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Abstract
The storage flux, corresponding to disequilibrium between observed flux and net surface
emissions, poses a significant source of uncertainty in tower-based eddy covariance (EC)
measurements over urban and forest ecosystems. In this study, we investigated the coupling
between the urban inertial sub-layer (ISL) and roughness sub-layer (RSL) and its influence
on nighttime storage flux, leveraging tower-EC together with collocated wind profile mea-
surements. Our findings demonstrate that substantial storage flux occurs when the gradient of
turbulent kinetic energy (TKE) enlarges, indicating decoupling between ISL and RSL. With
increasing wind speed, turbulent eddies generated by bulk wind shear directly interact with
the surface, conducive to the recoupling between ISL and RSL and resulting in decreased
storage flux. Conversely, when the gradient of TKE between ISL and RSL is small, the stor-
age flux remains low and relatively insensitive to wind speed. The derived diagnostic relation
further confirms the predominant influence of stability and turbulent intensity gradient on
regulating the storage flux. These results provide valuable insights as a complement to prior
storage flux studies in the context of canopy flow.

Keywords Eddy covariance · Storage flux · Vertical coupling

1 Introduction

With the recognition of global warming driven by anthropogenic greenhouse gas emissions,
the development of climate action plans has propelled urban eddy covariance (EC) measure-
ments to directly monitor the exchange of (CO2) between the land surface and atmosphere
(Crawford and Christen 2014; Schmutz et al. 2016; Davis et al. 2017; Roth et al. 2017; Lin
et al. 2018; Stagakis et al. 2019;Matthews andSchume2022;Ward et al. 2013, 2022).Despite
the advantage of urban ECmeasurements in describing temporal-spatial patterns in net (CO2)

emissions, challenges arise in hands-on data interpretation, particularly when utilizing tall-
towerECfluxes to improvequantification andunderstandingof urban (CO2) emissions.These
challenges are primarily related to the inherent heterogeneity of urban environments, which
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represent non-ideal measurement conditions, violating the basic assumptions of the EC tech-
nique (e.g., steady-state conditions, (Mauder et al. 2021)). The non-ideal conditions for urban
tower-ECmeasurements are not only represented by the heterogeneous distribution of (CO2)

sources/sinks (Schmutz and Vogt 2019) but are also manifested in the form of multi-layer
structures of the urban surface layer (Oke et al. 2017). The complexity of urban landscapes
necessitates that urban tower-EC measurements be conducted in the inertial sub-layer (ISL)
to ensure that resultant fluxes are representative of a neighborhood scale, relatively constant
with height, and exhibit minimal variation within the fetch, thereby ensuring meaningful and
cross-comparable results (Grimmond and Ward 2021).

The tall-tower EC with measurement heights of around 100m, indeed, reaches the ISL
in many cases and provides sufficiently large fetch areas to capture exchanges for a rele-
vant urban area; however, the substantial air volume in the urban canopy layer beneath the
measurement height may introduce significant disequilibrium between the observed vertical
turbulent exchange and the surface net fluxes. This disequilibrium, referred to as storage flux,
is a term in the conservation of the mixing ratio equation that relates to the accumulation
or depletion of a scalar (e.g., (CO2)) in an imaginary control of volume centered at the EC
flux tower (Montagnani et al. 2018). In the context of tall-tower measurements above the
canopy, it is attributed to the decoupling between the ISL and the underlying roughness sub-
layer (RSL), resulting from enhanced atmospheric stability and suppressed turbulence (Mahrt
et al. 2018). In such a scenario, turbulent eddies become detached from the surface, losing
their immediate connection to the exchange of (CO2), thereby leading to a positive (CO2)

storage flux (Jocher et al. 2018, 2020; Peltola et al. 2021; Stiegler et al. 2023). Addition-
ally, topographical variation may induce horizontal advection within the RSL, exchanging
(CO2) with areas outside the EC footprint, resulting in vertical variability of (CO2) flux
(Feigenwinter et al. 2008, 2010; Siebicke et al. 2012). The Hockey-Stick Transition (HOST)
hypothesis is proposed to explain the generation of large coherent eddies and their contribu-
tion to vertical variations in turbulent intensity and atmospheric stratification (Sun et al. 2012,
2016). Therefore, the linkage between turbulent transport and the vertical coupling state of
the atmospheric boundary layer can be established. A series of studies have investigated the
vertical coupling state by examining the correlation between turbulent intensity above and
below the forest canopy (Acevedo et al. 2009; Thomas et al. 2013; Jocher et al. 2018, 2020;
Freundorfer et al. 2019). While the thresholds are site-dependent, these studies consistently
reveal that wind speed is an indicator for classifying the vertical coupling state. Under strong
wind conditions, the linear relationship of turbulent intensity above and within the canopy
provides evidence for full vertical coupling. In weak wind conditions, on the contrary, the
turbulent intensity above the forest canopy is independent of that within the canopy, indica-
tive of vertical decoupling. During such vertically decoupled regimes, (CO2) accumulates
within the forest canopy due to limited vertical transport, implying that (CO2) flux measured
above the canopy likely underestimates the surface (CO2) flux due to the corresponding flux
difference. The accumulated (CO2) can be transported to the measurement height above the
canopy during consecutive strong wind conditions, together with intermittent turbulence,
partially compensating for the preceding underestimation (Oliveira et al. 2018; Freundorfer
et al. 2019). Nevertheless, the venting of (CO2) attributed to horizontal advection during the
decoupled periods results in a misestimation of the (CO2) flux (Jocher et al. 2018). Hence, a
(CO2) flux filtering approach in terms of coupling state is crucial to derive adequate estimates
of net ecosystem exchange and accumulated carbon for forest ecosystems (Jocher et al. 2018,
2020).

