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Abstract How convective boundary-layer (CBL) processes modify fluxes of sensible (SH) and latent
(LH) heat and CO, (F) in the atmospheric surface layer (ASL) remains a recalcitrant problem. Here, large
eddy simulations for the CBL show that while SH in the ASL decreases linearly with height regardless of soil
moisture conditions, LH and F, decrease linearly with height over wet soils but increase with height over dry
soils. This varying flux divergence/convergence is regulated by changes in asymmetric flux transport between
top-down and bottom-up processes. Such flux divergence and convergence indicate that turbulent fluxes
measured in the ASL underestimate and overestimate the “true’ surface interfacial fluxes, respectively. While
the non-closure of the surface energy balance persists across all soil moisture states, it improves over drier
soils due to overestimated LH. The non-closure does not imply that F, is always underestimated; F, can be
overestimated over dry soils despite the non-closure issue.

Plain Language Summary Large swirling motions, called large turbulent eddies, efficiently
transport water vapor, carbon dioxide, and heat up and down throughout the convective boundary layer (CBL).
To what extent scalar fluxes in the atmospheric surface layer (ASL) are modulated by large turbulent eddies
from the top of the CBL (i.e., top-down eddies) remains a recalcitrant problem in many fields spanning
atmospheric sciences, hydrology, ecology, and climate change. Here, high-resolution computational simulations
of the CBL show that scalar fluxes in the ASL linearly change with height across soil wetness conditions
largely due to changes in the interactions of top-down processes and bottom-up surface exchange. Such linear
height-dependence of the fluxes indicates that reported fluxes from direct turbulent measurements in the ASL
are not identical to their sought surface values. As a result, the non-closure of the surface energy balance occurs
across all soil moisture conditions but improves as soil becomes dry. CO, measured fluxes are underestimated
over wet soils and overestimated over dry soils, which has its implication when interpreting CO, exchanges
from global flux measuring networks utilizing turbulence theories. Height dependence of fluxes, which
confirms that the constant flux layer assumption is not routinely satisfied, is a fundamental reason for the
non-closure.

1. Introduction

The coupling between land-atmosphere exchange and convective boundary-layer (CBL) processes is increasingly
being interrogated (Helbig et al., 2021). Experimental, theoretical, and modeling work has unveiled that fluxes
of heat, water vapor, and greenhouse gases (e.g., CO,, CH,) in the atmospheric surface layer (ASL) are not only
driven by local atmospheric processes but can be subject to non-local contributions originating in the CBL
(Khanna & Brasseur, 1997; Gao et al., 2016, 2017; McColl et al., 2016; H. Liu et al., 2021), albeit with varied
causes and magnitudes across studies. One consensus that emerges is that interpreting ASL fluxes, typically
measured by eddy covariance systems or simulated by land-surface models, necessitates an understanding of how
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CBL processes holistically modulate turbulence and fluxes in the ASL (Ghannam et al., 2017; D. Li et al., 2018;
Q. Lietal., 2018; Butterworth et al., 2021; H. Liu et al., 2021). This query becomes increasingly pertinent given
the substantial role ASL fluxes play in weather and climate modeling across diverse spatial and temporal scales.

The coupling between the ASL and the outer region of the overlying mixed layer (ML) within the CBL is
enhanced by the presence of large coherent structures. These structures either initiate at the surface and ascend
toward the CBL top (termed ejections or bottom-up) or are driven by entrainment fluxes from the inversion layer
(termed sweeps or top-down) (Ghannam et al., 2017; D. Li et al., 2018; H. Liu et al., 2021). In this context, the
terminology ‘ejections’ and ‘sweeps’ signifies conditioning on positive (ejections) and negative (sweeps) vertical
velocity fluctuations only, rather than an analogy to the ejection-sweep cycle commonly studied through the
lens of quadrant analysis (Ghannam et al., 2017; Zahn et al., 2022). Nonetheless, these coherent eddies are more
energetic than small-scale turbulence, resulting in more effective mixing of scalar quantities throughout the CBL,
including the ASL. For instance, sweeping eddies originating near the ML top can impinge on the ASL, caus-
ing deviation in ASL turbulence statistics from those predicted by Monin-Obukhov similarity theory (MOST)
(Khanna & Brasseur, 1997; Wyngaard, 1982). The temperature similarity function conditioned on sweeps shows
a deviation from MOST but follows ML scaling (Q. Li et al., 2018). Conversely, this same function conditioned
on ejections remains reasonably predicted by MOST, a feature that is attributed to the sweep-induced potential
temperature fluctuations (Q. Li et al., 2018).

