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Abstract Accurately representing the surface sensible heat flux (SHF) in Earth SystemModels (ESMs) is of
paramount importance and challenge. This study introduces an alternative surface‐layer SHF correction scheme
by modeling nonlocal scale SHF through flux imbalance (FI) prediction models while employing the
conventional gradient diffusion approach (K‐theory) for the local scale part. This approach is termed the FLux
IMbalance and K‐theory (FLIMK). The FLIMK relies solely on atmospheric stability parameters (u∗/w∗) and
the ratio of measurement height to the boundary layer height (z/zi). The FLIMK underwent testing using large
eddy simulation (LES) under dry convective boundary layer conditions with a prescribed stripe‐like
heterogeneous SHF at the land surface. Additionally, the FLIMK scheme was incorporated into a numerical
weather prediction (NWP) model and tested in the single‐column mode with data from the Atmospheric
Radiation Measurement test case. The results indicate that K‐theory underestimates the SHF by approximately
15% due to the effects of the nonlocal scale. In contrast, the FLIMK scheme effectively reduces this imbalance,
decreasing it from 15% (16%) to 6% (6.7%) for LES (NWP). The findings suggest that the FLIMK scheme can
potentially enhance the parameterization of SHF in ESMs.

Plain Language Summary Understanding the heat flux between the land surface and the atmosphere
is essential for studying their interactions. Traditional K‐theory only captures the local part of this heat transfer,
so an extra term is needed to represent the nonlocal part. This study suggests that using flux imbalance
prediction models to account for the nonlocal part of the heat flux offers an alternative solution. The new
method, FLux IMbalance and K‐theory, has been tested with large eddy simulations and weather prediction
models, showing significant improvements in representing the sensible heat flux.

1. Introduction
An accurate representation of the sensible heat flux (SHF) at the land–atmosphere (L–A) interface is essential not
only for land surface modeling but also for capturing the full spectrum of atmospheric processes affected by
surface heterogeneity. SHF governs surface energy partitioning (Lin et al., 2022; Mauder et al., 2018), shapes the
development of the planetary boundary layer (PBL; Sullivan et al., 1998), and influences entrainment processes at
the PBL top (VanZanten et al., 1999). These processes, in turn, affect the timing and structure of cloud formation
(Stevens, 2007), the initiation of moist convection, and the distribution and intensity of precipitation (Hohenegger
et al., 2009; Sedlar et al., 2022). Recent studies, for example, Lee et al. (2019) demonstrate that surface
heterogeneity–induced circulations can impact cloud development and mesoscale organization, underscoring the
need for surface flux parameterizations that capture nonlocal effects.

SHF is commonly estimated using the gradient diffusion approach, also known as K‐theory, due to its simplicity.
This method assumes that the SHF is always down‐gradient, and proportional to the vertical potential temperature
gradient, and is expressed as:

H = − ρCpKh
∂θ
∂z

, (1)

where H (W m− 2) is the SHF, ρ (kg m− 3) is the air density, Cp (J kg− 1 K− 1) is the specific heat capacity of air at
constant pressure, Kh (m2 s− 1) is the eddy diffusivity, θ (K) is the potential temperature, and z (m) is the height.
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K‐theory captures only local‐scale turbulent transport, overlooking contributions from nonlocal processes such as
secondary circulations (Kang et al., 2007; Meredith et al., 2014; Pleim, 2007). This conceptual limitation is shared
by commonly used measurement techniques, including the eddy‐covariance (EC) system, which similarly assume
fluxes arise solely from local turbulence (Jung et al., 2019; Mauder et al., 2024; Wilson et al., 2002). Secondary
circulations are increasingly recognized as a key driver of nonlocal SHF, as supported by both observational
evidence (Eder et al., 2015; Paleri et al., 2022) and large‐eddy simulations (Avissar & Schmidt, 1998; Raasch &
Harbusch, 2001). These unaccounted nonlocal contributions are a likely cause of the systematic underestimation
of local‐scale SHF when compared to the total reference SHF (H0) (Kanda, 2006; Y. Zhou & Li, 2019).

A consistent underestimation of SHF by approximately 10%–30% has been widely reported in eddy‐covariance
measurements, motivating extensive efforts to understand the underlying causes of this mismatch, which have
been linked to land surface heterogeneity (Foken, 2008; Mauder et al., 2020). Studies have shown that the degree

of underestimation strongly depends on factors such as friction velocity (u∗ = (uʹwʹ2 + vʹwʹ2)14, where u, v, and
w are the longitudinal, lateral and vertical velocity components along the Cartesian coordinates x, y, and z,

respectively) and atmospheric stability (− z/L, or − zi
L = k(w

3
∗

u 3
∗
) , z is the measurement height, zi is the boundary

layer height defined as the height of the maximum in the vertical potential temperature gradient, L =
u∗

3θv
kg(wʹθvʹ)s

is

the Obukhov length, w∗ = [
g zi
θv
(wʹθvʹ)s]

1
3
is the convective velocity scale, θv is the virtual potential temperature

and k is the von Kármán constant). For example, Franssen et al. (2010) conducted a comprehensive analysis using
data from 26 European FLUXNET sites and found that the surface energy balance non‐closure decreased with
increasing friction velocity and atmospheric stability. Similar conclusions were reached by Stoy et al. (2013)
based on data from 173 FLUXNET sites worldwide. In the rest of this study, we use − zi/L as the bulk atmospheric
stability parameter. This choice follows earlier boundary‐layer studies (Deardorff, 1972; Panofsky et al., 1977)
and has been widely adopted in large‐eddy simulation (LES) based investigations of non‐local turbulence and
convective boundary‐layer dynamics (De Roo et al., 2018; Johansson et al., 2001; Khanna & Brasseur, 1997).

