detected. The
additional vertical sensible eddy heat flux AH is partly decided by
the difference between the mean and environmental temperatures,
AT. The non-zero AT presented here was determined by similar
existing thermal structures in Figure 2, meaning that both AH and
H;, are a result of the vertical transportation of eddies (Shang et al.,
2004). Moreover, even AH has an inseparable relationship with local
vertical convection. A good linear relationship between heat flux

w' T and AT was found (Figure 9B), such that a larger sensible heat
flux H, (H, = pCPW) occurred with larger AT, while smaller AT
corresponded to a smaller H,. This linear relationship is also evident
when comparing Figures 5A, 9A as both AT and H, have the same
diurnal variation. The identified thermal structures are responsible
for the majority of vertical heat flux in the ASL (Gao etal., 1989;
Chen etal,, 1997). Large H, means that the thermal structures
are active and an apparent AT emerges. In these active thermal
events, additional fluxes are visible if non-zero w occurs. On the
other hand, no additional flux exists in the absence of thermal
structures, even with strong local vertical convection. Unlike the
similar approaches proposed by Lee (1998) and Mauder et al. (2008),
in which the former quantifies the convective sensible heat flux by
measuring the transported local vertical gradient of the scalar while
the latter undertake this by measuring the difference between the
time-averaged scalar and the time-space-averaged scalar, AH and
H, cannot be studied separately. They are both part of the turbulent
flux but can be captured by a single-point tower measurement.

The linear regression relationship from Figure 9 provides
a modeled estimation of AT from the conventional EC
method W' T” (H,):

[AT] = 0.0061 +a[w'T"], ©)

where « is equal to 3.55. The coefficient of determination (R*) of the
linear regression is 0.77. Here, [W] is the dimensionless operator,
and the coefficient of 3.55 is determined by the thermal structures.
The first term on the right side of Eq. 9 will be discarded because
zero heat flux exchange means that no thermal structures appeared.
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FIGURE 7

Sensible heat flux estimates for the additional flux AH (W m™2) and the conventional estimated flux H, (W m~?) for the period 01 June to 10 July 2004.
The averaging time is 30 min for the period (A) 01 June to 10 June 2004, (B) 11 June to 20 June 2004, (C) 21 June to 30 June 2004, and (D) 01 July to
10 July 2004.

We should note that « varies at different underlying surfaces, but the Based on Eq. 10, it is clear that, once the coefficient is known,
linear relationship in Eq. 9 is reliable. the additional flux coinciding with local vertical convection can be

Substituting Eq. 9 into Eq. 3 leads to the following relationship: ~ resolved. For example, an additional flux of 35.5% of H, should
be included if a slight subsidence of w=0.1ms™" existed for our

H,yoq = (1+ a[W])H,, (10) measurements.

Frontiers in Earth Science 10 frontiersin.org


https://doi.org/10.3389/feart.2024.1269252
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Qietal.

10.3389/feart.2024.1269252

FIGURE 8

Wind speed (m s™) and wind direction (°) averaged over 30 min for the period 01 June to 10 July 2004 for the period (A) 01 June to 10 June 2004, (B)
11 June to 20 June 2004, (C) 21 June to 30 June 2004, and (D) 01 July to 10 July 2004.

4.2 The role of vertical convection

The additional vertical sensible eddy heat flux AH is not only
decided by the difference between the mean and environmental
temperatures AT but is also sensitive to the local mean vertical
wind speed w. AT is usually greater than zero in the daytime
(Figure 5A); thus, the local subsidence or the local uplift would lead
to an underestimation or overestimation of the total sensible heat
flux (Figure 10). However, because only small AT occurs at night,
there will be no large underestimation or overestimation. This case
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somewhat differs from the “cool down” events described by Williams
and Hacker (1992) or McNaughton (2004) that underestimate the
sensible heat flux for downdrafts as cooler than the ambient air
(Mauder et al., 2008). Variations in the vertical velocity perturbation
of more than one order larger than w lead to a slight subsidence
that cannot prevent warm structures from propagating upward due
to the instability of the velocity layer as opposed to buoyancy.
Closer examination of Figure 5 shows that, although there was
slight subsidence at noon on more than 10 of the 40 days, all AT
were positive.
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FIGURE 9

AT: the red line refers to the linear regression (R> = 0.77).

(A) Diurnal variations in the conventional EC method to calculate sensible heat flux (H,), including the standard deviation of 40 days. (B) Plot of H, vs.

FIGURE 10

Schematic diagram showing the underestimation or overestimation of total vertical sensible heat flux caused by the thermal structures interacting with
local vertical convection in the ASL when using the conventional EC method in Eq. 3.

4.3 The probable role of the method in the
energy imbalance problem

It is known that the majority of vertical heat, momentum, and
mass fluxes in the ASL are due to the movements of the identified
thermal or coherent structures (Qiu et al., 1995; Chen et al., 1997).
The creation of these thermal structures is dynamically dominated
by the vertical shear of wall-bounded turbulent flows (Gao et al,
1989), and their thermodynamics are dominated by the temperature
difference between the upper and bottom boundaries of Earth’s
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surface or the Rayleigh-Bénard convection (Shang et al., 2004). The
structures are usually more pronounced under unstable conditions
(Figure 1). Similar ramp patterns of humidity and CO, can also be
found, and they are both shaped by the turbulence structures in
the ASL. Therefore, additional heat flux in the form of latent heat
and additional CO, transport due to this turbulence should also be
considered.