In addition to their influence on ASL turbulence, these large eddies regulate turbulent flux transport of scalars
within the ASL through their asymmetric flux contributions (D. Li et al., 2018). With increasing instability,
the imbalance in flux contributions between ejections and sweeps becomes more pronounced, resulting in
the enhanced coupling between the ASL and the overlying ML (Katul et al., 1997; D. Li et al., 2018; Li &
Bou-Zeid, 2011; H. Liu et al., 2021). This asymmetry also leads to a breakdown of the gradient-diffusion approx-
imation across a broad range of instability conditions in the CBL (Ghannam et al., 2017). Additionally, the
stratification in the free atmosphere influences ASL turbulent quantities under convective conditions (Mellado
et al., 2016), linked to the role of sweeps. All these findings underscore the vital role of boundary-layer processes
as a whole in regulating turbulent quantities and fluxes in the ASL. The argument of whether and how asym-
metric flux transport by sweeps and ejections of large eddies influences and is influenced by variations in flux
profiles (i.e., divergence and convergence) for heat, water vapor, and CO, in the ASL—commonly assumed as
a constant flux layer—has been minimally explored. Furthermore, it remains unclear what implications such
changes in flux profiles hold for the non-closure of the surface energy balance, and whether this non-closure
necessarily corresponds to underestimated CO, flux in the ASL by the same eddy covariance system that reports
underestimates in sensible and latent heat fluxes.

To address this gap, a series of large eddy simulations (LESs) are performed for horizontally homogeneous,
quasi-stationary CBL flows over a flat domain covered with uniform short grasses under various soil moisture
conditions (Text S1 in Supporting Information S1).

2. LES Model and Configurations

The LES model used here was developed by the National Center for Atmospheric Research (Moeng, 1984; Patton
et al., 2005; Sullivan et al., 1996) and coupled with a land-surface model (Huang et al., 2009, 2011). The salient
features of the LES model and its setup are presented in Text S2 in Supporting Information S1. Following the
setup in C. Liu et al. (2021), the simulation domain size is set to 5.0 X 5.0 X 1.92 km, with a grid spacing of
12.5 m X 12.5 m X 5 m and grid number of 400 X 400 X 384 in the x, y, and z directions, respectively. These
settings result in a boundary-layer height to grid spacing ratio exceeding 100, which is sufficient for CBL turbu-
lence (Sullivan & Patton, 2011). In all the simulations, a constant incoming solar radiation of 700 W m~2 is
imposed, and a zero geostrophic wind is set (i.e., shear-free CBL). The surface roughness length remains fixed at
0.1 m, which is commensurate to a grass field of 1 m in height, while the surface albedo is fixed at 0.2. Changes
in Bowen ratio f3, which is defined as the ratio of surface sensible heat flux (SH,) to surface latent heat flux (LH,)
(i.e., p = SH/LH,), are caused by variations in the partitioning of the available energy (R, ,—G,, where R , is the
surface net radiation and G, is the ground heat flux) into SH, and LH through altering the soil moisture parameter

£, in the LSM (Huang et al., 2009) (Table S1 in Supporting Information S1).

All simulations are initiated with profiles of potential temperature (), specific humidity (g), and CO, mixing
ratio (C) that are uniform in the horizontal directions across the domain (Text S2, Figure S1 in Supporting
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Information S1). The settings for the initial profiles of 6, g, and C, as shown in Figure S1 in Supporting Informa-
tion S1, are similar to those adopted in previous LES studies based on the data collected during the 1994 field
campaign of the Boreal Ecosystem-Atmosphere Study (BOREAS) (e.g., Huang et al., 2009; C. Liu et al., 2021).
The boundary layer heights (z,), initially set to 960 m for all these six CBL cases, reach their respective quasi-steady
state values ranging from 1,062 m to 1,154 m as p increases from 0.51 to 1.91 (Table S1 in Supporting Informa-
tion S1). The 1-hr averaged simulated results are analyzed only after the turbulent kinetic energy averaged across
the domain reaches a quasi-steady state.