The storage flux has long been recognized as a source of uncertainty in tower-ECmeasure-
ments, and effort has been devoted to understanding its relation to the vertical coupling state
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over ecosystems. However, due to the logistical challenge in deploying profile measurements
over urban areas, relatively little attention has been paid to exploring the vertical coupling
state and its influence on storage flux in urban environments, which is nevertheless necessary
(Lietzke andVogt 2013; Crawford and Christen 2014). In this study, we aim to (i) advance the
mechanistic understanding of how the coupling between ISL and RSL influences the storage
flux and (ii) propose a diagnostic relation for the storage flux.

2 Instrumentation, Dataset, and Storage Flux Estimation

2.1 Tower-EC andVertical Profile Measurements

To analyze the coupling between the ISL and RSL and its influence on storage flux in urban
environments, we utilized tall-tower EC data along with wind and turbulence profile mea-
surements collected in Munich during the ICOS-PAUL project. The EC system (IRGASON,
Campbell Scientific Inc.), comprising an ultrasonic anemometer and an open-path infrared
gas analyzer, is mounted at 85m on a telecommunication tower (Fig. 1a). Three-dimensional
wind velocities, sonic temperature, water vapor, and CO2 concentrations are measured with a
20-Hz sampling frequency and collected by aCR6 datalogger (Campbell Scientific Inc.). Five
months (Feb 1 to Jun 30, 2023) of raw data was processed by TK3 was employed to process
the raw time-series data following a standardized workflow, obtaining 30-min time-averaged
statistics and quality-controlled turbulent fluxes (Lan et al. 2024). A scanning Doppler Wind
Lidar (Halo Photonics Streamline XR) is deployed on the rooftop of a building (8m a.g.l),
approximately 200m southwest of the tower. The instrument was configured to obtain verti-
cal profiles of the three-dimensional wind components through a 24-point Velocity Azimuth
Display (VAD) pattern at (70

◦
) elevation. With the technically determined range-gate length

of 18m, the vertical resolution was 16.9 m at this elevation. The maximal range of the instru-
ment, while technically limited to 3000m, was limited by atmospheric conditions, such as
aerosol load. Due to the cone shaped geometry of the scan pattern, the horizontal area swept
by the laser had radii of 34.2 m (171.0 m) at 100m (500m) above the instrument’s aperture,
respectively. One full scan was obtained roughly every 160s, resulting in 550 profiles daily.
A signal-to-noise filter of – 21 dB was applied to all data before fitting. Various data integrity
tests were applied to filter data, which had too few valid samples for fitting, as well as fits
resulting in high uncertainty, low velocities relative to turbulence, or large outliers. 30-min
time-averaged profiles of wind speed, wind direction, and turbulent intensity (e.g., stan-
dard deviations of three-dimensional wind velocities: σu , σv , and σw) were then calculated.
While the lowest three levels of measurements are discarded due to insufficient backscatter
timescales, the scanning lidar well captures the overall wind profile (Fig. 12a). Additionally,
the profiles of friction velocity (Fig. 12b) and turbulent kinetic energy (Fig. 12c–e) align with
the general characteristics of those in the urban boundary layer, as evidenced by the observed
maximum turbulent intensity in the RSL (Kastner-Klein and Rotach 2004; Barlow 2014).
It is worth noting that the EC system is deployed in the ISL, as supported by the wind and
turbulence profile measurements.

To investigate the diagnostic relationship between turbulent flux transport and storage flux,
in addition to the abovementioned urban tall-towerECmeasurements, onemonth (Jun 1 to Jun
30, 2023) of tower-EC measurements in a forest site (DE-Tha) are analyzed. The EC system,
consisting of an ultrasonic anemometer (GILL-SOLENT-R3, GILL INSTRUMENTS) and a
closed-path infrared gas analyzer (LI-7000, LICOR Inc.), ismounted at 42m (Fig. 1b). Three-
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Fig. 1 Schematic illustration of a the location of the EC system in the urban site of the ICOS Cities project in
Munich; b the arrangement of the EC system and profile measurements of H2O and (CO2) along the tower in
the ICOS ecosystem forest site DE-Tha

dimensional wind velocities, sonic temperature, water vapor, and (CO2) concentrations are
measured at a 20-Hz sampling frequency and processed by the ICOS protocol (Sabbatini
et al. 2018) to obtain 30-min time-averaged statistics and quality-controlled turbulent fluxes.
Besides, profile measurements of air temperature, water vapor, and (CO2) concentration are
conducted at the forest site. The canopy height of the forest site is 32 m. Other site character-
istics and instrument details of DE-Tha are documented on the ICOS website (https://www.
icos-infrastruktur.de/en/icos-d/components/ecosystem/study-sites/tharandt-c1) and are not
discussed here.

