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Abstract: The energy balance of the Earth’s surface is crucial for understanding
biosphere-atmosphere interactions. However, the energy imbalance observed in eddy-
covariance measurements indicates that our understanding and estimation of ecosystem
dynamics remains incomplete. This issue is especially important for wetlands, which
have an important role in global climate processes and exhibit the highest imbalances.
In this study, we investigated the energy balance closure (EBC) in a restored tidal
wetland. The EBC ratio before tidal restoration was 0.9, contrasting with a poor clo-
sure of 0.22 after tidal restoration. We applied filters based on friction velocity (u∗),
wind direction and zenith angle, as well as accounting for soil heat storage. These
filters improved closure before tidal restoration, but did not for the period after tidal
restoration. Daily averaged fluxes enhanced closure up to 54%, suggesting the role of
water storage, lateral water heat advection and an influence from large-scale eddies.
Analysis of the Bowen ratio and the Priestley-Taylor parameter suggests influence of
lateral heat advection after tidal restoration. Future research should include the chal-
lenging computations of these energy terms. These insights contribute to a deeper
understanding of energy exchanges in tidal wetland environments and underlines im-
portant terms that should be taken into account, thereby aiding climate change studies
and the management of wetland restoration.

I. INTRODUCTION

The surface energy balance (SEB) is a crucial ele-
ment for understanding the interactions between the bio-
sphere and the atmosphere as well as the dynamics of our
planet’s climate (Liu et al. 2017; Mauder et al. 2020).
SEB is commonly expressed with the energy balance clo-
sure (EBC) ratio between the turbulent fluxes and the
net available energy:

EBC =
H + LE

Rn−G
(1)

where H and LE represent the sensible and latent heat
fluxes, respectively, Rn denotes the net radiation and G
accounts for the ground heat flux (Liu et al. 2017). They
are all defined positive when energy is transferred away
from the surface, except for the net radiation, which is
considered positive when the surface gains energy. These
fluxes arise from differential horizontal and vertical heat-
ing driving buoyancy as well as from the biological, ge-
ological and meteorological conditions of the ecosystem,
all of which results in eddies and turbulence within the
atmosphere boundary layer.

Our understanding of the energy terms relies on ob-
servations from eddy covariance (EC) flux measure-
ment towers and flux measurement networks such as
FLUXNET (Stoy et al. 2013). The EC method, a widely
employed technique, measures the energy and trace gases

exchange between the surface and the atmosphere via the
covariance between fluctuations in vertical wind velocity
and the scalar of interest (Baldocchi 2003).
Theoretically, the EBC ratio on the surface should be

equal to 1, meaning an equilibrium between energy in-
puts and outputs on the surface. However, as it has been
heavily discussed in the literature since the late 1980s
(Mauder et al. 2020; Foken 2008), in most cases the net
available radiation is found to be larger than the sum of
the turbulent fluxes of sensible and latent heat, and an
underestimation of turbulent fluxes is argued as the rea-
son for the problem (Foken 2008). The total contribution
of neglected effects and uncertainties is considered as the
imbalance or residual (Mauder et al. 2020).
Studying data from numerous sites, Stoy et al. (2013)

found an average EBC ratio of 0.84 ± 0.20. The best
average closures were observed in evergreen broadleaf
forests and savannas (0.91–0.94), while the worst aver-
age closures were observed in crops, deciduous broadleaf
forests, mixed forests and wetlands (0.70–0.78).
These findings raise concerns within the micromete-

orology community regarding the quality and usability
of eddy-covariance measurements in surface flux models
(Foken 2008; Liu et al. 1999; Twine et al. 2000).
Factors that have been found to be important for the

closure of the SEB (Foken 2008) are, on one hand, the
additional storage terms. On the other hand, better re-
sults for a wider averaging time or area-averaged fluxes
suggest that bigger-scale eddies may influence the EBC.
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These larger turbulence structures also affect the foot-
print and are related to the heterogeneity of the land,
which may provoke secondary circulations with its advec-
tions which lead to an increase in the imbalance (Mauder
et al. 2020). Accurately measuring the divergence or con-
vergence term attributed to advection in flat terrain re-
mains a challenge.