Around the same time, research using LES demonstrated that nonlocal effects—such as secondary circulations—
can be quantified through similarity‐based approaches. Specifically, the flux imbalance (FI), defined as the ratio
of nonlocal SHF to the total reference SHF (i.e.,H0 = local + nonlocal), can be expressed using semi‐empirical
functions based on relevant scaling variables (De Roo &Mauder, 2018; J. Huang et al., 2008;Wanner et al., 2022;
Y. Zhou et al., 2019). For example, J. Huang et al. (2008) conducted idealized LES experiments and proposed that
FI can be described as a function of friction velocity and convective velocity scale, as well as the normalized
height: FI = f1 (u∗/w∗) f2(z/zi) . Their model is valid within the mixed layer (approximately 0.3 zi − 0.5 zi) and
was later extended by De Roo et al. (2018) to the atmospheric surface layer (ASL) (<0.1 zi). The semi‐empirical
function introduced by De Roo et al. (2018) (hereafter referred to as De18) has shown robust performance under
various conditions, including field measurements at the Soroe beech forest site in Denmark and two pre‐Alpine
grassland sites in Germany (Mauder et al., 2021), as well as in LES studies incorporating different land surface
heterogeneity patterns (Zhang, Poll, & Kollet, 2024; Y. Zhou et al., 2023).

This study addresses the research question: can the representation of SHF at the ASL in ESMs be improved by
incorporating FI prediction models to capture nonlocal effects? Building on existing local‐scale approaches, we
introduce a hybrid framework that combines conventional K‐theory with semi‐empirical FI prediction models to
represent both local and nonlocal SHF contributions. It is noted that the focus of this work is placed entirely on
improving the SHF at the surface layer, without modifying boundary layer parameterizations. Section 2 describes
the FI and K‐theory (FLIMK) scheme and introduces the numerical model and simulation setups. Section 3
presents the results of the FLIMK scheme in both LES and numerical weather prediction model (NWP). Finally, a
summary and conclusion are offered in Section 4.

2. Methods
2.1. Flux Imbalance and K‐Theory Approach

The SHF in the ASL (roughly 10% of PBL height close to the surface) consists of the local and nonlocal parts, as
shown in Figure 1 (De Roo & Mauder, 2018). The local scale turbulent heat flux is typically described as the
covariance of two scalar measurement fluctuations, especially those obtained using the eddy‐covariance system
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(e.g., wʹθʹ , the overbar denotes the temporal mean and prime “'” represents
the temporal fluctuation). In ESMs, the local scale flux is presented using K‐
theory as − Kh

∂θ
∂z , where Kh is the vertical heat diffusivity, and its detailed

formulation is provided in Section 2.2. We note that both the Smagorinsky
closure used in LES and the MOST‐based flux parameterization used in the
NWP configuration have known limitations under gray‐zone resolutions and
over heterogeneous surfaces, where local similarity assumptions may break
down. The FLIMK scheme is specifically designed to address these limita-
tions by providing a correction to surface layer SHF to account for unresolved
nonlocal transport. The nonlocal processes include the mean vertical advec-
tion flux (〈w〉 〈 θ〉), and the dispersive flux (〈δwδθ〉), here, the angle brackets
indicate the spatial mean, and “δ” denotes the spatial fluctuation. In this paper,
the definition of the FI follows Y. Zhou et al. (2019) as the ratio of the
nonlocal part to the total reference SHF (i.e., the sum of local and nonlocal
part) in the surface layer

FI =
⟨δwδθ⟩ + 〈w〉〈θ〉

⟨H0⟩
= 1 −

⟨wʹθʹ⟩
⟨H0⟩

. (2)

The FI has received attention both in field measurements (Barr et al., 2006;
Foken et al., 2011; Franssen et al., 2010; Paleri et al., 2022; Stoy et al., 2013;

Wilson et al., 2002) and in the LES (De Roo et al., 2018; J. Huang et al., 2008; Wanner et al., 2022; Y. Zhou
et al., 2019, 2023), leading to several semi‐empirical functions being proposed to quantify the FI. For example, by
assuming that SHF in the atmosphere arises from a combination of bottom‐up transport from the surface and top‐
down transport associated with entrainment at the boundary‐layer top, a FI prediction model has been proposed
using a shape function of the form: FI = f1(

u∗
w∗
) f2( z

zi ). The physical rationale underlying this formulation is based
on the work of J. Huang et al. (2008), for convenience, is also provided in the Appendix B.