In this study, both the conventional EC estimate and the
additional contribution are fluxes transported by the turbulence
in the surface layer; that is, the additional contribution is a
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component of heat transported by the thermal structures but cannot
be identified by the conventional EC method. A more intuitive
understanding comes from a laboratory experiment of Shang et al.
(2004), who compared the heat transports calculated by the EC
method and those injected by heater in a turbulent Rayleigh-Bénard
convection system. They concluded that the conventional EC
estimates can significantly underestimate the injected heat flux
under convective conditions, and the underestimated heat transport
was captured by the new method (Eq. (3)). The results revealed
by Shangetal. (2004) may be inspiration for addressing the
energy imbalance problem in the terrestrial surface. The energy
imbalance problem was widespread at FLUXNET sites and was
most apparent during the day (Wilson etal., 2002). According
to Wilsonetal. (2002), the difference between the available
energy and turbulent energy fluxes reaches its maximum value
at noon. Fokenetal. (2010) also reported an imbalance of
20%-30% during the daytime in the LITFASS-2003 experiment.
Based on the results of our study, the additional contribution
AH, which is usually ignored and also usually reaches its
maximum value at noon, may be one of the main reasons for the
energy imbalance.

The new estimate considers heat transport by thermal structures.
These are not unique to the underlying surface of grassland
types but are rather a common feature shared by all types of
underlying surfaces, indicating the universality of this research.
The contribution of thermal structures generated by plant canopies
such as grasslands, forests, and crops to heat transport and
their related boundary layer energy imbalance problem have
received widespread attention (Chen etal., 1997; Castellvi et al.,
2008; Holwerda et al., 2021; Cely-Toro et al., 2023). As they are all
based on the conventional EC results to study the contribution of
thermal structures to heat flux, there is also the inevitable issue of
the energy imbalance problem.

Using the conventional EC method, the large-eddy simulation
study of the energy imbalance problem by Steinfeld etal
(2007) showed that the imbalances are relatively small (05%)
at a height of 20 m. However, reports from field experiments
indicated a larger imbalance (10%-30%) at lower measurement
heights closer to the surface (Wilson etal., 2002; Oncley et al.,
2007; 2010). No viable
to explain the imbalance difference between the different

Foken et al., reasons were offered
measured heights.

We describe the presence of thermal structures in the ASL
that determine the existing AT. Those structures, without mixing
with the surrounding air, create the ramp-like patterns in the
model, leading to temperature skewness (Table2). When the
thermal structures propagate into the upper air and mix with
the surrounding environment, the thermal structures gradually
fade, and a corresponding decrease in AT occurs. Thus, the value
of AH would also decrease with height while having the same
w at different heights. This means that, if the ignored AH is
included in the total vertical sensible heat flux, the question
of the reduction in the imbalance rate with height may be
partly answered. Of course, further study is needed to confirm
this premise.
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5 Summary

The conventional temporal EC method (H,) usually
underestimates the total vertical sensible heat flux, thus contributing
to the “energy imbalance problem” in the ASL. A better estimate
requires that the environmental temperature is accounted for.
Based on the ramp-like model for temperature fluctuations, we
used the most probable temperature of each 30-min data run
as the environmental temperature. Additional sensible heat flux
was detected with our proposed approach in comparison to the
conventional EC method. The additional flux (AH), which can be
measured by single-point tower measurements, is determined by the
difference between the mean and environmental temperatures (AT)
and the local mean vertical wind velocity (w) due to the vertically
transported thermal structures in the ASL. Both AH and H, are
produced by eddies. Measurement data over a grassland surface in
southern China from 01 June to 10 July 2004 were used to test the
new EC method.

The additional sensible heat flux usually peaked at noon,
when solar forcing was strong and the convective boundary
was developed. Large underestimations of the sensible heat flux
exceeding 50 Wm™ were found for 8 of the 40 days of the
observational period. For the eight days, large differences between
the mean and environmental temperatures (>0.39°C) and small
vertical velocities (<0.11 ms™') were evident. Underestimations
which, although smaller, were still significant in the order of
30-50 Wm™ were found for 11 other days, as well as a relatively
large negative additional flux (<~30 Wm™). A simple model of
the interaction between the thermal structures and local vertical
convection was developed. The underestimation or overestimation
of vertical sensible heat flux was decided by the vertical wind
direction in the daytime, while the errors in sensible heat flux were
small at night.

The additional flux can be determined once the difference
between the mean and environmental temperatures (AT) is resolved.
Our results showed that AT, decided by the vertical transportation of
anisotropic thermal structures, was predominantly positive during
the daytime when the boundary layer was unstable and the thermal
structures were active. In the evening, the ASL was neutral or
stable and AT tended to 0, but with slight negative mean values.
Thus, AT can be deemed an activity-level indicator of the thermal
structures in the ASL. A good linear relationship with a slope of 3.55
between AT and w'T" was found. Using this linear relationship, a
simple model for estimating the total vertical sensible heat flux was
proposed. Our measurements indicated an under- or overestimation
of 3.55[w/(1+ms™")] H, of the total vertical sensible heat flux. The
local vertical velocity was vital for resolving the additional flux.

In general, additional sensible heat flux cannot be ignored
during the daytime. This may thus be an important reason for the
widespread energy imbalance, which is more apparent at noon.
In addition, AT decreases with height as the thermal structures
propagate upward. The additional heat flux will decrease at the
same time, providing a rational answer to the puzzle of an energy
imbalance rate decrease with height. However, additional studies are
required for confirmation.
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