2.2 Storage Flux

The (CO2) storage flux (Fstor ) is determined from concentration measurements along the
tower (Aubinet et al. 2005):

Fstor = 1

t

n∑

i=0

ΔCρzi , (1)

where t is the flux averaging period (i.e., 30 min) and z is the height of concentration profile
measurements. ΔCρ represents the integrate changes in mean (CO2) partial density over
time (i.e., 30-min in current study). Note that due to the lack of (CO2) concentration profile
measurements in the urban site, (CO2) concentrations measured by the tower-EC system
are used to estimate Fstor with the assumption that ΔCρ/Δt remains constant throughout
the air volume beneath the measurement height. As shown in Fig. 2a, positive Fstor mainly
occurs during nighttime, concurrent with stable conditions. In contrast, negative Fstor is
observed during daytime and unstable conditions, consistent with prior studies in urban and
tall vegetation ecosystems (Crawford and Christen 2014; Nicolini et al. 2018). In addition,
we analyzed the relationship with the results of test on integral turbulent characteristic (ITC)
that is routinely conducted as part of the quality assurance and quality control of long-term
EC measurements (Mauder et al. 2013). It is based on the flux-variance similarity theory
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Fig. 2 a The median diurnal variation of (CO2) storage flux (black dash curve), the ratio of storage flux to
tower-EC measured flux (red solid curve), and the non-dimensional stability parameter (ζ , blue solid curve).
The shaded areas represent the corresponding interquartile ranges. b The relationship between (CO2) storage
flux and the result of integral turbulence characteristic test according to the 1–9 class scheme of Foken and
Wichura (1996). The error bars indicate the corresponding interquartile ranges

(Panofsky et al. 1977) and tests for well-developed turbulence (Foken and Wichura 1996).
We found that a large Fstor is associated with large values of the ITC test result (Fig. 2b),
indicating poorer data quality. This means that (CO2) primarily emitted by near-surface
sources cannot be fully transported from the RSL into the ISLwhen turbulence is suppressed.
While a portion of large Fstor can be filtered out due to the ITC test, considerable Fstor is still
observed for those fluxes which passed the data quality control processes. Therefore, given
the interest in the influence of vertical coupling and turbulent transport on Fstor , 967 (450)
segments of 30-min nighttime data measured at the urban (forest) site with a ‘0’ quality flag
based on the 0-1-2 scheme (Mauder et al. 2013) are included in the following analysis.

3 Results and Discussion

3.1 Coupling State Between ISL and RSL and the Corresponding Influence on
Storage Flux

Turbulent intensitymeasurements from thewind lidar and the tower-EC system are employed
to examine the HOST hypothesis and further investigate the coupling state between the ISL
and RSL. To determine the threshold separating weak-wind and strong-wind regimes in
the HOST relationship, a piece-wise linear function is employed to fit the relation between
friction velocity (u∗) and bulk wind shear (U/z) (Freundorfer et al. 2019):

u∗
(
U

z

)
=

⎧
⎪⎪⎨

⎪⎪⎩

a1

(
U
z

)
+ b1, when

(
U
z

)
<

(
U
z

)

thrd

a2

(
U
z

)
+ b2, when

(
U
z

)
>

(
U
z

)

thrd

, (2)

Where the subscript ‘thrd’ denotes the bulk wind shear separating weak-wind and strong-

wind regimes in the HOST relationship. Given that b2 = (a1 − a2)

(
U
z

)
+ b1, the bulk wind

shear threshold can be determined as a fitting parameter along with a1, a2, and b1.
Due to its adherence to the constant-flux assumption, the friction velocity (u∗) is relatively

independent of height within the ISL (Fig. 12b). Therefore, only lidar measurements at 52m
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(in the RSL) and 66m (in the ISL) are presented, together with the tower-EC measurements
(Fig. 3). As expected, it is observed that the relation between u∗ and bulk wind shear (U/z)
follows the hockey stick-like pattern (Sun et al. 2012, 2020), manifested by a slope close
to zero for weak wind regimes, whereas there is a stronger increase of u∗ with U/z under
strongwind conditions. This salient feature suggests that the energetic turbulent eddies scaled
with the observation height are primarily generated by the bulk wind shear when wind
speed exceeds a certain threshold. The wind speed threshold at each height is determined
by the local maximum slope in the relationship between u∗ and U/z using bin-averaged
quantities. Although the wind speed threshold for separating weak and strong wind regimes
is height-dependent, the dataset is categorized into two corresponding subsets based on the
threshold determined from the tower-EC measurements (U/z = 0.58 s−1) for our purpose
of investigating the influence of vertical coupling on storage flux. The spectral analysis for
vertical wind velocity further confirms that turbulent eddies mainly generated by the bulk
shear in strong wind conditions are scaled with their measurement height, evidenced by the
less-than-one frequency corresponding to the energy peak in w spectra (Fig. 4a). It indicates
that these eddies can interact with the ground surface directly. In contrast, the normalized
frequency is larger than one under weak wind conditions, indicative of the turbulent eddies
detached of the surface, leading to the so-called “z-less” scaling, and consequently flux
gradients are expected (Nieuwstadt 1984; Babić et al. 2016; Lan et al. 2018).