In this study, the FI prediction model from De Roo et al. (2018) is selected, hereafter FLIMK_De18, shown in
Equation 3

FI = [0.197 exp (− 17.0
u∗

w∗
) + 0.156] [0.21 + 10.69

z
zi
], (3)

where u∗ (m s− 1) is the friction velocity, w∗ (m s− 1) is the convective velocity scale, z (m) is the measurement
height, and zi (m) is the boundary layer height. Equation 3 is designed to predict the FI of the domain‐averaged
SHF. Equation 3 is primarily validated and applied within the surface layer, from several meters above the ground
up to approximately 0.1 zi. The FI may also be directly diagnosed from LES output based on the definition in
Equation 2, which is referred to as FLIMK_LES. It is noted that although Equation 3 was originally fitted using
LES data over a homogeneous land surface, it has shown potential for application over more complex hetero-
geneous conditions. For example, a recent evaluation by Zhang, Poll, and Kollet (2024) demonstrated that
Equation 3 can accurately capture near‐surface FI even over two‐dimensional checkerboard‐patterned soil
moisture fields with varying heterogeneity scales.

Based on the FI prediction model, a novel approach, the FLIMK scheme, is proposed to account for the nonlocal
effect of SHF in the surface layer, as shown in Figure 2. Specifically, the SHF in the lowest atmospheric layer will
be modified using the FI prediction model, as specified in Equation 4. The derivation of Equation 4 is presented in
Appendix A.

H0 =
− Kh

∂ θ
∂ z

1 − FI
.

(4)

Figure 1. Graphical representation of the sensible heat flux in the lowest
atmospheric layer, with an influx from the surface (⟨H0⟩) and an outflux into
higher layers. The local scale component is shown in red, and the nonlocal
component is shown in blue. The storage term of θ is shown in orange and is
negligible compared to the other terms. Only the heat flux in the vertical
direction is considered. Figure adapted from De Roo and Mauder (2018).

Journal of Advances in Modeling Earth Systems 10.1029/2024MS004801

ZHANG ET AL. 3 of 16

 19422466, 2026, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024M

S004801 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [17/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2.2. Model and Simulation Setup

In this study, the FLIMK scheme is tested in both the idealized LES with prescribed SHF at the surface and in the
NWP setup using real test cases from the Atmospheric Radiation Measurement (ARM) campaign (Brown
et al., 2002; Ďurán et al., 2021). The Icosahedral Nonhydrostatic Weather and Climate Model (ICON) was
selected, as ICON is the new generation of fully compressible atmospheric models, covering all scales including
the climate model, NWP, and LES (Dipankar et al., 2015; Hohenegger et al., 2023; Jungclaus et al., 2022; Van
Pham et al., 2020; Zängl et al., 2015).

In the LES, the land surface heterogeneity was configured with three stripes (Figure 3), with the middle stripe
representing a SHF of 0.2 K m s− 1, and the side stripes representing 0.1 K m s− 1. The domain, with double‐
periodic boundary conditions, covers an area of 9.6 × 9.6 km2 and has a spatial resolution of 50 × 50 m2. It
extends vertically to 4.2 km with a vertical grid size of 10 m, with a sponge layer set at the top 500 m of the model.
The simulation was run for 8 hr, with analysis focused on the final hour. During this period, the lowest 10 model
levels were saved at a 0.5‐s time step. It is worth noting that the FLIMK scheme is not run online; instead, it is
evaluated by calculating a priori of the LES output. The SHF at 45 m is calculated as the sum of the resolved
vertical flux wʹθʹ and the subgrid‐scale (SGS) heat flux, which is based on the K‐theory through the 3D sub‐grid
Smagorinsky scheme with Lilly's stability correction. The underestimation is computed as the difference between
the prescribed surface SHF and this diagnosed value. The 45 m level is selected to balance two goals: staying
within the surface layer and minimizing the influence of SGS contributions. Prescribing the SHF at the surface

Figure 2. Schematic of the FLux IMbalance and K‐theory. The flux imbalance prediction models represent a nonlocal effect
that modifies the upper boundary of the lowest atmospheric layer (the second half layer). The potential temperature gradient
is computed between two adjacent full layers. Note, layer indexing is inverted relative to the original ICON model for
illustration.
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allows us to isolate the effects of the FLIMK parameterization on the rep-
resentation of SHF in the ASL, without the added complexity of feedback
from L‐A coupling.

To assess how surface heterogeneity affects SHF representation across spatial
scales, we applied FLIMK to a series of sub‐regions within the LES domain,
ranging from the native 50 m grid scale up to 9.6 km. Required factors in the
Equation 3 were calculated as the spatial‐mean value of the sub‐region. In this
study, w∗ computed using potential temperature (θ) rather than virtual po-
tential temperature (θv), under the assumption of dry conditions where their
difference is negligible. For moist environments, θv should be used to better
capture buoyancy‐driven convective dynamics. The spatially averaged heat
flux over the sub‐region in the lower atmosphere functionally mimics what
tile‐based schemes aim to represent, and the scale‐aware analysis helps bridge
the gap between turbulence‐resolving LES and coarser‐resolution models.
While FLIMK is ultimately intended for use as a subgrid‐scale correction in
ESMs, this intermediate evaluation provides a step toward understanding its
behavior under varying surface conditions and spatial aggregation scales.

