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A B S T R A C T

Elucidating evapotranspiration (ET) patterns and drivers is of crucial importance for better understanding water
and energy cycles. However, multiple controls on ET at coastal ecosystems that are subject to subdaily tidal
flooding have not yet received attention. In this study, we investigated the response of ET to meteorological
variables including photosynthetically active radiation (PAR), air temperature (Ta), vapour pressure deficit
(VPD), and wind speed (WS) under semidiurnal tidal influence from hourly to seasonal timescales, on the basis of
3-year eddy-covariance (EC) measurements over a tidal salt marsh ecosystem of the Yangtze Delta. Our results
show that, as with most terrestrial ecosystems, PAR is a major control on ET in this coastal salt marsh ecosystem
at hourly, diel, and multiday timescales. However, the semidiurnal tides co-control ET with meteorological
variables, forming a complex ET pattern at the hourly and subdaily scales. In the daytime, ET was primarily
driven by PAR and VPD, whereas during the night, WS and friction velocity dominated the ET variability. We
also found that wind direction fundamentally changed the nature of the interactions of ET with other variables.
Moreover, tidal inundation suppressed ET and changed its sensitivities to PAR, Ta, VPD, and WS, a process that
was especially obvious when offshore winds prevailed. The tidal flooding can affect ET directly through altering
surface energy partitioning or plant metabolic activity, and indirectly through influencing meteorological
conditions such as Ta and VPD. By explicitly considering the influence of tidal dynamics, this study revealed the
significance in quantifying the ET contributions in coastal ecosystems to global water, carbon and energy cycles.

1. Introduction

Evapotranspiration (ET) represents the combined flux associated
with two different pathways of water vaporization, namely abiotic
water evaporation and biotic leaf transpiration. As a major component
of the energy and water cycles, ET drives mass transport and energy
exchange in the soil-vegetation-atmosphere interface (Katul et al.,
2012). Additionally, ET is the key process linking the water and energy
cycles with other biochemical processes (e.g. carbon and nutrient cy-
cles) (Wagle et al., 2015; Zhou et al., 2015), thereby playing an im-
portant part in the Earth's soil-vegetation-atmosphere-climate system.
However, ET is probably the least understood component in the hy-
drologic budget (Jung et al., 2010; Lettenmaier and Famiglietti, 2006),
since it is multi-controlled by, for instance, physical and canopy

physiological processes that are responsive to environmental conditions
such as precipitation, light, air temperature (Ta), humidity, and soil
water content.

Recent advances in micrometeorological instrumentation have de-
monstrated the advantage in quantifying ET in a variety of ecosystems,
such as forests (Igarashi et al., 2015; Zhu et al., 2014; Tang et al., 2006),
grassland (Ma et al., 2015; Qiu et al., 2011), cropland (Bezerra et al.,
2012; Lei and Yang, 2010), wetland (Liljedahl et al., 2011), shrubland
(Odongo et al., 2016), and desert (Unland et al., 1996). The eddy-
covariance (EC) technique is considered as an important tool for pro-
viding a direct and robust means to measure continuous latent heat
fluxes (LE) and thus ET (Wilson and Baldocchi, 2000; Baldocchi, 2003).
During the last four decades, over 800 EC flux towers and several as-
sociated global and regional networks (e.g., FLUXNET, AsiaFlux,
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EuroFlux, AmeriFlux, and ChinaFlux) have been established all over the
world, leading to a better understanding of ET variabilities and their
main environmental controls in a variety of terrestrial ecosystems.
However, most of these studies on ET have focused on upland ecosys-
tems or freshwater wetlands. Although LE affected by the tides from
coastal wetlands has been reported in a few studies, none of them ex-
plicitly explored the multiple controls on ET over tidal wetlands (Guo
et al., 2010; Harazono et al., 1998; Moffet et al., 2010). Up to date,
coastal ecosystems that are subject to subdaily tidal flooding have not
received attention in studying their ET patterns and drivers.