Several questions remain yet to be answered to be
able to fully understand the energy surface fluxes, and
although a complete closure can occur at certain sites,
the energy balance at several flux sites worldwide re-
mains unclosed (Stoy et al. 2013). Wetland ecosystems
exhibit the poorest EBC among FLUXNET sites (Cui
et al. 2019). However, the reasearch conducted on the
energy fluxes of these ecosystems is still limited and an
exhaustive analysis of the underlying interactions among
flora, fauna, and heat stored in coastal wetlands is still
lacking (Piccolo 2019). Wetland’s energy budget is not
only influenced by energy storage in soil, but also in water
(Pokorný et al. 2010), which complicate energy balance
terms. Tidal wetlands face even greater challenges due
to strong horizontal fluxes, particularly those driven by
water movement (Moffett et al. 2010; Piccolo 2019).

Covering about 6.4% of Earth’s surface (DAC 1996),
wetlands globally hold 20-30% of the estimated 1.500 Pg
of soil carbon (C) (Lal 2007). However, land use changes
have caused a 50% global loss of wetlands (Davidson
2014), impacting large pools of stored C (Pendleton et al.
2012). Understanding wetland energy fluxes is critical
due to their capacity for carbon dioxide (CO2) sequestra-
tion as photosynthesis exceeds oxygen-inhibited respira-
tion in their waterlogged soils, potentially aiding climate
change mitigation (Mitra et al. 2005). Energy dynamics
are vital to ecosystem analysis, due to their influence on
the hydrologic cycle and biogeochemical processes.

This study aims to address how does tidal restoration
impact the EBC of a wetland. Our hypothesis is that
tidal restoration will initially worsen the EBC due to
changes in energy dynamics. However, we expect that the
EBC will improve after applying adequate filters and ac-
counting for heat storage terms. The investigation seeks
to describe the impact of flooding and tides on each com-
ponent of the energy budget and to understand the un-
derlying causes of the ecosystem’s energy imbalance.

II. METHODOLOGY

A. Site description

The restored wetland site is located within the Hill
Slough Wildlife area next to Suisun City, California,
USA (38.24o N, 122.02o W), at an elevation of 1.113 m
NAVD88, and it is part of the AmeriFlux network (Arias-
Ortiz et al. 2024).

The site features a marsh ecosystem with a Mediter-
ranean climate, a mean annual temperature of 15.6 oC
and a mean annual precipitation of 450 mm. The pre-

vailing wind direction at the site is from the southwest
(see Appendix A ).
In October 5, 2021, the site underwent a tidal restora-

tion conducted by Ducks Unlimited, a wetland conserva-
tion organization, covering an area of 2.6 km2. Energy
and gas flux measurements, along with meteorological
data collection, began on March 12, 2021, nearly seven
months prior to the restoration. At that time, the site
was characterized by a seasonal wetland dominated by
sparse pickleweed (Salicornia pacifica) and various salt
grasses.
Following the restoration, vegetation remains minimal,

resulting in sparse coverage. The site is inundated twice
daily due to semi-diurnal tides, and the soil remains con-
tinuously saturated with water. The mean tidal range is
1.27 meters, and salinity levels range between 0.5 ppt in
the winter and 12 ppt during the summer months.

B. Atmospheric Exchanges in Wetland Ecosystems

1. Eddy Covariance Method

At any given moment, an eddy moves an air parcel ei-
ther downward or upward at a certain speed, with each
air parcel carrying unique characteristics such as gas con-
centration, temperature, and humidity. The essence of
the EC method is that the various vertical fluxes can be
found as the covariance between vertical velocity, w′, and
the variable of interest (Burba and Anderson 2010).
Wind velocity components can be decomposed into

their mean velocity u and their fluctuation u′ around
the mean, a process known as Reynolds decomposition:
u = u + u′, where u′ = 0 (Reynolds 1895). Rotating
eddies generate vertical flows, w′. Typically, for the hor-
izontal flow u >> u′ and for the vertical flow w << w′.
As enumerated in Burba and Anderson (2010), several