In the ICON‐NWP, forcing data were obtained frommeasurements conducted
over the ARM program site in Oklahoma on 21 June 1997 (Brown
et al., 2002; Lenderink & Holtslag, 2004). The model is initialized with
profiles of temperature, moisture, wind, and turbulent kinetic energy (TKE)
over 12 vertical levels extending through the lower troposphere. Time‐
varying large‐scale forcings—advection of heat and moisture, radiative

cooling, and subsidence—are prescribed, along with geostrophic wind components. Surface boundary conditions
include prescribed sensible and latent heat fluxes. This configuration provides a realistic yet controlled frame-
work for evaluating turbulence parameterizations under diurnally forced boundary‐layer conditions. A detailed
description of the data set can be found in Ďurán et al. (2021) and the data are publicly available through the
repository referenced therein on Zedono (Bastak Duran et al., 2021). Additionally, the performance of ICON in
single‐column mode (ICON‐SCM) has been evaluated using a well‐designed LES model (MicroHH, Van
Heerwaarden et al., 2017), which yielded satisfactory results. The ICON‐SCM configuration followed that of
Ďurán et al. (2021), with an improved vertical grid size of 10 m and the incorporation of the FLIMK scheme in an
online simulation approach in the upper boundary of the lowest atmosphere layer (i.e., second half layer in
Figure 2). An additional simulation without incorporating the FLIMK scheme is carried out as a reference run.

In the ICON‐NWP configuration, the SHF at the upper boundary of the lowest atmospheric layer is calculated
using the local K‐theory approach based on the potential temperature gradient between the two lowest model
layers. The eddy diffusivity for heat is computed using a turbulence scheme based on the prognostic equation for
TKE, following (Raschendorfer, 2001). The eddy diffusivity is given by:

Kh = ck · l
̅̅̅̅̅̅̅̅̅̅
TKE

√
, (5)

where Kh is the vertical eddy diffusivity for heat (ICON variable TKVH), ck is a stability‐dependent coefficient, l

is the mixing length (limited by stability functions), and TKE = 1
2(uʹ2 + vʹ2 + wʹ2) is the turbulent kinetic

energy. Note this formulation differs fundamentally from the SGS closure used in the LES mode.

3. Results and Discussions
Section 3.1 analyzes LES with prescribed striping SHF to examine the emergence of secondary circulations and to
evaluate the resulting FI. FLIMK is applied diagnostically over sub‐regions of varying spatial scales, where the
spatially averaged SHF in the lower atmosphere reflects the influence of surface heterogeneity—similar to what
tile‐based schemes aim to represent at the L‐A interface. Section 3.2 presents results from the ICON‐SCM,
configured using the ARM case with prescribed large‐scale forcing. In this setup, FLIMK is implemented online
to modify the SHF in the lowest atmospheric layer. The analysis focuses on how this correction influences the

Figure 3. Prescribed sensible heat flux (SHF) in the large eddy simulation.
The middle strip has a larger SHF of 0.2 K m s− 1 and the side stripes have a
smaller value of 0.1 K m s− 1. Each stripe has a width of 3.2 km and length of
9.6 km.
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surface energy balance and the vertical profile of potential temperature under realistic atmospheric conditions.
Section 3.3 discusses the potential of using other FI prediction models, the numerical model stability and the
limitations.

3.1. Large Eddy Simulation

Figure 4a shows the horizontal cross‐section of the potential temperature anomaly at a height of 45 m. Figure 4d
displays the vertical cross‐section of the potential temperature anomaly, averaged along the y‐direction. In the
region with a higher SHF (see Figure 3), a greater potential temperature anomaly is observed in the lower part of
the boundary layer, corresponding to a lower potential temperature anomaly at the top of the boundary layer.
Figure 4e depicts a pattern of the vertical velocity characterized by a narrow region of strong updraft,
compensated by a broader area of weak downdraft. Similar patterns have been well presented in the previous
works (Salesky et al., 2017; B. Zhou et al., 2018). Figures 4c and 4f illustrate that horizontal wind (u‐component)
converge (diverge) at the lower (upper) portion of the boundary layer, indicating a well‐defined secondary cir-
culation structure. Additionally, the horizontal wind induced by the secondary circulation can reach speeds
exceeding 2 m s− 1, comparable with the findings reported in previous LES studies (Lee et al., 2019; Zhang
et al., 2023).

A series of sub‐regions of varying sizes, ranging from the grid scale (50 m) to larger scales of up to 9.6 km, are
selected to investigate the effect of spatial scale on the FI. Each sub‐region is selected at a random location with 50
samples to ensure a broad representation of land surface heterogeneity patterns across spatial scales. Figure 5
provides an example of the 1.6 km sub‐region sampling.

As illustrated in Figures 5b–5e, even overlapping sub‐regions can exhibit distinct surface configurations. While
some sub‐regions may share similar surface conditions (e.g., uniform SHF values), they can still develop different
atmospheric structures due to variations in local dynamics and turbulence characteristics.