3. Results and Discussion
3.1. Changes in Flux Profiles in the CBL With Varying Soil Moisture

Figures 1a—1c show the normalized fluxes of kinematic sensible heat (W / Wo), water vapor (W/ WO), and
Co, (W /Wo), respectively, across the six soil moisture conditions as a function of z/z,. Here and throughout,
w represents the instantaneous vertical velocity component along the wall-normal z axis, where z = 0 denotes the
ground. The primed variables represent turbulent fluctuations around their respective time-averaged states. All
fluxes to be analyzed in this section are domain-averaged across all the horizontal grid points after time-averaged
fluxes are calculated for each grid point (Text S2 in Supporting Information S1).

As expected, W/Wo in the stationary CBL exhibits a linear decrease with increasing z/z; (indicating flux
divergence) for all soil moisture conditions (i.e., all the / values). The slopes of the W/Wo profiles exhibit a
minute increase as j increases due to decreasing soil moisture (Figure 1a). Conversely, the w'q’ /w’'q', decreases
linearly with z/z; under the two wet soil moisture conditions (# = 0.51 and 0.60), signifying flux divergence
(Figure 1b). For the remaining four relatively dry soil moisture conditions (i.e., # = 0.74, 0.90, 1.32, and 1.91),
w'q' /w'q', increases linearly with z/z; (illustrating flux convergence). The slopes of w'q' /w'q', increase with
the increasing £ from 0.51 to 0.60, and then become positive values that decrease with the increasing f from
0.74 to 1.91. Similar to w'q’ /w'q,, W/Wo decreases linearly with z/z; as 8 increases from 0.51 to 0.90
under the four wet soil moisture cases (indicating flux divergence). It then increases linearly with z/z; as /3 contin-
ues to increase for the remaining two dry soil moisture cases with f# values of 1.32 and 1.91 (signifying flux
convergence) (Figure 1c). Linear dependences of W/Wo, w'q' /w'q',, and W/Wo on z/z; have been
reported in previous studies and simply indicate good statistical convergence of time and planar averaging of
LES outcomes to text-book expectations (Andre et al., 1978; Ek & Holtslag, 2004; Ghannam et al., 2017; Huang
et al., 2008, 2009, 2011; Mellado et al., 2017; Stull, 1988). However, the underlying mechanisms regulating
changes in the flux divergence and convergence in the CBL across varying f values have remained relatively
unexplored.

3.2. Changes in Flux Profiles in the CBL Regulated by Asymmetric Contributions of Top-Down and
Bottom-Up Processes

We now investigate whether the changes in flux profiles (i.e., changes in divergence and convergence) with the
varying f values, as depicted by the LES results in the preceding section, can be elucidated by the theoretical
arguments outlined below. According to the linear nature of the mean conservation equations, scalar fluxes in the
CBL can be quantified as a linear superposition of their respective top—down and bottom—up contributions and
given by Wyngaard and Brost (1984) and Huang et al. (2008),

_— — z — z
ws' =wso[1-=)+ws=, (H
Zi Zi

where s denotes a generic scalar. Re-organization of Equation 1 yields,

wy =l—(1—a)<§). @)

w’s’o i

Equation 2 indicates that % exhibits a linear dependency on z/z; and this normalized dependency can be quan-
w's’o

tified by a single parameter—the entrainment ratio for the scalar flux (). This « is defined as the ratio of the
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Figure 1. Vertical profiles of the normalized (a) kinematic heat flux (w’_e’/w’_a’o), (b) water vapor flux (w'q’ /WO), and
(c) CO, flux (w'C’ /w'C'y), third-order moments of (d) w'w'’ /w?0., (e) w'w'q' wq., (f) w' w'C' /w?C, and (g) R, ,, (h)
R, and (1) R, the updraft components of (j) R, (k) R, and (1) R,, and the downdraft components of (m) R,,, (n) R, ,,