assumptions are necessary for the effective application
of the EC method. These include a steady-state condi-
tion; all turbulent eddies being advected by the mean
flow without changing their properties (Taylor’s hypoth-
esis); horizontal homogeneity (thus neglecting horizon-
tal advection and flux divergence/convergence); negligi-
ble mean vertical wind speed (w ≈ 0); complete mea-
surement of all eddies; measurements at a point being
representative of an upwind area; an adequate footprint;
and zero air density fluctuations.
The EC method achieves the highest accuracy un-

der conditions where temperature, wind, and humidity
exhibit temporal stability, alongside uniform vegetation
covering flat terrain (Baldocchi 2003).
Expressions for the sensible heat flux, latent heat flux

and ground heat flux (Wm−2) are, respectively:

H = ρCp(w′T ′) ; LE = ρLv(w′q′) ; G = −Cl
∂Ts

∂z
(2)

where ρ (kg ·m−3) is the air density, Cp (Jkg−1K−1) is
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the air heat capacity, (w′T ′) (ms−1K) the covariance be-
tween the fluctuations of vertical wind velocity and tem-
perature, Lv (Jkg−1) is the latent heat of vaporization

of water, (w′q′) (ms−1) denotes the covariance between
the fluctuations of vertical wind velocity and specific hu-
midity (Stull 1988), Cl (Wm−1K−1) is the soil thermal
conductivity, Ts (K) is the soil temperature and z (m) is
the soil depth (Kimball et al. 1976).

C. Instrumentation

The EC flux tower at Hill Slough was equipped with
a three-dimensional ultra-sonic anemometer (Windmas-
ter Pro, Gill Instruments, Lymington, UK) for mea-
suring wind velocity and virtual temperature fluctua-
tions. Net radiation was measured using a net radiometer
(NR01 Net Radiometer, Hukseflux, Delft, the Nether-
lands), while ground heat flux was determined using soil
heat flux plates (HFP01 Soil Heat Flux Plate, Hukse-
flux, Delft, the Netherlands). Temperature and relative
humidity of the air were monitored using HMP155A,
Vaisala, Inc., Finland, and soil and water temperature
was measured by a profile of copper-constantan thermo-
couples. For a detailed list of all sensors used, please refer
to Berkeley Biometeorology Lab.
These EC flux tower instrumentation provide high-

frequency, 20 Hz, continuous measurements of temper-
ature, water vapor, CO2 and CH4 concentrations, along
with three-dimensional wind speed measurements, to
quantify the net exchange of trace gases and sensible
and latent heat between the marsh vegetation and the
atmosphere (fast system) (Baldocchi 2003). These mea-
surements are averaged over 30-minute intervals, while
other meteorological data is collected directly every 10
seconds and is later aggregated in 30 minutes averages
(slow system).

D. Data processing

The most common method for computing energy bal-
ance involves comparing the half-hourly sums of the LE
and H values against half-hourly available energy values
and using the slope of the linear regression as an estimate
of the closure (McGloin et al. 2018). A slope of 1 and an
intercept of 0 indicate a perfect energy balance.

Before obtaining analysis-ready fluxes, several pro-
cessing steps are necessary. For each 30-minute aver-
aging interval, wind speed measurements are rotated
into the mean wind direction (u), ensuring that the
mean wind speeds in the other two dimensions (v and
w) are zero. To account for air density fluctuations,
the Webb–Pearman–Leuning correction is applied to gas
fluxes measured with open path sensors (Webb et al.
1980). Other corrections include despiking data, ac-
counting for time lags between the sonic anemometer

and gas analyzer, and applying calibrations (Foken 2008;
Schedlbauer et al. 2011).
Certain conditions like low fluxes, calm winds, unstable

atmospheres, divergence, and convergence can lead to un-
reliable data. Quality control is crucial for accurate data,
involving removing data affected by instrument issues,
unsuitable environmental conditions for the EC method,
heavy precipitation, and non-stationary periods. This
process varies based on the site and instrument (Burba
and Anderson 2010). As a result, another essential step
in EC data processing is gap-filling using artificial neural
networks (ANN), although for the evaluation of EBC for
this study we used not gap-filled clean data.
To accurately compare energy fluxes before and after

the restoration, and to minimize the influence of seasonal
variations on the results, we selected data for the EBC
analysis that ranges from March 12 to September 30 of
2021, for the period before tidal restoration, and the same
dates of 2022 for the interval after tidal restoration.
To analyze the energy imbalance of the tidal wetland,

the following specific data analysis was conducted:

1. Filtering

Since the restored wetland is located southwest of the
tower, only fluxes between 180o and 270o were taken
into account to ensure flux footprints originate from the
ecosystem of interest.
On the other hand, a threshold of 0.2 m/s for the fric-

tion velocity u∗, a crucial parameter in EC measurements
that can be calculated as u∗4 = (u′w′)2 + (v′w′)2, was
set up based on when nighttime CO2 fluxes became in-
dependent of u∗ (Eichelmann et al. 2018). Low u∗ values
can indicate insufficient turbulence, which affects the re-
liability of flux measurements.
Finally, we separated nighttime and daytime data, fo-

cusing our energy balance closure analysis on daylight
hours. Nighttime data require special handling due to
conditions such as low wind speeds, stable stratification,
and insufficient turbulence. These factors can lead to
non-stationary periods, advection, and a significant in-
crease in the footprint, potentially causing the tower to
record fluxes outside the intended area.

2. Heat storage term

The ground heat flux is measured 2 cm below the sur-
face. The soil heat storage in the layer between the
surface and the ground heat flux sensor at 2 cm, Qsoil

(W/m2), can also be taken into account in the energy bal-
ance as it may have a significant influence on the residual
(Heusinkveld et al. 2004). Soil storage can be determined
as:

Qsoil = d · Cs ·
∂T

∂t
(3)
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where d is the soil thickness in cm, T is soil temper-
ature (oC), t is the time and Cs is the heat capacity of
the moist soil (Jg−1K−1) (Liu et al. 2017).
Heat capacity of moist soil can be found as Cs = rb ·

Cd+VWC ·ρw ·Cw, where rb represents the bulk density
(kgm−3), Cd the heat capacity of dry soil (Jkg−1K−1),
VWC the volumetric water content on the top layer
of the soil (%), ρw (kgm−3) water density, and Cw

(Jkg−1K−1) the heat capacity of water.
The expression for water storage is analogous to that

for soil storage but with VWC set to 1, bulk density
considered as zero and d = dw is used as water thickness.

For the water storage term calculation, water volume
was divided into three layers: from the surface to 8 cm,
from 8 cm to 32 cm, and from 32 cm to the water level
height. This approach was used because we had temper-
ature data for these specific depths, where the thermo-
couples were located, and it also allows for more accurate
tracking of the storage term.

The air heat capacity is small compared with that of
the soil and water (Liu et al. 2017).

3. Calculation of key parameters

For the purpose of analyzing the dataset, we computed
the following parameters:

• The stability parameter is defined as ζ = (z−d)/L,
where z is the measurement height, d is the zero-
plane displacement height, and L is the Monin-
Obukhov length. L indicates the height above the
surface at which the production of turbulent energy
from buoyancy dominates over mechanical shear
production of turbulence (Stull 1988).

ζ characterizes the stability state of the boundary
layer: ζ < 0 indicates inestability, ζ > 0 indicates
stability and ζ ∼ 0 indicates neutral conditions (Fo-
ken 2017).

• The Bowen ratio is defined as β = H
LE , and it is

a useful indicator of an ecosystem’s energy contri-
butions to the regional climate. Usually, wetlands
have the lowest β of terrestrial ecosystems (Lafleur
2008).

• The Priestley-Taylor parameter is indicated as the
α = LE/LEeq ratio, relating latent heat flux with
equilibrium latent heat flux (Priestley and Taylor
1972).

III. RESULTS

In this section, we present the results of the study.
Please refer to section IV for a discussion of these results.