The SHF at a height of 45 m is calculated using both the K‐theory and the FLIMK and is then normalized to the
prescribed SHF at the land surface, as shown in the boxplot in Figure 6. The underestimation of K‐theory is
consistent across all scales, with the mean value ranging from approximately 12%–16% (normalized heat flux of
0.84–0.88) for the majority of sub‐regions and 15% for the entire area (i.e., 0.85). The variance of the normalized
heat flux decreases with increasing size.

Figure 4. Horizontal cross‐sections of potential temperature anomaly at 45 m (a), vertical wind speed at 50 m (b), and horizontal wind speed (u‐component) at 45 m (c).
Averaged vertical cross‐sections of potential temperature anomaly (d), vertical wind speed (e), and horizontal wind speed (f).
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Some extreme values (e.g., normalized SHF > 1) are associated with sub‐regions dominated by updrafts, which
only occupy a small fraction. As our focus is on improving domain‐mean SHF, we did not use metrics such as
root‐mean square error here, which is highly sensitive to such localized extremes. The FI prediction model can be
derived based on the definition of Equation 2 as FLIMK_LES or based on Equation 3 as FLIMK_De18. The
underestimation of the SHF decreased from 15% to 8% (6%) for FLIMK_De18 (FLIMK_LES). It is crucial to
highlight that the FLIMK does not lead to a perfect match of the fluxes. That is because the turbulent heat flux
(wʹθʹ) is influenced by the sampling window size (i.e., averaging time), whereby a larger window size leads to a

Figure 5. Example of 1.6 km sub‐region sampling on a prescribed sensible heat flux (SHF) map (a). Orange boxes show all sampled sub‐regions; red dashed boxes
highlight selected sub‐regions shown below. Background colors represent different prescribed SHF values (0.1 K m s− 1 in blue, 0.2 K m s− 1 in pink). Sub‐region
patterns corresponding to selected locations (b–e). Despite some spatial overlap, each sub‐region exhibits a distinct configuration of surface heterogeneity.
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larger heat flux value (Finnigan et al., 2003; Mauder et al., 2006, 2007, 2020). While the LES configuration used
in this study is intentionally idealized to isolate and emphasize the role of nonlocal heat fluxes, this setup does not
fully capture the complexity of real‐world atmospheric conditions. To support the robustness of the FLIMK
approach, we refer to complementary LES studies that evaluated the same formulation as Equation 3, originally
proposed by De Roo et al. (2018). Zhang, Poll, and Kollet (2024) tested the same model under checkerboard
heterogeneity with varying spatial scales, and Y. Zhou et al. (2023) explored stripe‐based heterogeneity with
different SHF contrasts under a fixed background wind. These studies offer further support for the applicability of
the FI prediction model under diverse surface and flow regimes. Nonetheless, additional tests under more realistic
or less favorable conditions are needed to fully evaluate the generality of FLIMK, and this represents an important
direction for future work.

3.2. Numerical Weather Prediction

Figure 7a presents the temporal evolution of the SHF computed at 10 m (i.e., upper boundary of the lowest at-
mospheric layer) using both K‐theory and the FLIMK scheme for the ARM single‐column test case in ICON‐
NWP, starting approximately 1 hr after local sunrise. During the early morning hours, the convective bound-
ary layer is not yet well developed, and nonlocal transport remains weak. Under these conditions (i.e., ∼1–2 hr
after sunrise), both K‐theory and FLIMK tend to overestimate SHF due to weak surface forcing. Moreover,
applying FLIMK during this regime introduces unnecessary correction, potentially worsening SHF representation
when local processes dominate. This highlights a key limitation of the FLIMK scheme: it is intended for use
during well‐developed convective conditions and should be applied with caution under stable or weakly forced
regimes.

Once the convective boundary layer is established, the K‐theory begins to systematically underestimate the SHF,
with the bias gradually increasing and peaking around 7 hr (∼12:00 local time). FLIMK effectively reduces this
FI, as shown in Figure 7b. However, FI becomes negative again after 10 hr, coinciding with a rapid decline in the
prescribed SHF, perhaps due to the clouds. After 11 hr, the prescribed SHF becomes negative, but the K‐theory
estimate remains slightly positive—likely due to the vertical gradient of potential temperature being calculated
between the two atmospheric levels rather than between the surface and atmosphere. In this regime, the FLIMK
correction becomes less reliable, partly because the De18 FI formulation was derived under convective conditions
and includes w∗, which is not well defined under stable or nocturnal conditions. This again illustrates that FLIMK
should be applied only during periods with sufficient surface heating. Other FI prediction models that exists, will
be discussed in the following section.

Figure 6. Normalized sensible heat flux (SHF) at 45 m height. Results are averaged over the final 60 min of the large eddy
simulation to capture the quasi‐steady state. Each boxplot summarizes the distribution of normalized SHF from 50 sampled
sub‐regions at each scale. The center line of each box indicates the median, the box spans the interquartile range (25th to 75th
percentile), and the whiskers extend to 1.5 times the interquartile range. Points beyond this range are plotted as outliers. The
value of unit one (red dashed line) indicates no flux imbalance, while any value smaller than unit one represents an
underestimation.
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Figure 7. Temporal evolution of the sensible heat flux (a) and flux imbalance (FI) (b). The simulation begins at approximately
05:00 local time, 1 hr before sunrise. As FLux IMbalance and K‐theory is designed for convective boundary layer conditions,
results are shown starting 1 hr after sunrise. For visual clarity, FI values below − 10% have been truncated.