Coastal salt marshes are unique ecosystems located in the coastal
intertidal zone between land and ocean, and are among the most pro-
ductive, most economically important, and most vulnerable ecosystems
on the planet (Goulden et al., 2007; Kirwan and Megonigal, 2013). A
number of studies have been conducted in characterizing water and
energy fluxes and elucidating the mechanisms in wetlands, such as
peatland (Admiral et al., 2006; Admiral and Lafleur 2007; Moore et al.,
2013), prairie wetland (Burba et al., 1999a,b), and coastal tundra
(Liljedahl et al. 2011; Harazono et al., 1998). However, investigating
environmental controls on ET at saltmarsh wetlands featured by semi-
diurnal/diurnal tides are still very limited. EC towers were established
more recently at tidal wetlands than inland ecosystems (Baldocchi,
2014; Forbrich et al., 2015; Guo et al., 2009; Kathilankal et al., 2008).
The multiple controls of meteorological variables (e.g., precipitation,
light, temperature, humidity, soil water content) on ET over tidal
saltmarsh ecosystems are complicated by the unique features of coastal
wetlands, for instance, the tidal dynamics and strong horizontal ad-
vection.

ET in the salt marsh ecosystem takes place from soil pores, inter-
cepted water on leaves, and tidal water (evaporation), and from sto-
mata of saltmarsh plants (transpiration), and the energy cost in the
processes can be from the sun, usually by solar radiation, or indirectly
taken from the air. ET processes are controlled both by atmospheric
demand for water and soil moisture supply, and the former is associated
with, for instance, available energy, air temperature (Ta), vapour
pressure deficit (VPD), and wind speed (WS), whereas the latter mainly
refers to soil water availability (Monteith and Unsworth, 2013). The
turbulence is responsible for the transport of heat and water vapour
through the surface boundary layer, and the aerodynamic resistance
that is related to WS and friction velocity (u*) modulates the water
vapour transfer rates. On the other hand, ET is directly linked to ve-
getation physiology, as transpiration is controlled by stomatal con-
ductance that represents the regulation of the leaf stomata on the water
vapor flow (Eichelmann et al., 2018; Dolman et al., 2014; Raupach,
1995).

Since coastal tidal salt marshes are regularly flooded and drained by
saltwater brought in by the tides, the soil tends to be saturated, re-
gardless of precipitation. Soil moisture is supposed to have very limited
constraint on ET variations, which is rather different from inland eco-
systems. On the other hand, the effect of VPD, which represents at-
mospheric demand for water, on ET is also rather unique in tidal salt-
marsh wetlands. As VPD is relatively low in tidal saltmarsh wetlands
compared to, for instance, arid and semi-arid regions, it may mainly
control ET by a direct atmospheric constraint (evaporation will be
constrained because of the high vapor pressure in the atmosphere),
rather than an indirect constraint through an increased bulk surface
resistance (Liljedahl et al., 2011). Therefore, it is likely that elevated
VPD barely raises stomatal conductance and transpiration, but may still
enhance evaporation at tidal saltmarsh ecosystem.

Tidal dynamics increases the nonlinearity of the controls of PAR on
canopy photosynthesis and transpiration (Han et al., 2015; Guo et al.,
2009). Particularly, the tidal dynamics, following the lunar cycle but
not the diel solar cycle, may co-control ET with PAR, forming a complex
ET pattern over the hourly and daily scales. The tides can affect ET
through different paths. For instance, the tidal flooding alters physical
properties of land surface (e.g., land cover, surface roughness, soil

moisture and temperature), and thus the available energy for ET.
Moreover, salt marshes tend to diminish their stomata opening to deal
with the stress induced by the tidal waterlogging, leading to a decrease
in transpiration. Furthermore, tidal inundation may indirectly affect ET
by modulating atmospheric variables such as Ta and VPD.

Because of the thermal contrast and air humidity difference between
land and sea, meteorological conditions are tightly associated with
wind direction (WD) in coastal regions. For instance, onshore wind
tends to bring cooler and moister air from the ocean during the warm
season, whereas in the cool period, it leads to higher Ta but still smaller
VPD. Therefore, WD may fundamentally change the nature of the in-
teractions between ET and the drivers in coastal ecosystems. However,
the environmental controls on ET over coastal tidal saltmarsh ecosys-
tems are yet to be investigated. This knowledge gap impedes realistic
parameterizations of water and carbon flux exchange between the at-
mosphere and tidal ecosystems, and makes it difficult to model ET
based on environmental conditions (Fisher et al., 2017).