A. Meteorological conditions

To assess the meteorological similarity of the years in-
cluded in the analysis, we examined the mean value of
air temperature, which was (18.16 ± 0.07) oC for the
period before tidal restoration and (18.52 ± 0.06) oC af-
ter tidal restoration, a very similar value. The mean
value of net radiation increased from (147 ± 3) W/m²
before tidal restoration to (174 ± 3) W/m2 after tidal
restoration. Additionally, total precipitation amounts
were 11.43 mm and 50.10 mm for the before and after
tidal restoration periods, respectively. Water level rose
from below the surface to (0.203 ± 0.002) m on average
after tidal restoration.
Refer to Appendix B for the evolution of air temper-

ature, soil temperature at 0 cm (TS), outgoing long-
wave radiation (LW), and incoming radiation. After tidal
restoration, the deviation in TS and LW is smaller than
before, thanks to water’s stabilizing effect.

B. Evolution of the energy budget terms

Following the wetland tidal restoration, there was a re-
markable shift in energy dynamics (Figure 1). Prior to
restoration, H dominated, reaching daily averages max-
imum levels of 165.62 W/m2, while LE remained low at
58.42 W/m2. However, this dynamic flipped after tidal
restoration. H maximum value significantly reduced to
72.47 W/m2, and LE became the predominant compo-
nent at 258.45 W/m2. Peak values of turbulent fluxes
were recorded during June and July.
Throughout the average daily cycle, beofre tidal

restoration, all fluxes reached their maximum at mid-
day, apart from G, which peaked later in the afternoon
(Figure 1a). All fluxes were negative at nighttime. After
restoration, LE peaked around 15h, and both turbulent
fluxes remained positive throughout the entire day.
The energy imbalance increased dramatically after

tidal restoration, going from a maximum of 43.47 W/m2

at 10:00 (Pacific Standard Time, PST) to a maximum of
408 W/m2 at 11:30 (PST), nearly ten times higher than
previously (Figure 1).

C. Impact of filters and heat storage on EBC ratio

Prior to restoration, the EBC ratio was close to one
(Figure 2a), characterized by a slope of 0.9 and a high R2

of 0.97. This indicates an almost balanced state between
incoming and outgoing energy fluxes within the study
area.
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(a) (b)

Figure 1: Diurnal variations in the energy balance components when the site was dry (a) and after tidal restoration
(b)

(a) (b)

Figure 2: Relationships between half-hourly data turbulent heat flux (H + LE) and available energy (Rn−G)
before (a) and after (b) restoration.

(a) (b) (c)

Figure 3: Relationships between half-hourly data turbulent heat flux and available energy before (a) and after (b)
restoration. (c) also takes into account water heat storage in two layers, (0-8 cm) and (0-Water Level).
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(a) (b)

Figure 4: Relationships between daily averaged turbulent heat flux and available energy before (a) and after (b)
restoration.

Following restoration, however, the slope significantly
decreased to 0.22, accompanied by a reduced R2 of 0.33
(Figure 2b), indicating a very poor energy closure.

After filtering the dataset by excluding u∗ values lower
than 0.2 m/s, nighttime data, EBC ratios lower than 0,
and constraining the wind direction to our desired area of
study, the EBC ratio before tidal restoration showed an
improvement, EBC= 0.92. Despite that, applying these
filters after tidal restoration reduced EBC to 0.21.

By incorporating the soil heat storage, Qsoil, EBC be-
fore tidal restoration increased to 0.95 (Figure 3a) and
the intercept showed a slight improvement. However, af-
ter tidal restoration, the EBC slope marginally increased
to 0.23 and it further scattered the data (Figure 3b).

Water heat storage was also added in Figure 3c. Con-
sidering only water levels up to 8 cm, the EBC improves
with this storage term up to 36%. However, due to the
inconsistent results when considering all water column,
we have not included it in the further calculations.