and (0) R under different soil moisture conditions. Note that the flux transport efficiencies for sensible heat, latent heat,

we

and CO, fluxes are expressed as R,.p = i, Rug = at any heights

w9

we =
O 4 OO,
in the CBL and w/C’, are neganve for the spﬁcases in the model do domam covered wrth grass, making the w'C’ /w'C’, values
O
positive through the CBL. w, = | £w'0’y| , 0, = W g = Wi and C, = —2L represent the convective velocity scale,

temperature scale, humidity scale, and CO, scale, respectlvely g is the gravrtatlonal acceleration.

LIU ET AL.

4 of 10

ASURDIT SuOWWo)) dANEa1) d[qeatjdde o) £q PauIGAOS d1e SI[INIE Y 2SN JO I[N 10J AIRIqI] dUI[UQ AJ[IA UO (SUONIPUOD-PUB-SULId}/ WO K[1M’ KIRIQIUI[U0//:sdNY) SUONIPUOY) PuE SWLId T, 9y} 39S *[£Z0Z/Z1/0€] U0 A1eiqry autuQ KA ‘649901 TDET0Z/6201" 01/10p/wod Kajim’ K1eiqiourjuo sqndnSe//:sdny woiy papeojumod ‘| “$Z0T *LO0SEH61



-~
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2023GL106649

top-down entrainment flux of the corresponding scalar by sweeps at the CBL top to the bottom-up surface scalar
exchange (i.e., @ = w's’;, /w's’y).

As w0, increases with decreasing soil moisture (i.e., increasing f§), ejections driven by the increased w'€’,
become energetic and intrude upward into the upper CBL, evidenced by the positive vertical velocity in Figure 2.
This process enhances sweeps driven by entrainment, resulting in the enhanced downward impingement on the
ASL, ultimately leading to an enhanced coupling of the ASL with the CBL, as indicated by the negative vertical
velocity in Figure 2. As f increases, however, the reduced w'q’, and w'C’, from the surface lead to the weakened
bottom-up transfer of these two scalars, causing them progressively to retreat to lower levels in the CBL (Figure 2b
vs. 2h for g; 2f vs. 21 for C). Consequently, the top-down transfer of all the scalars by large eddies is substantially
enhanced as f increases, whereas the bottom-up transfer of water vapor and CO, weakens, while heat is enhanced,
though both the top-down and bottom-up processes are dynamically enhanced (Figure 2a vs. 2i). These differing
features are further reflected by the increased magnitudes of the turbulent flux transport (i.e., w'w'6’/w?0.,
ww'a'l wgq., and w'w'C’ /w?C,) in the top part of the CBL as well as the increased magnitudes of w'w'6’ /w?0.
and the decreased w'w'q’/ w?q. and w'w'C’ /w?C., in the bottom part of the CBL (Figures 1d—1f; Figure S2 in
Supporting Information S1). To be clear, the flux divergences arise from the mean continuity equation whereas
the aforementioned turbulent flux transport terms arise from an entirely different budget - the turbulent scalar
flux budgets. Large eddies can also be discerned by the horizontal distribution patterns of the vertical winds and
scalars at z = 80 m (approximately z/z; = 0.08), which become more organized at higher # and exert stronger
effects on fluxes (Figures S3 and S4 in Supporting Information S1).

As f increases from 0.51 to 1.91, '8’y and Wz,- increase by 87% and 78%, respectively. While w’q’, and w'c’,
are reduced by 50% and 75%, respectively, Wz, and Wz, increase by 129% and 75%, respectively. Conse-
quently, & for w6, w'q’, and w'C’ increases by 23%, 271%, and 453%, respectively (Table S1 in Supporting
Information S1). The increased a for '@’ is attributed to the more disproportionately increased bottom-up flux
than the increased top-down flux, signifying changes in the asymmetry in flux contributions by the bottom-up
and top-down processes with the varying f8 values. The increased a for w'q’ and w'C’ with increasing § carries
two implications. First, the top-down processes are progressively strengthened, leading to the enhanced contri-
butions of the top-down induced scalars and their fluxes to the respective scalars and fluxes in the lower part
of the CBL. This enhancement is reflected in the overall decreased flux transport efficiencies for water vapor
and CO, (i.e., qu and R,
R, -downdraft) than ejections (i.e., R, -updraft and R, -updraft) (Figures 1j-11 vs. Figures 1m-1lo; Figure S2