Figure 8. Vertical profile of potential temperature (a), and difference between the FLux IMbalance and K‐theory runs and
reference runs (b) for the ICON‐NWP.
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To assess the atmospheric response to the FLIMK correction, Figure 8a shows the vertical profile of potential
temperature (θ) for both the control (i.e., Ref) and FLIMK runs. As expected, the two profiles remain nearly
identical above the surface layer, indicating that FLIMK does not disrupt the broader thermodynamic structure of
the boundary layer. While some oscillation appears above 1,250 m, these discrepancies diminish at higher alti-
tudes, further indicating that the FLIMK correction has minimal influence beyond the surface layer. Figure 8b
presents the difference in θ between the two runs. The difference in θ increased from 0.07 K to 0.1 K from 6 to 8 hr
in the lower part of the PBL, then decreased again from 0.1 K to 0.08 K. This indicates that the model is stable, as
the SHF increases the boundary layer height, leading to a decrease in the FI based on De18 (i.e., negative
feedback).

3.3. Discussions

3.3.1. Flux Imbalance Prediction Models

Representing nonlocal processes, such as secondary circulations, within PBL schemes remains a major challenge.
Numerous PBL schemes have been developed, each with its own strengths, but none explicitly resolve secondary
circulations (H. Y. Huang et al., 2013; Milovac et al., 2016; Wang et al., 2016). To improve the representation of
land surface heterogeneity, recent ESMs have incorporated surface statistical metrics such as the variance and
covariance of plant functional types (Machulskaya & Mironov, 2018; M. Huang et al., 2022). However, Fowler
et al. (2024) demonstrated that, even with these refinements, there is still a much weaker atmospheric response for
ESMs compared to LES—highlighting that secondary circulations are governed by more complex and nonlinear
dynamics than surface heterogeneity statistics alone can capture. A recent two‐column framework proposed by
Waterman et al. (2024) offers a promising approach to represent subgrid‐scale circulations induced by surface
heterogeneity, leveraging temperature contrasts between patches and vertical profiles of potential temperature
and air density. This model demonstrates encouraging results for improving PBL representations, though its
performance can be sensitive to parameter choices, suggesting opportunities for future refinement and broader
evaluation.

In contrast, this study does not aim to develop or modify full PBL schemes. Instead, we focus specifically on
improving the representation of surface‐layer SHF by accounting for FI caused by secondary circulations.
Motivated by previous findings that FI models can capture the impact of organized mesoscale transport
(e.g., secondary circulations), this study evaluates whether incorporating such a model improves SHF repre-
sentation.We test the FLIMK approach using both diagnosed FI from LES and a semi‐empirical formulation from
De Roo et al. (2018), both of which show promising performance. While several FI prediction models exist in the
literature, a detailed intercomparison is beyond the scope of this study. We provide a brief overview to support
future development and broader applications. Table 1 lists a few examples for illustrative purposes, and the
interested readers are directed to Zhang, Poll, and Kollet (2024) for an evaluation work.

Table 1
Available Flux Imbalance (FI) Prediction Models in the Literature

FI prediction models Reference

FI = [exp(4.2 − 16 u∗
w∗
) + 2.1 ] [1.1 − 8.0( z

zi − 0.38)
2
]

0.5 J. Huang et al. (2008)

FI = [0.197 exp (− 17.0 u∗
w∗
) + 0.156] [0.21 + 10.69 z

zi]
De Roo et al. (2018)

FI = 1 − [− 1.46 z
zi + 1.0][− 0.05 zi

L
lw
U T + 0.95]

Y. Zhou et al. (2019)

FI = [a exp (b u∗
w∗
) + c] [20.05 z

zi + 0.157] [Hpar]
Wanner et al. (2022)

Note. u∗ is the friction velocity, w∗ is the convective velocity scale, z is the measurement height, zi is the boundary layer
height, L is the Obukhov length, U is the horizontal wind speed, and T is the averaging period. lw = ∫∞

0 R(r) dr is the
integral length scale for vertical velocity, with R(r) as an autocorrelation function,Hpar = glh

U2
Δθ
θ , where lh is the heterogeneity

scale (set to 200, 400, and 800 m in the original work), and a, b, and c in the Wanner et al. (2022) are scale‐dependent
parameters. Table 1 adapted From Zhang, Poll, and Kollet (2024).
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The first FI prediction model is that of J. Huang et al. (2008), which is suitable for calculating FI at heights
between 0.3 zi to 0.5 zi. The work of De Roo et al. (2018) and Y. Zhou et al. (2019) is more appropriate for the
lower range, below 0.1 zi. The heterogeneity parameters were incorporated in Wanner et al. (2022) to account for
the impact of the land surface heterogeneities. Furthermore, FI prediction models for latent heat flux are docu-
mented in the literature, including the one by De Roo et al. (2018).