To further investigate the coupling between the ISL and RSL, the relationship of cross-
layer σw is further examined. Similar to results reported in prior forest studies (Thomas
et al. 2013; Jocher et al. 2018, 2020), Figure4b shows that in strong wind conditions and
σw,RSL < 1.25 ms−1, σw in the ISL is linearly dependent on the counterpart in RSL, sug-
gesting the coupling between the ISL and RSL, consistent with the observed features in
forests (Freundorfer et al. 2019; Jocher et al. 2020). When σw,RSL > 1.25 ms−1, however,
the relation between σw,I SL and σw,RSL has a slope close to zero, a hallmark for decoupling.
Note that the threshold of σw,RSL is also determined from the bin-averaged curve, with
each bin containing no fewer than 50 data points. Under weak wind conditions, a monotonic
increase in σw,I SL as a function of σw,RSL is observed, despite a relatively smaller slopewhen
σw,RSL > 0.9 ms−1. This finding is distinct from those reported in forest studies suggesting
that weak wind regimes go along with the decoupling between ISL and RSL. However, it
can be explained by the profiles of normalized shear production and transport terms in the
TKE budget equation (Fig. 5).

Given that air communicates across all TKE sinks and sources in the vertical, small
TKE gradient is expected, indicative of the coupling between ISL and RSL (e.g., σw,RSL <

1.25 ms−1). This coupling between ISL and RSL is supported by the linear dependence of
σw,I SL for σw,RSL . As a consequence, the storage fluxes are smaller than the counterparts
when σw,RSL > 1.25 ms−1, even in weak wind regimes (Fig. 6). Besides, the magnitude
of storage flux is nearly independent of wind speed under weak wind conditions, while a
prominent drop in storage flux is observed in strong wind regimes. When the vertical TKE
gradient enlarges (e.g., σw,RSL > 1.25 ms−1), suppressed shear-produced turbulence is
observed (relatively smaller value of the TKE shear production term, Fig. 5a), leading to the
decoupling between ISL and RSL. Therefore, relatively large storage fluxes are observed in
weak wind regimes, together with dependence on the wind speed. Conversely, TKE within
the RSL is transported upward to the ISL when wind speed exceeds the threshold (positive
value of the TKE transport term, Fig. 5b), conducive to the coupling between ISL and RSL as
predicted by the HOST relationship. As a result, the magnitude of storage flux is comparable
to its counterpart when σw,RSL < 1.25 ms−1. Such dependence of storage flux on the TKE
gradient will be further supported in the following theoretical argument.
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Fig. 3 The friction velocity as a function of bulk wind shear at the tower-EC measurement height (a), in
the inertial sub-layer (b), and roughness sub-layer (c) in the urban site. Grey circles represent all nighttime
measurements, while blue markers represent the binned median values for nighttime measurements. The solid
black curve denotes the bin-average fitting curve calculated using bins with no fewer than 50 data points each.
The vertical dashed line indicates the wind speed threshold at which the linear relationship between turbulent
intensity and bulk wind shear becomes more prominent

3.2 Theoretical Argument on the Relation Between Turbulent Flux Transport and
Storage Flux

The influence of the storage flux can be investigated based on the budget equation of the CO2

flux (w′c′). For stationary and planar-homogeneous atmospheric surface layer flows with
negligible molecular dissipation, the budget equation of w′c′ is expressed as (Stull 2012):

∂w′c′
∂t

= 0 = −w′2 ∂c

∂z
+ c′θ ′ g

θ
− ∂w′w′c′

∂z
− 1

ρ
p′ ∂c′

∂z
. (3)
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Fig. 4 a The normalized variance spectra for the vertical wind velocity under weak and strongwind conditions.
The vertical velocity spectra are computed from EC measurements. The shaded areas and the dash curve
represent the corresponding interquartile ranges and the model spectra under near-neutral conditions based on
the Kansas experiment, respectively (Kaimal et al. 1972). b The vertical turbulent intensity in the inertial sub-
layer (σw,I SL ) as a function of its counterpart in the roughness sub-layer (σw,RSL ). The standard deviation of
vertical velocity in the ISL and RSL are determined from Lidar measurements. The dashed line indicates the
linear dependence of σw,I SL on σw,RSL . The vertical dot line denotes the threshold in σw,RSL (1.25 ms−1)
at which turbulence in the inertial sub-layer becomes independent from that in the roughness sub-layer. The
gray dots represent nighttime measurements in both weak-wind and strong-wind regimes

Fig. 5 Vertical profiles of the median of normalized shear-production (a) and vertical transport term (b) in the
turbulent kinetic energy (TKE) budget equation. k, hc , and u∗ are the von Kármán constant, canopy height,
and friction velocity, respectively. The error bars indicate the corresponding interquartile ranges. The profiles
corresponding to strong wind cases are slightly shifted upward for readability
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Fig. 6 The friction velocity as a function of bulk wind shear at the tower-EC measurement height in the urban
site. The shaded areas represent the corresponding interquartile ranges