) (Figures 1g—1i), with more significant effects by sweeps (i.e., R, -downdraft and

in Supporting Information S1). This enhancement is also evidenced by the larger changes in R, -downdraft and
R, -downdraft than R, -updraft and R, -updraft in the ASL with increasing §. Using Figure 1n as an example,
entrained air masses carrying negative R, -downdraft from the top of the CBL are brought down by downdrafts
to the lower section of the CBL, resulting in a reduction of R, -downdraft. Consequently, the enhanced top-down
processes contribute to a decrease in R, -downdraft as f§ increases. Second, the increased a indicates that flux

contributions by sweeps and ejections to w’q’ and w'C’ become increasingly asymmetric across the CBL, includ-
ing the ASL, as f increases. Moreover, the changes in this asymmetry in flux contributions are the primary
process that regulates the changes in the dimensionless slopes of the flux profiles with varying f, as quantified
by (1-a) in Equation 2. The a for 1’6’ experiences small variations with the increasing /8 (i.e., flux divergence),
resulting in subtle changes in the slopes of the W/Wo profiles as soil moisture decreases. However, the
large increases in a for w'q’ and w'C’ from less than 1 to greater than 1 as 4 increases cause wq' Jwq, and
W/Wg to decrease with z/z; when their respective a is less than 1 (i.e., flux divergence) and increase with
z/z; when their respective a is great than 1 (i.e., flux convergence). Changes in the fluxes obtained from LES are
consistent with those predicted by Equation 2 when using the scalar specific a values in Table S1 in Supporting
Information S1 as expected.

3.3. Changes in the Non-Closure Linked to Changes in Varying Flux Divergence and Convergence in
the ASL

Given that the LES model calculates fluxes as covariance, the modeled fluxes at any levels in the ASL, defined as
the bottom 10% of the CBL, can be interpreted as equivalent to those that would be measured by an eddy covariance
system positioned above the surfaces (Inagaki et al., 2006; Kanda et al., 2004; Zhou et al., 2018). Therefore, eddy
covariance fluxes in the ASL can be interpreted as underestimated if the measured fluxes at a specific level (i.e.,
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Figure 2. x—z cross-sections of (a, g) potential temperature (6, K), (b, h) specific humidity (¢, g/kg), (c, i) CO, mixing ratio (c, mg/kg), (d, j) w'd, (e, k) wd', (£ 1)
w'c’ for f=0.51 and = 1.91. The black contour lines represent positive vertical velocity (>0.5 m s~!) and the white contour lines represent negative vertical velocity
(<—=0.5 ms7!). As S increases, overshooting thermals induced by the enhanced vertical velocity invade into the top of the CBL, leading to enhanced entrainments. As a
result, the enhanced mixing of scalars by ejections and sweeps is illustrated respectively by the enhanced ascending and descending plume-liked patterns in (a), (b), and
(c), as compared with (g), (h), and (i), respectively. The enhanced transport of scalars by ejections and sweeps is also reflected by the increased scalar fluxes across the
CBL, as depicted by the enhanced ascending and descending plume-liked patterns of each scalar flux in (d), (e), and (f), as compared with (j), (k), and (i), respectively.

w0, w'a', and w'C’) are less than their corresponding “true” surface interfacial fluxes (i.e., w’'6’o, w'q’,, and
w'C'y), and vice versa. Equation 2 suggests that for z/z,<<1, the turbulent fluxes represent their surface value

provided lal is not too large when compared to unity. Across the ASL, the linear decrease in w’6’/w'6’y with
height indicates that SH measured by eddy covariance systems are consistently underestimated regardless of soil
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Figure 3. Schematic showing changes in scalar flux profiles with soil moisture in the unstable ASL, as adopted from the
LES results in this study. Under wet soil conditions (a, b, ¢), fluxes of sensible heat (SH,,), latent heat (LH,,), and CO, (F,,,)

m m cm

measured by the eddy covariance system at a certain height (z,,) in the unstable ASL are smaller than their correspondmg
surface fluxes (i.e., SH,, LH,, and —F ). Therefore, SH, < SH,, LH,, < LH,, and —F, < —F .. Under dry soil conditions, SH,,

m m cm

is underestimated (d) but both LH,, and F,,, are overestimated (e, ). Therefore, SH,, < SH,, LH,, > LH,, and -F,, > —-F .