The subsequent phase of research will focus on the implementation of the FLIMK scheme, which will entail
modifications to both sensible and latent heat fluxes. However, whether to maintain the Bowen ratio in a
consistent state and the issue of reconciling FI prediction models remain open. A consistent body of evidence has
reported discrepancies between the transport of heat and humidity in the atmosphere (H. Y. Huang & Margu-
lis, 2009; Lamaud & Irvine, 2006).

3.3.2. Numerical Model Stability

Modifying the SHF in the surface layer raises the question of whether the energy input to the model might be
excessively increased, potentially leading to model instability or failure. The revised SHF in the lower atmosphere
through the FLIMK scheme gives rise to a modification in the potential temperature that propagates to a higher
layer, as illustrated in Figure 8b. However, an increase in boundary layer height has reduced FI, which has led to
negative feedback. This is further supported by the fluctuations in the difference between the boundary layer
height between the K‐theory and the FLIMK scheme, as demonstrated in Figure 9.

It is also important to note that in the SCM setup, the surface SHF is prescribed, which removes the interactive
feedback between the land surface and atmosphere. In a fully coupled system, increased upward flux from the
FLIMK correction would cool the surface, potentially reducing the SHF through a negative feedback mechanism.
This effect is not represented in our current setup, which was intentionally designed to isolate the atmospheric
response to FLIMK. Future work will involve testing FLIMK in a fully interactive L‐A model to assess the role of
surface feedback under realistic coupling conditions.

3.3.3. Limitations

While the FLIMK scheme shows promise in improving surface layer SHF representation under convective
conditions, its current implementation has several limitations. First, it has only been tested under idealized surface
heterogeneity (e.g., one‐dimensional striping) without background wind. However, previous LES studies have
shown that atmospheric responses to surface heterogeneity depend not only on spatial mean values but also on
higher‐order characteristics such as variance and pattern structure. For example, Han et al. (2019) demonstrated
that changes in soil moisture variance—despite identical domain‐mean soil moisture—can significantly impact
domain‐averaged surface fluxes and boundary layer structure via induced circulations. These circulations
strongly influence vertical profiles of atmospheric characteristics, particularly cloud liquid water. Moreover, the

Figure 9. Boundary layer height as a function of simulation time. The boundary layer height is defined as the height where the
potential temperature gradient has its maximum.
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presence of a sufficiently strong background wind can suppress or disrupt secondary circulations altogether, as
shown in studies by Lee et al. (2019) and Avissar and Schmidt (1998). As such, the performance of FLIMK under
more realistic surface conditions and atmospheric forcings remains to be fully evaluated.

Second, non‐local transport and secondary circulations influence not only the surface layer but also the upper
boundary layer. In our single‐column NWP test case, FLIMK produced only minor changes in the potential
temperature profile, suggesting limited impact aloft. However, many existing PBL schemes already include some
representation of non‐local processes, for example, through counter‐gradient or mass‐flux terms. Applying
FLIMK in parallel with such schemes raises the possibility of overlapping corrections. A key challenge moving
forward is to ensure consistency and avoid double‐counting of non‐local contributions across different parts of the
parameterization suite.

Third, FLIMK is specifically designed for convective boundary layer conditions. Like counter‐gradient and mass‐
flux components in established PBL schemes, it targets regimes dominated by non‐local transport and secondary
circulations. However, applying FLIMK during stable conditions—such as nighttime, when surface heat flux
becomes negative—can lead to spurious corrections and worsen the FI. This highlights the need for a regime‐
dependent activation mechanism, similar to what exists in hybrid PBL schemes (e.g., EDMF), where non‐
local terms are only applied under appropriate convective conditions. Future development should focus on
establishing robust criteria for activating FLIMK in coupled long‐term simulations, where boundary layer re-
gimes evolve dynamically.

While FLIMK has been developed and evaluated in the context of nonlocal fluxes driven by land surface het-
erogeneity, its underlying conceptual framework—addressing FI resulting from horizontal thermal contrasts—
may be applicable to other forms of mesoscale transport, such as sea–land breeze circulations. Extending
FLIMK to coastal environments would require further evaluation using LES data over land–sea transition zones
and may involve adapting the shape function or incorporating additional predictors. This represents a promising
direction for future work.

4. Summary and Conclusions
Parameterizing the effects of secondary circulations in ESMs is important yet challenging. Building on the
demonstrated robustness of the FI prediction model in quantifying nonlocal processes in heat flux calculations,
this study proposes a novel approach that employs the FI prediction model to improve the representation of SHF at
L‐A interface. This alternative approach, FI and K‐theory (FLIMK), combines the gradient diffusion approach
(K‐theory) for the local process and the FI prediction models for the nonlocal process.

Two different models were employed to evaluate FLIMK separately: a LES using prescribed strip SHF and a
NWPmodel using field measurements from the ARM campaign. The results demonstrate that FLIMK reduces the
FI from approximately 15% (16%) to 6% (6.7%) for LES (NWP). Moreover, the FLIMK scheme demonstrates a
high level of performance across a range of scales, from 50 m to 9.6 km. Furthermore, the FLIMK scheme is
numerically stable. The boundary layer height rises as the SHF increases, reducing the FI through a negative
feedback mechanism.