D. Impact of daily averaged fluxes in EBC ratio

The EBC improved significantly when moving from
half-hourly to daily averaged data after tidal restora-
tion, reaching a slope of 0.54, a considerably improved
R2 value and a much lower intercept Figure 4. This im-
provement was not observed for the period before tidal
restoration, where the original data already reflects a
high degree of closure.

E. EBC ratio dependence on meteorological
variables

As it is shown in Figure 6, the EBC ratio typically
showed values lower than 1, with notable deviations ob-

served at the beginning and end of the day when the
zenith angle approached 90 degrees.
We conducted a correlation analysis and, to avoid in-

terference of the very scattered data at sunrise and sun-
set, we excluded data corresponding to a zenith angle
higher than 70 degrees. Variables that showed a rela-
tively high correlation with the EBC ratio are shown in
Figure 5. We found a positive correlation between the
EBC ratio and LE, u∗, u. Figure 5 also indicates that
the energy imbalance was higher with lower values of net
radiation.
Figure 6 shows us that EBC was worse under neutral

stability conditions (where the stability parameter (ζ)
approaches 0), which also corresponds to higher zenith
angles. Additionally, higher friction velocity was associ-
ated with more neutral stability conditions. Sensible heat
flux and the Bowen ratio were positive at unstable con-
ditions, negative at stable conditions and notably higher
during neutral stability conditions (figures not shown).

Figure 5: Correlation coefficient between EBC ratio and
various meteorological variables.
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Figure 6: Effect of the stability parameter ((z-d)/L) on
the EBC ratio after restoration. Very high values of the
stability parameter and EBC ratio have been partially
cropped out by the zoom scale, so the plot represents

76% of the dataset.

After tidal restoration, an increase in negative Bowen
ratios values was observed, rising from 8.41% to 30.49%.
As represented in Figure 7a, positive Bowen ratios
aligned more closely with the EBC=1 line compared to
negative values. Specifically, the EBC ratio with only
positive Bowen ratios was 0.27, whereas with only neg-
ative Bowen ratios it was 0.13, with an associated R2

value of 0.1.
Figure 7b shows us how the majority of Priestley-

Taylor parameter values (66.59%) were higher than 1.26.

IV. DISCUSSION

A. Sensible heat transfer is inhibited by the
presence of a water body

The decrease in sensible heat flux and increase in la-
tent heat flux after the tidal restoration at Hill Slough
could be attributed to the energy absorbed during phase
change of water within the wetland environment and,
therefore, less energy being invested in increasing the air
temperature. These peak values occur during summer
months, characterized by higher net radiation and con-
sequently greater available energy. During summer, the
soil is warmer and the low-level jets are most intense, in-
creasing turbulent mixing. In contrast, turbulent fluxes
are minimal during winter periods (Cuxart et al. 2015).

B. EBC worsens significantly after tidal restoration

Before tidal restoration, the EBC nearly achieved clo-
sure. In addition, it showed improvement with the appli-
cation of filters and inclusion of soil storage term. How-

(a)

(b)

Figure 7: Relationships between half-hourly data
turbulent heat flux and available energy considering the

heat storage term after restoration with a colorbar
indicating the Bowen ratio value. Extreme Bowen ratio
values have been excluded for visualization purposes,
and the displayed data represents 95% of the dataset
(a). Priestley-Taylor parameter (α) after restoration,

where 66.59% of the values are above 1.26 (b).

ever, after tidal restoration the imbalance worsened con-
siderably, despite the filtering and addition of the soil
heat storage term. While other wetland studies report
EBC ∼ 70% (Stoy et al. 2013), Hill Slough tidal wetland
showed a closure of 22%, an unusually low value.
These findings underscore the site-specific nature of en-

ergy exchanges in wetlands. Since instrumentation and
methodology remained consistent before and after tidal
restoration, the EBC issue does not lie with the EC mea-
suring system or instrumentation. Instead, it reveals a
critical knowledge gap concerning how energy exchanges
between water, soil, and atmosphere differ significantly
from those occurring over dry vegetated surfaces (Zhao
and Liu 2017).