cm m m cm
CR= M < 1for both the wet soil and dry soil cases. Note that CO, fluxes over this grass surface are negative (1 e.,

F,<0) at any helghts in the CBL for all the six cases so that —F, is always greater than zero at any heights in the CBL by
adding a negative sign to F,.

moisture conditions; whereas the linearly decreasing and increasing w’q’ profiles indicates that LH measured by
eddy covariance systems are underestimated and overestimated for the two wettest and the four driest soil cases,
respectively (Figure 3; Figure S5 in Supporting Information S1). Note that the non-dimensionalized fluxes in
Figure S5 in Supporting Information S1 also support these conclusions.

Next, how the combinations of underestimated SH and underestimated/overestimated LH under different soil mois-
ture conditions contribute to changes in the non-closure is analyzed. Equation SE3 in Supporting Information S1
(i.e., CR = (SH + LH)/(SH,, + LH,) in Text S3 in Supporting Information S1) states that the surface energy balance
is closed (i.e., CR = 1) when the summation of the measured SH and LH at a specific height in the ASL is equal to
the summation of their “true” surface fluxes (i.e., SH, + LH,)). The analysis here focuses on the time-averaged fluxes
from a virtual tower at z = 40 m (approximately z/z; = 0.04) in the center grid of the homogeneous domain to explore
the non-closure problem (De Roo & Mauder, 2018; Xu et al., 2020). Note that the “true” surface fluxes are obtained
as the time-averaged fluxes over the domain to address possible footprint issues. Our results indicate that the mean
CR for all the cases from the virtual tower at z =40 m is 0.8, suggesting that eddy covariance measurements in the
ASL underestimate the land-surface fluxes by 20% across the varying soil moisture conditions. Specifically, the
CR from the virtual tower is 0.71 when averaged for the two wettest cases and increases to 0.90 when averaged for
the two driest soil cases, indicating improved closure over drier soils. These findings are consistent with previous
experimental evidence that CR from eddy covariance flux towers is generally larger under dry soil conditions than
under wet soil conditions (e.g., wetlands), as noted in the relation between CR and precipitation (Stoy et al., 2013),
though the underlying mechanistic causes for this improvement in CR under dry soil conditions were not previously
reported. Nevertheless, the relations between CR and f have yielded inconsistent results (Wilson et al., 2002).

In the subsequent discussion, horizontally domain-averaged fluxes at 40 m from Figure 1 and Figure S5 in
Supporting Information S1 are used to draw general conclusions. In dry soil conditions (i.e., high f), the
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overestimated LH (i.e., the LH flux convergence with w'q’ > w'q’,) compensates the underestimated SH (the SH
flux convergence), leading to an increased CR at z = 40 m (Figure S5 in Supporting Information S1). The under-
estimated SH accounts for over 75% of the CR, and its contribution slightly increases with f, whereas LH contrib-
utes less than 25%, with its contribution decreasing with # (Figure S5 in Supporting Information S1). Therefore,
this study provides a mechanistic explanation, elucidating that the overestimated LH due to the flux convergence
under high f is the primary factor explaining the increased CR for dry soils despite the further underestimated SH.

The distinct linear dependences of w6’ and w’a’ with height prompt an inquiry into how the non-closure changes
with height under varying soil moisture conditions (but at preset free atmospheric states). The LES results indi-
cate that the CR linearly decreases with height for all the soil moisture cases (Figure S5g in Supporting Informa-
tion S1), though such a relation shows considerable variability when using the CR from the virtual tower. The
slopes of the linearly decreased CR diminish as soil moisture decreases, indicating the progressively improved
closure with height as § increases primarily because the overestimated w’a’ outpaces the underestimated w6’
Furthermore, CR is consistently less than 1, even with the overestimated wa (i.e., Tq’ > WO) for the two
driest soil cases.