The terms on the right-hand side (RHS) of Eq. (3) include i) the production term associated
with the mean concentration profile of CO2 (−w′2 ∂c

∂z ); (ii) the buoyancy term associated with

thermal stratification (c′θ ′ g
θ
); (iii) the third-order turbulent flux transport term (− ∂w′w′c′

∂z ); iv)

the pressure decorrelation term (− 1
ρ
p′ ∂c′

∂z ). The pressure decorrelation term can be parame-
terized by the Rotta model which retains the linear component (Rotta 1951):

− 1

ρ
p′ ∂c′

∂z
= −w′c′

τc
, (4)

where τc represents the relaxation time scale delineating how fast a turbulent eddy loses its
coherence (Li 2019). Then, w′c′ can be solved as:

w′c′ = τc

(
−w′2 ∂c

∂z
− ∂w′w′c′

∂z
+ c′θ ′ g

θ

)
. (5)

Employing the cumulant expansion method (CEM, e.g., (Raupach and Thom 1981; Nagano
and Tagawa 1995; Katul et al. 1997)) for parameterization of the third-order flux transport
term (w′w′c′ = f u∗w′c′, where f quantifies the influence of large coherent eddies on vertical
flux transport) and involving the scalar transport similarity between CO2 and kinematic heat

(Rcθ = c′θ ′
σcσθ

), Eq. (5) can be rewritten as:

f
∂w′c′
∂z

+ w′c′
(

∂ f

∂z
+ f

u∗
∂u∗
∂z

+ 1

τcu∗

)
= −w′2

u∗
∂c

∂z
+ g

θ

Rcθσcσθ

u∗
. (6)

Multiplying kz
u2∗c∗θ∗ (k and z are von Kármán constant and measurement height, respectively;

c∗ = − (w′c′)sur f
u∗ and θ∗ = − (w′θ ′)sur f

u∗ are surface scaling parameter for CO2 and temperature,
respectively) for both sides of Eq. (6) yields (refer to Appendix 3 for detail derivation):
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f
∂hc,stor

∂z
+ (1 + hc,stor )

(
∂ f

∂z
+ f

u∗
∂u∗
∂z

+ 1

τcu∗
) = 1

kz
(φ2

wwφc − ζ�φ2
θθ

1

1 + hθ,stor

)
,

(7)

where φww = σw

u∗ and φθθ = σθ

θ∗ φθθ = σθ

θ∗ are the flux-variance relationships for vertical
velocity and temperature, respectively, as functions of non-dimensional stability parameter

ζ = z
L (L = − u3∗

kgw′θ ′ ) is the Obukhov length, where g is gravitational acceleration); φc =
kz
c∗

∂c
∂z is the non-dimensional CO2 concentration gradient as a function of ζ expressed in terms

of Monin–Obukhov similarity theory (MOST, (Monin and Obukhov 1954)); � = θ∗
c∗

θ ′c′
σ 2

θ

;

hc,stor = (w′c′)stor
(w′c′)sur f

and hθ,stor = (w′θ ′)stor
(w′θ ′)sur f

, the subscripts ‘stor’ and ‘surf’ denote the storage

flux and the flux at ground surface. It implies that both hc,stor and hθ,stor are identically zero
if the MOST is valid (i.e., assumptions of flow stationarity, constant-flux, and transport
similarity are fulfilled), which underpins the EC measurement.

As predicted by the K-theory (w′w′c′ = K ∂w′c′
∂z , (Stull 2012)), the third-order flux trans-

port term equals zero when the vertical flux gradient is negligible. Consequently, negligible
storage flux is expected (hc,stor = 0), equivalent to f = 0 as predicted by the CEM. The
normalized relaxation time scale can be solved from Eq. (7), as the only function of ζ :

Tc1 = τcu∗
kz

=
(

φ2
wwφc − ζ�φ2

θθ

1

1 + hθ,stor

)−1

. (8)

However, finite vertical flux transport has been observed even though the vertical flux
gradient is negligible (Katul et al. 1997; Cava et al. 2006; Ghannam et al. 2017). Such
finite vertical flux transport is primarily attributed to large coherent eddies that contribute
asymmetrically to flux by sweeps and ejections. Given the scenario of negligible storage flux
and f deviating from zero, substituting Eq. (8) into Eq. (7) and employing the flux-variance
relationship for vertical velocity (φww(ζ ) = σw

u∗ ) yield:

kz
∂ f

∂z
= T−1

c1 − T−1
c2 − kz f

∂ ln (σw)

∂z
, (9)

where Tc2 is also only a function of stability, representing the normalized relaxation time
scale. It is worth noting that Tc1 = Tc2 is not mandatory as the finite turbulent flux transport
term may interact with the relaxation time scale of the Rotta model (Rotta 1951). Based on
the identity of z ∂ f

∂z = ζ
∂ f
∂ζ

, the sufficient condition for negligible storage flux can be derived
as:

kζ
∂ f

∂ζ
= T−1

c1 − T−1
c2 − kz f

∂ ln (σw)

∂z
= 0. (10)

Combining Eqs. (7), (8), (9), (10) reveals that the storage flux is mainly modulated by ζ

and the vertical gradient of TKE ( ∂ ln (σw)
∂z ), further confirming the qualitative findings in the

previous section (e.g., Fig. 2a and Fig. 6).