The proposed FLIMK scheme is not intended to replace existing PBL schemes but to enhance the representation
of surface layer heat fluxes. Due to its simple formulation, which requires only atmospheric stability (u∗/w∗) and
relative height (z/zi), the FLIMK scheme can be easily integrated with existing PBL schemes. This offers a
potential pathway for model parameterization and improvement. While FLIMK performs well under convective
conditions, it tends to overcorrect in stable or weakly unstable regimes. Further refinement is needed to extend its
applicability across varying stability conditions.

Appendix A
This section presents the mathematical derivation of the Flux IMbalance and the K‐theory approach (FLIMK).
The definition of the flux imbalance (FI), as proposed by Y. Zhou et al. (2019), is the ratio of the nonlocal part
(i.e., advection, A, and dispersive flux D) to the reference heat flux at the land surface (H0) as illustrated in
Equation A1. In the context of the assumption of a constant flux for the ASL, the reference heat flux can be
defined as the sum of the local part (wʹθʹ or − Kh ∂ θ/∂z) and the nonlocal part (A + D), see Equations A2a and
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A2b. Consequently, the ratio of the local part to the reference heat flux can be derived in Equations A3, and A4
can be obtained by moving H0 to the left‐hand side of the equation.

FI =
A + D
H0

, (A1)

H0 = wʹθʹ
⏟⏞⏞⏟

local

+ A + D⏟⏞⏞⏟
nonlocal

,
(A2a)

H0 =
− Kh∂θ
∂z

⏟⏞⏞⏟
local

+ A + D⏟⏞⏞⏟
nonlocal

,
(A2b)

1 − FI =
−
Kh ∂ θ
∂ z
H0

, (A3)

H0 =
−
Kh ∂ θ
∂ z

1 − FI
.

(A4)

Appendix B
To clarify the physical basis of the empirical form of the FI prediction model, we start from the definition of FI:

FI = 1 −
⟨wʹθʹ⟩
⟨H0⟩

, (B1)

Where wʹθʹ is the resolved vertical turbulent heat flux, and H0 is the reference flux, the angle bracket represents
the (sub‐)domain mean. We can conceptualize ⟨wʹθʹ⟩ as the sum of contributions from two dominant transport
mechanisms.We define ⟨wʹθʹ⟩bottom as the upward transport associated with surface‐generated thermals, assumed
to scale with the reference surface SHF (⟨H0⟩bottom) and decrease linearly to zero at the boundary layer height (zi).
Conversely, ⟨wʹθʹ⟩top represents downward transport due to entrainment at zi, assumed to scale with the heat flux

at the inversion layer (⟨H0⟩top) and decrease linearly to zero toward the surface. These linear profiles are idealized
and reflect the typical vertical structure of nonlocal heat transport in convective boundary layers.

⟨wʹθʹ⟩ = ⟨wʹθʹ⟩top + ⟨wʹθʹ⟩bottom, (B2)

Substituting into the FI definition:

FI = 1 −
⟨wʹθʹ⟩top + ⟨wʹθʹ⟩bottom

⟨H0⟩
= 1 − (

⟨wʹθʹ⟩top
⟨H0⟩

+
⟨wʹθʹ⟩bottom

⟨H0⟩
), (B3)

The bottom‐up and top‐down contributions can be related to their respective reference fluxes as:

⟨wʹθʹ⟩top
⟨H0⟩

=
⟨H0⟩top

⟨H0⟩

⟨wʹθʹ⟩top
⟨H0⟩top

=
⟨H0⟩top

⟨H0⟩
(1 − FItop), (B4)

⟨wʹθʹ⟩bottom
⟨H0⟩

=
⟨H0⟩bottom
⟨H0⟩

⟨wʹθʹ⟩bottom
⟨H0⟩bottom

=
⟨H0⟩bottom
⟨H0⟩

(1 − FIbottom), (B5)

that is

Journal of Advances in Modeling Earth Systems 10.1029/2024MS004801

ZHANG ET AL. 13 of 16

 19422466, 2026, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024M

S004801 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [17/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



⟨wʹθʹ⟩top = ⟨H0⟩top(x), (B6)

⟨wʹθʹ⟩bottom = ⟨H0⟩bottom(1 − FIbottom), (B7)

where ⟨H0⟩top is ⟨Hentrainment⟩(
z
zi ) and ⟨H0⟩bottom is ⟨Hsurf⟩(1 − z

zi) ,

⟨wʹθʹ⟩top = ⟨Hentrainment⟩ (
z
zi
) (1 − FItop), (B8)

⟨wʹθʹ⟩bottom = ⟨Hsurf⟩ (1 −
z
zi
) (1 − FIbottom), (B9)

In addition, previous studies have shown the FI is modulated by the atmospheric stability (u∗/w∗) . Combining
both influences leads to a shape function to the form: FI = f1 (u∗/w∗) f2(z/zi) .
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