Currently, Earth System Models (ESMs) and their embedded ET
models do not explicitly consider the effects of tidal dynamics on ET,
and rarely incorporate parameterizations of tidal processes for coastal
ecosystems (Hurrell et al., 2013). Because of this, those models are not
able to reliably and consistently capture the water and carbon exchange
processes and reproduce ET in coastal areas. It is, therefore, imperative
to enhance our knowledge on ET variations and drivers at coastal
wetlands subject to subdaily tidal flooding.

In this study, we focus on analysing the effects of meteorological
variables (i.e., PAR, Ta, VPD, WD and WS) on ET variations under tidal
influence, at various timescales (from hourly to seasonal), over the
coastal saltmarshes of the Yangtze Delta in the western Pacific Ocean,
with the aim to improve our understanding of ET patterns and drivers at
coastal wetland ecosystems imposed by tidal dynamics. The specific
objectives of this paper are (1) to identify the relative importance of the
environmental drivers of ET at hourly, diel, multiday, and seasonal
timescales; (2) to investigate the characteristics of meteorological
variables and their controls on ET under offshore and onshore wind
conditions; and (3) to explore the impacts of subdaily tidal flooding on
ET on the basis of 3-year EC measurements over a tidal salt marsh
ecosystem of the Yangtze Delta.

2. Materials and methods

2.1. Study site description

The two sites are located in Chongming Dongtan Nature Reserve, a
wetland preserve lying in the eastern part of Chongming Island in
Shanghai at the mouth of the Yangtze River (Fig. 1). The Chongming
Island, increasing at a rate of about 5 km2 per year, is the world's largest
alluvial island, and Chongming Dongtan is the fastest growing area of
the island due to sediment deposition. Due to the specific scientific,
economic, esthetic, and ecological values, Chongming Dongtan was
accepted as an international important Ramsar site by Wetlands Inter-
national Secretariat in 2002.

Chongming Dongtan is controlled by a subtropical monsoon cli-
mate, with the annual average temperature of 15.3 °C and mean annual
precipitation of 1003.7 mm. It is characterized by a very hot and humid
summer with a mean temperature of 26 °C and 60% rainfall during
May-September, and a relatively cool and dry winter with a tempera-
ture of 3 °C on average. These climatological averages were calculated
over the period 1958–1984, and released by Office of Shanghai
Chronicles (2003). The land cover of Chongming Dongtan mainly
consists of tidal salt marshes, tidal mudflats, and shallow open waters
(Fig. 1). The predominant tidal marshes are Phragmites australis
(common reed, hereafter Phragmites), Scirpus mariqueter (hereafter
Scirpus), and Spartina alterniflora (hereafter Spartina) communities.
Phragmites and Scirpus are native species of Chongming Dongtan,
whereas Spartina was intentionally introduced to marshlands at
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Chongming Dongtan in 2001 for its strong sediment stabilization ca-
pacity (Li et al., 2009).

These two towers were established at different elevations in 2004,
and have been registered in the FLUXNET database (http://fluxnet.
fluxdata.org/). The inclination of the tidal flat is normally <1%
(Yang et al., 2001). The EC tower (DT1) in the northern portion
(31.5847°N, 121.9035°E) was located at an elevation of approximately
3.0 m above the Wusong Datum Plane, and 300m away from the sea-
wall (offshore) that was built in 1998. The footprint areas of the flux
tower measurements were mainly within a radius of 300m (Gu et al.,
2008), and consist of Spartina (55%), Phragmites (38%), and a small
portion of Scirpus and mudflats. Another EC tower (DT2; 31.5169°N,
121.9717°E) was also situated in the offshore side of the seawall
(1600m away) at an elevation of approximately 2.8m. DT2 had a lower
elevation and a longer distance from the seawall compared with DT1.
The main flux contribution areas of DT2 were dominated by Spartina
(72%) and Phragmites (25%). The percent cover of the species was es-
timated from the Landsat image taken on 27th November 2005
(Ge et al., 2016).

The footprint areas of DT1 and DT2 were within the elevation
ranges of 3.0–3.3 m and 2.5–2.9m (Zhao and Gao, 2018), and both
featured by the semi-diurnal tides, with mean and maximum tide
heights of 1.96–3.08m (Sun et al., 2001) and 4.6–6.0m above the
Wusong Datum Plane (Yang et al., 2001). The measured tidal water
level (TWL) exhibited strong semidiurnal, fortnightly and seasonal
variations, as shown in Fig. 2. There were three different tidal water
flooding frequencies (twice, once, and none) for the flux footprint areas
in a day: (1) both the higher high water and lower high water, (2) only
the higher high water, and (3) none of TWL caused tidal inundation. In

summer, the higher high water mainly happened in the nighttime,
whereas the higher low water in the daytime, although the occurrence
time varied (Fig. 2). Spring tides tended to induce flooding both in the
daytime and nighttime, whereas during neap tides, no tidal inundation
occurred. The flux contribution areas of DT2 were to a greater degree
inundated by tidal seawater relative to DT1, since it was located in a
lower elevation.