3.3 Diagnostic Function for the Negligible Storage Flux

To derive the diagnostic function for negligible storage flux, the performance of CEM is first
evaluated, which is the prerequisite for parameterizing the third-order flux transport term in
Eq. (4). As f is a measure of the asymmetry between sweeps and ejections associated with

123



Linkage Between Vertical Coupling and Storage Flux Page 11 of 20     4 

large coherent eddies, it is generally parameterized by the incomplete cumulant expansion
method (ICEM, e.g., (Cava et al. 2006; Banerjee et al. 2017; Katul et al. 2018):

f = 2
√
2π

ΔS0φww

γ
, (11)

where ΔS0 = Ssweep − Sejection represents the imbalance of flux contribution caused by

sweeps and ejections, ranging from – 1 to 1; Rwc = w′c′
σwσc

is the transport efficiency of (CO2);

γ = M21
M12−1 indicates the ratio of the dimensionless turbulent transport of (CO2) flux and

the dimensionless turbulent transport of the (CO2) variance, where M12 = w′c′c′
σwσ 2

c
and M21 =

w′w′c′
σ 2

wσc
. Figure7 a and c show the comparison of measured andmodeledΔS0 for the urban and

forest site, respectively. The measured ΔS0 is determined by an improved quadrant analysis

as discussed by Wang et al. (2022), while modeled ΔS0 = M21−M12

2
√
2Rwc

(where Rwc = w′c′
σwσc

),

as predicted by the ICEM (Wang et al. 2014). The ΔS0 between measurements and ICEM
predictions are in good agreement, especiallywhen imposing controls in terms of storage flux.
This finding lends support to employing CEM to parameterize the third-order flux transport
term, further confirmed by the good agreement of f between measurements and ICEM
approximation (Fig. 7b and d). Compared to the urban site, the data points corresponding to
the forest site exhibit a relatively larger scatter, possibly attributed to the EC measurement
conducted in the RSL over the forest. Nevertheless, the comparisons support that the ICEM
reflects the influence of large coherent eddies on vertical flux transport over a variety of
landscapes, consistent with previous studies (Wang et al. 2014; Katul et al. 2018).

The variations of f , Tc1, and Tc2 with ζ as well as the linkage to storage flux are further
explored. Figure8 shows the relations of φww, ΔS0, M21, and M12 as a function of ζ . It
is evident that the scatter of data points is largely reduced when storage flux is ’negligible’
(e.g., | FstorFobs

| < 5% for the urban site). Additionally, all variables for parameterizing f become
explicit functions of ζ as provided in Table 1. To determine the explicit function of Tc1 to ζ ,
the assumption that negligible storage flux for kinematic heat coexists with negligible storage
flux for (CO2) is required. On the one hand, determining the storage flux for kinematic heat
in the urban site is challenging due to the complex thermal capacity of the urban fabric
(Grimmond and Ward 2021); on the other hand, this assumption has intrinsic link to the
transport similarity hypothesized by theMOST. Moreover, due to the intermittent respiration
bursts of (CO2), approximating the non-dimensional (CO2) gradient by the stability function
is difficult (Fig. 13a). Hence, the Businger-Dyer relationship (Businger et al. 1971; Dyer and
Hicks 1970) for parameterizing the non-dimensional temperature gradient (φh) is adopted to
approximate φc (Fig. 13b). Although substantial scatter in the relation between � and ζ was
reported in (Katul et al. 2016), our data show that the scatter is significantly reduced when
considering ζ� or ζ�φ2

θ as a function of ζ (Fig. 9). This finding implies that, compared to �
and φ2

θ , ζ� has a more important contribution to the variation of Tc1. The explicit function
of Tc1 with respect to ζ is also provided in Table 1.

By employing the identity of z ∂ ln (σw)
∂z = ζ

∂ ln (σw)
∂ζ

, the influence of σw gradient on storage
flux is reflected by the relation between ln(σw) and ζ using the tower-EC measurements
(Fig. 10). From one perspective, ln(σw) increases with enhancing wind speed as predicted
by the HOST framework; its increasing rate, from another perspective, reduces under strong
wind regimes and weakened stratification, evidenced by the near-zero local slope of the bin-
averaged fitting curve. This finding further confirms the previously observed phenomenon
that finite storage flux occurs when the gradient of TKE between ISL and RSL is small.
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Fig. 7 The comparison of measured and modeled ΔS0 and f for (CO2) in the urban (a and b) and forest sites
(c and d). The grey markers represent cases when no control on data regarding the storage flux, while the red
markers represent cases with the ratio of storage flux to tower-EC flux within 5% for the urban site (10% for
the forest site)

Table 1 The least-square fitting functions for variation of φww , ΔS0, M21, M12, γ , ζ�, ζ�φ2
θ with ζ