C. Improvement of EBC with daily averaged fluxes

The significant improvement in EBC when moving
from half-hourly to daily data may indicate that storage
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terms are being underestimated at 30 minute time scales
(Leuning et al. 2012). Unmeasured or inadequately mea-
sured energy storage terms are a major contributor to
the lack of EBC at most sites (Leuning et al. 2012). In
this context, water heat storage cannot be overlooked.
Accounting for the entire water column resulted in un-
reasonably high estimates (Figure 3c), probably due to
challenges in tracking water temperature, spatial temper-
ature heterogeneity and heterogeneous bathymetry.

However, energy imbalance after tidal restoration also
exists when water level is at the soil surface, indicating
that water heat storage is not the sole reason for the
imbalance.

The effect of lateral slow-paced energy advection,
which cause energy convergence and divergence, can also
be diminished by daily averaging the energy fluxes. En-
ergy entering the soil, air and water in the morning can be
returned in the afternoon and evening and be accounted
for. As a result of a fluctuating water level after tidal
restoration, the water is transient so the stored energy
may not be released back in the same location. Dis-
charge and temperatures of the inflow and outflow water
are needed to determine this lateral heat advection car-
ried out by tides.

Moreover, 30-minute averaging periods are insufficient
to detect large-scale (several km) and slow-moving tur-
bulent circulations caused by landscape heterogeneity,
whereas considering several hours may include them
(Stoy et al. 2013; Charuchittipan et al. 2014). Fu-
ture studies should consider large-eddy simulations, since
they can capture the contributions from secondary circu-
lations that may be missed by shorter averaging periods
(Zhou and Li 2019). Before tidal restoration, data did
not show any improvement when averaged daily, indicat-
ing that, if there are large-scale eddies, they occur only
after tidal restoration as a result of the change in energy
dynamics due to the mass of water. Tidal action might
create fluctuating temperature gradients and change in
air flow due to changing surface relief (Piccolo 2019).
As a result of the resample, uncertainties due to instru-

ment performance, EC methodology and quality control
are also minimized compared to those affecting hourly
fluxes (Burba and Anderson 2010).

D. α parameter and Bowen ratio suggest lateral
heat advection after tidal restoration

A negative Bowen ratio occurs when H is negative,
despite daytime expectations of positive flux from sur-
face warming. A possible reason for negative H could
be downdrafts of wind or warmer air above a cooler sur-
face, leading to a temperature inversion. This inversion
is likely caused by a warm air mass above the surface,
suggesting lateral energy advection.

The poorer closure observed for negative Bowen ra-
tios (Figure 7a) aligns with the presence of advection in
these cases. An increase in negative Bowen ratio values

after restoration would therefore indicate the possibility
of lateral energy advection in the restored tidal wetland.
Because of some dry advection even over extensive sat-

urated surfaces, Priestley and Taylor (1972) found α > 1,
with a typical value of α ≈ 1.26. This defines advection
over wet surfaces as α > 1.26, indicating an increased
input of sensible heat (Kustas and Norman 1999). This
value is empirical, but it serves as an indicator of ad-
vection under well-watered conditions (Eichelmann et al.
2018). After restoration, our site was expected to exhibit
LE/LEeq ratios near 1.26, however, 66.59% of the ratios
were higher than 1.26 (Figure 7b), indicating a possible
influence of advection.
This is plausible because wetland tidal restorations al-

ter the dynamics and patterns of advection. For instance,
water bodies can generate temperature differences be-
tween the restored area and neighboring urban zones,
leading to unexpected advection patterns.

E. EBC ratio behaviour

Sunrise and sunset hours generate exceptionally high
EBC ratios, as shown by their dependence on the zenith
and azimuth angles (Figure 5). Some studies avoid the
transition period by excluding from the analysis the time
period covering one hour before to one hour after both
sunrise and sunset due to rapid changes in solar radia-
tion and thermal stability, which cause energy input fluc-
tuations (Charuchittipan et al. 2014). However, imple-
menting a 70-degree cutoff on the zenith only improved
the EBC to 0.27, highlighting the impact of unaccounted
storage terms or enhanced horizontal heat advection after
tidal restoration.
EBC ratio improved with higher values of horizontal