The widely reported non-closure issue, which is a persistent challenge in micro-meteorology, carries significant
implications for trace gas flux measurements. It has prompted debates within the flux measurement community,

particularly regarding whether this non-closure implies potential underestimation of CO, fluxes <Fc = w’C’)

by the same eddy covariance systems that are considered to underestimate SH and LH (Foken et al., 2011; Gao
et al., 2019). The decreased and increased w'C’ profiles indicate that . measured by eddy covariance measure-
ments in the ASL is underestimated for the two wettest cases with the lowest CR and overestimated for the four
dries cases with the highest CR (Figure S5 in Supporting Information S1), ranging from by —1% at # = 0.51 to 9%
at # = 1.91. When averaged across the six cases, F, at z = 40 m is overestimated by 2%, despite the existence of
the non-closure. In summary, this study reveals that CO, fluxes are underestimated under wet soil conditions and
overestimated under dry soil conditions irrespective of the persistent non-closure (for the imposed free atmos-
pheric states here). Based on these findings (i.e., Figure 1 and Figure S5 in Supporting Information S1), Figure 3
provides a schematic outlining the flux divergence and convergence in the ASL and their implications for eddy
covariance flux measurements and the non-closure problem.

4. Conclusions

Under steady-state and horizontally homogeneous conditions, the LES results converge to theoretical expectations
from the mean scalar continuity equations that flux profiles vary linearly with height for SH, LH, and F, in the
CBL as soil moisture levels change (represented by changes in ). These changes in the flux height-dependences
are regulated by interplay between land-surface (bottom-up) and boundary-layer (top-down) processes facilitated
by large eddies. As soil moisture decreases, SH at the surface increases, intensifying surface thermal forcing.
Consequently, thermally induced eddies (i.e., ejections) bolster the entrainment from the top of the ABL through
top-down eddies (i.e., sweeps), enhancing the coupling between the land-surface and boundary-layer processes.
Changes in asymmetric transport of fluxes by sweeps and ejections modify (and are modified by) the slopes of
the flux profiles as f increases, resulting in changes in flux divergence/convergence with soil moisture in the
ASL even over this horizontally homogeneous landscape. Consequently, such changes in flux divergence and
convergence have significant implications for fluxes measured or reported at various heights in the ASL that are
underestimated or overestimated, respectively, as compared with the “true” surface fluxes. Specifically, SH in
the ASL is consistently underestimated across all the  conditions, whereas LH and F are underestimated under
wet soil conditions with low f and overestimated under dry soil conditions with high g (Figure 3). As a result,
the non-closure occurs across all the soil moisture conditions, but the closure improves with drier soil over which
latent flux convergence occurs. The non-closure does not necessarily imply that F, in the ASL is always under-
estimated; instead, F, is overestimated over dry soils where non-closure exists (Figure 3). Therefore, changes in
the degrees of the non-closure are linked to variations in flux divergence/convergence in the ASL. These findings
also imply that a Bowen ratio preserving correction would lead to erroneous adjustments to SH, LH, and F,.

The constant flux layer assumption requires constant normalized flux profiles, a concept previously discussed
(Wyngaard, 2010). However, its implications for the non-closure problem have not been explored. This assump-
tion implies that flux gradients typically vary by less than 10% in the ASL. Nevertheless, if each of SH and LH
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varies 10% with height, the combined effect can potentially result in a 20% variation in the sum of SH and LH
across the ASL, which may explain the widely observed non-closure of 20% in the flux measurement commu-
nity. The LES results for the convective boundary layer suggest that the non-closure problem is largely linked
to a failure of the constant flux layer assumption, which necessitates further studies or improve eddy covariance
measurement or calculation approaches. The study also highlights the emerging needs in flux measurements to
understand how boundary-layer processes impact ASL exchanges and fluxes in a fully coupled ABL system.
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According to the AGU publications Data Policy, the data used in this paper are deposited at Zenodo (Liu
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