Fitting functions

With control Without control

φww = 1.27(1 + 0.24ζ )1/3 φww = 1.26(1 + 0.33ζ )1/3

ΔS0 = 0.21(e−0.39ζ − 1) ΔS0 = 0.82(e−0.03ζ − 1)

M21 = −0.02ζ−0.32 M21 = 0.02ζ−0.04

M12 = −0.10ζ 0.34 M12 = −0.10ζ 0.38

γ = 0.20ζ 1/3 − 1 γ = −0.20ζ−0.42 − 1

ζ� = 1.59
1+e−0.59ζ ζ� = 0.44

1+e−0.01ζ

ζ�φ2
θ = 1.59

1+e−0.59ζ (0.94ζ 0.56)2 ζ�φ2
θ = 0.44

1+e−0.01ζ (1.95ζ 0.89)2
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Fig. 8 The variation of φww (a), ΔS0 (b), M21 (c), and M12 (d) with ζ in the urban (circles) and forest sites
(triangles). The grey markers represent cases with no control on data regarding the storage flux, while the red
markers represent cases with the ratio of storage flux to tower-EC flux within 5% for the urban site (10% for
the forest site). Black curves represent the least-square fitting functions provided in Table 1

Fig. 9 The variation of ζ� (a) and ζ�φ2
θ (b) with ζ in the urban (circles) and forest sites (triangles). The grey

markers represent cases with no control on data regarding the storage flux, while the red markers represent
cases with the ratio of storage flux to tower-EC flux within 5% for the urban site (10% for the forest site).
Black curves represent the least-square fitting functions provided in Table 1

Accordingly, the sufficient condition for negligible storage flux (Eq.9) can be simplified as:

kζ
∂ f

∂z
= T−1

c1 − T−1
c2 = 0 (12)

Based on the fitting functions provided in Table 1, Fig. 11 presents the variation of f , kζ ∂ f
∂z ,

T−1
c1 , and T−1

c2 under stable conditions. It is evident that f increases from zero with increasing
stability, indicative of the prominent influence of large coherent eddies on flux transport,
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Fig. 10 The variation of vertical turbulent intensity (ln (σw)) with ζ at the tower-EC measurement height in
the urban site. The black curve represents the bin-averaged fitting curve, with each bin containing no fewer
than 50 data points

Fig. 11 f , kζ ∂ f
∂z , T

−1
c1 , and T−1

c2 as explicit functions of ζ computed using the fitting functions provided in
Table 1

consistent with previous studies (Cuxart et al. 2002; Cooper et al. 2006; Barthlott et al.
2007). The kζ ∂ f

∂z deviates from near-zero value concurring with the increasing f , implying

that storage flux becomes considerable in stable conditions despite T−1
c1 and T−1

c2 approaching
zero. For another extreme, T−1

c1 and T−1
c2 become identical in near-neutral conditions and

kζ ∂ f
∂z approaches zero, and thus negligible storage flux is expected.

4 Conclusions

Utilizing the urban tall-tower EC data alongside profile measurements from a collocated
scanning wind lidar, we investigated the coupling between ISL and RSL, and its subsequent
influence on nighttime storage flux. Our findings reveal that the turbulent intensity varies
with wind speed as delineated by the HOST framework. In strong wind regimes, turbulent
eddies primarily generated by bulk wind shear directly interact with the ground surface,
whereas inweakwind conditions, turbulence eddies detach from the surface. The relationship
between σw in ISL and RSL highlights the role of turbulent transport in regulating the vertical
coupling.When the vertical gradient of TKE between ISL and RSL enlarges, shear-generated
turbulence is suppressed, leading to decoupling between the ISL and RSL and consequently,
large storage fluxes are observed. With increasing wind speed, turbulent eddies with scales
comparable to the measurement height transport TKE upward to the ISL, reducing the TKE
gradient, and thus promoting coupling between ISL and RSL. Consequently, the storage flux
decreases dramatically and maintains relatively low values when the wind speed exceeds
the threshold predicted by the HOST relationship. The theoretical argument supports the
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notion that nighttime storage flux is primarily regulated by the atmospheric stability and
vertical TKE gradient. We further derived a diagnostic function for negligible storage flux,
which can be extended to forest sites. However, it is important to point out that this diagnostic
relation is based on assumptions of negligible advection and scalar transport similarity, which
are rarely observed in heterogeneous urban landscapes. Therefore, a temporal-spatial flux
mapping approach (Metzger et al. 2013;Metzger 2018; Xu et al. 2017, 2018) is necessary for
estimating fluxes that meet the basic assumptions of the EC technique and for re-evaluating
the proposed diagnostic relation, which will be the compass for our future work.

Appendix 1: Profile measurements from scanning Doppler Lidar

See Fig. 12.