velocity (Figure 5). A larger u can enhance instability
due to vertical shear in horizontal velocity, which can im-
prove energy closure. Additionally, if there is any lateral
energy advection, a high horizontal mean velocity would
mitigate its impact as it would enter and exit within the
30-minute time interval. This may explain the improved
EBC ratio with higher velocities (Barr et al. 2006).
The EBC ratio also improved with higher friction ve-

locity u∗ (Figure 5). Franssen et al. (2010) and Barr
et al. (2006) have found that increasing u∗ and atmo-
spheric instability improve EBC by not underestimating
to that extent turbulent heat fluxes. These conditions
better fulfill Taylor’s hypothesis and maintain convec-
tion, whereas low u∗ conditions indicate low turbulence
and leads to underestimation of atmospheric exchange,
contributing to energy imbalance (Sánchez et al. 2010).
Mean daily maximum friction velocity decreased

slightly from 0.7 m/s before tidal restoration to 0.5 m/s
after tidal restoration, likely due to a softer surface re-
ducing friction and limiting turbulence when water was
present. This lower u∗ after tidal restoration may pre-
vent eddies from reaching the sensors.
Finally, as shown in Figure 6, EBC showed the worst
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results under neutral conditions, marked by sunset and
sunrise hours, where turbulent mixing is primarily me-
chanical and buoyancy is low, as found in McGloin et al.
(2018). In contrast to this study, other studies have
observed greatest EBC during near neutral atmospheric
conditions, making the hypothesis that in heterogeneous
landscapes, strongly unstable conditions are often char-
acterized by larger eddies, resulting in lower EBC on av-
erage (Franssen et al. 2010; Stoy et al. 2013).

At neutral stability conditions, higher u∗ can be at-
tributed to the dominance of wind shear. In contrast,
H and the Bowen ratio are related to buoyancy effects,
being positive (negative) under unstable (stable) condi-
tions, and approaching zero in neutral conditions.

V. CONCLUSIONS

This study explored the energy imbalance of eddy co-
variance measurements in a tidal restored wetland, aim-
ing to unravel the factors contributing to this energy bal-
ance unclosure.

• Following the reintroduction of tidal activity to
the wetland, LE dominated turbulent heat fluxes,
contrasting with conditions before tidal restoration
where H was predominant.

• The EBC after tidal restoration was found to be
0.22, lower than both typical wetlands and the be-
fore tidal restoration value of 0.90. Filtering based
on u*, wind direction, and nighttime improved clo-
sure for data before tidal restoration but did not
show similar effectiveness after tidal restoration.

• Daily averaging of fluxes increased the closure to
54% suggesting the influence of water heat storage,
lateral heat water advection carried by tides and a
possible presence of large-scale eddies.

• Lateral heat advection was identified as an ad-
ditional and likely contributor to imbalance, ev-
idenced by numerous negative Bowen ratios and
Priestley-Taylor parameters exceeding 1.26.

• EBC exhibited poorer performance particularly
during neutral stability conditions, which happened
during sunset and sunrise, and under conditions of
low u∗ and u.

This research highlighted the significance of water stor-
age and lateral heat advection, and the challenges in ac-
curately estimating them, in a context where energy dy-
namics is highly affected by tidal waters.

This thesis contributes to the advancing knowledge of
tidal wetland energy dynamics emphasizing the complex-
ities of achieving energy balance closure. By address-
ing these challenges, future research can enhance wet-
land restoration initiatives and climate change mitigation
strategies.
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VI. APPENDIX

A. Windrose of the study site

Figure 8: Windrose showing annual average wind speed and direction in an aerial view (Google Earth) of Hill
Slough tidal wetland.

B. Evolution of various variables in the study site

(a) (b)

(c) (d)

Figure 9: Evolution of daily averaged air temperature (a), soil temperature at 0 cm (b), outgoing long-wave radiation
(c), and incoming radiation (d). The grey background indicates the standard deviation, the yellow band represents
the studied period before tidal restoration, and the green band represents the studied period after tidal restoration.
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