Fig. 12 Median daytime (red curve) and nighttime (blue curve) profiles of: a horizontal wind speed; the
black dash curve represents the modeled logarithmic wind profile in neutral conditions; b friction velocity

(u∗); c horizontal turbulent intensity (σh =
√

σ 2
u + σ 2

v ), where σu and σv are the standard deviation of
horizontal velocity components); d vertical turbulent intensity (σw); e turbulent kinetic energy (T K E =
1
2 (σ 2

u + σ 2
v + σ 2

w)). Only lidar measurement data below 200 m are shown, considering our interest in the
coupling between the inertial sub-layer and roughness sub-layer. The measurement height is normalized by
the canopy height (hc = 20 m). The shaded areas denote the range of urban canopy layer (dark grey) and
roughness sub-layer (light grey), respectively. The horizontal grey dash line indicates the measurement height
of the tower-EC system

Appendix 2: Non-Dimensional Gradients of (CO2) and Temperature
Determined by Profile Measurements in the Forest Site

See Fig. 13.
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Fig. 13 The variation of φc (a) and φh (b) with ζ in the forest site. The black curve in subplot b represents
the fitting function between φh and ζ following the Businger-Dyer relationship (Businger et al. 1971; Dyer
and Hicks, 1970) with coefficients determined by the least-square fit

Appendix 3: Linking Storage Flux (hc,stor) to the Flux Gradient

Multiplying kz
u2∗c∗θ∗ (k and z for both sides of Eq.6, given that c∗u∗ = −(w′c′)sur f , the

left-hand-side (LHS) can be rewritten as:

LHS∗
(

kz

u2∗c∗θ∗

)
= − f

kz

u∗θ∗
1

(w′c′)sur f
∂w′c′
∂z

− kz

u∗θ∗
w′c′

(w′c′)sur f

(
∂ f

∂z
+ f

u∗
∂u∗
∂z

+ 1

τcu∗

)
.

(A3.1)
Given that (w′c′)sur f is a constant with respect to z, Eq. (A3.1) can be further rewritten as:

LHS ∗
(

kz

u2∗c∗θ∗

)
= − f

kz

u∗θ∗

∂

(
w′c′

(w′c′)sur f

)

∂z
− kz

u∗θ∗
w′c′

(w′c′)sur f

(
∂ f

∂z
+ f

u∗
∂u∗
∂z

+ 1

τcu∗

)
.

(A3.2)
Considering that the measured flux at a given height equals the sum of surface flux and

storage flux (i.e., w′c′ = (w′c′)sur f + (w′c′)stor ), w′c′
(w′c′)sur f

can be written as:

w′c′

(w′c′)sur f
= (w′c′)sur f + (w′c′)stor

(w′c′)sur f
= 1 + hc,stor . (A3.3)

Substituting Eq. (A3.3) into Eq. (A3.2) yields:

LHS ∗
(

kz

u2∗c∗θ∗

)
= − f

kz

u∗θ∗
∂hc,stor

∂z
− (1 + hc,stor )

(
∂ f

∂z
+ f

u∗
∂u∗
∂z

+ 1

τcu∗

)
. (A3.4)

For the right-hand-side (RHS) of Eq. (6):

RHS ∗
(

kz

u2∗c∗θ∗

)
= −w′2

u∗
kz

u2∗c∗θ∗
∂c

∂z
+ Rcθσcσθ

u∗
kz

u2∗c∗θ∗
g

θ
. (A3.5)

Rewriting Eq. (A3.5) yields:

RHS ∗
(

kz

u2∗c∗θ∗

)
=−w′2

u∗
1

u∗θ∗
kz

c∗
∂c

∂z
+Rcθ

kz

u3∗
g

θ

σcσθ

c∗θ∗
=−φ2

ww

1

u∗θ∗
φc+Rcθφccφθθ

kz

u3∗
g

θ
.

(A3.6)
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Introducing ζ = z/L (where L = − u3∗
kgw′θ ′ ), the second term in the RHS of Eq. (A3.6) can

be rewritten as:

Rcθφccφθθ

kz

u3∗
g

θ
= −Rcθφccφθθ

kz g
θ

u3∗
(−w′θ ′) 1

w′θ ′ = −Rcθφccφθθ ζ
(w′θ ′)sur f

w′θ ′
1

(w′θ ′)sur f
.

(A3.7)
Analogy to Eq. (A3.3) and substituting Eq. (A3.7) into Eq. (A3.6) yield:

RHS ∗
(

kz

u2∗c∗θ∗

)
= −φ2

wwφc
1

u∗θ∗
+ Rcθφccφθθ ζ

1

1 + hθ,stor

1

u∗θ∗
. (A3.8)

Combining Eqs. (A3.4) and (A3.8) yields:

f
∂hc,stor

∂z
+(1+hc,stor )

(
∂ f

∂z
+ f

u∗
∂u∗
∂z

+ 1

τcu∗

)
= 1

kz

(
φ2

wwφc−Rcθφccφθθ ζ
1

1 + hθ,stor

)
.

(A3.9)

Involving � = θ∗
c∗

θ ′c′
σ 2

θ

and Rcθ = c′θ ′
σcσθ

, Eq. (A3.9) can be rewritten as:

f
∂hc,stor

∂z
+ (1 + hc,stor )

(
∂ f

∂z
+ f

u∗
∂u∗
∂z

+ 1

τcu∗

)
= 1

kz

(
φ2

wwφc − ζ�φ2
θθ

1

1 + hθ,stor

)
.

(A3.10)
Identity to Eq. (7) in the manuscript.
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