2.2. Flux tower and tidal water

In this study, we used the flux data as well as meteorological
parameters during the period 2005–2007 that were measured by two
EC towers in the Chongming Dongtan wetland (Fig. 1). The open-path
EC systems were used to measure momentum, heat, H2O and CO2

fluxes, as well as additional biological and meteorological parameters,
including net radiation (Rn), PAR, rainfall, relative humidity (RH), Ta,
VPD, soil water content, soil temperature (Ts), WD, and WS.

Sensible heat fluxes (H) and LE were measured by the EC method
with a three-axis sonic anemometer (CSAT-3, Campbell Scientific Inc.,
Logan, UT, USA) and open path infrared gas analyser (IRGA, Li 7500,
LI-COR Inc., Lincoln, NE, USA) positioned at the height of 4.8 m above
the surface. Soil heat fluxes (G) were measured by Radiation Energy
Balance Systems (HFT-3, Campbell Scientific Inc., USA) at the depth of
0.05m.

A net radiometer (CNR1, Kipp and Zonen, Delft, Holland) was used
to measure net radiation (Rn) above the canopy (2m). The LI-190SZ
Quantum Sensor and the LI200SZ Pyrometer Sensor (LI-COR, Inc., USA)
were used to measure PAR and photosynthetic photon flux density
(PPFD), respectively. Rainfall was measured with a tipping bucket rain

Fig. 1. Location of the two eddy-covariance flux towers (DT1 and DT2, red dots) in Chongming Dongtan Nature Reserve, and the tidal station (green triangle) in the
Yangtze Estuary of China. The background is a Landsat 7 ETM+ image (RGB=bands 6, 5, and 2) taken on January 01, 2007. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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gauge (TE525, Texas Electronics, Texas, USA) mounted 4.6m above the
ground. RH and Ta were observed using shielded sensors (HMP-45,
Vaisala Helsinki, Finland). A reflectometry sensor (CS616, CSI) and soil
moisture sensors (model 257, CSI) were used to measure soil tem-
perature and moisture at the depth of 0.05m at each site, respectively.

We obtained the TWL during the period 2005–2007, which were
recorded at one-hour interval by the nearest tidal station HengSha
(Fig. 1), and have been interpolated to half-hourly data for a better
comparison with the EC measurements.

2.3. Quality control and gap filling

With consideration of the impacts of water vapour on the sonic
temperature measurements, air density, and equipment malfunction,
several corrections were made before calculating the turbulent fluxes.
More specifically, we rotated the wind velocity to make the 0.5 hourly
mean vertical and cross-wind components equate to 0. The effect of
water vapour on the sonic temperature measurements was limited fol-
lowing Kaimal and Gaynor (1991). High-frequency loss of signals re-
sulting from equipment malfunction were corrected as Moore (1986).
Moreover, the effect of air density fluctuation on heat fluxes has been
rectified according to Webb et al. (1980).

All measured EC flux data have been checked for their quality, and
the quality control was processed with EdiRe data software, which was
developed by School of Geosciences, the University of Edinburgh,
England (Clement, 1999). The stationary tests were applied following
Foken and Wichura (1996), with the rejection threshold set to 30%. In
addition, the integral turbulence test was performed for σw/u* as sug-
gested by Kaimal and Finnigan (1994), where σw represents the 0.5
hourly standard deviation of vertical WS, u* is the friction velocity. As a
result of the quality control, about 19.8% and 24.8% of the data were
rejected for DT1 and DT2, respectively.

The gaps of the half-hourly EC data due to unfavourable micro-
meteorological conditions or instrument failure were filled by using the
online tool (http://www.bgc-jena.mpg.de/∼MDIwork/eddyproc/) of-
fered by the Max Planck institute for Biogeochemistry (MPI-BGC),
based on the method proposed by Reichstein et al. (2005).

2.4. Flux footprint analysis and energy balance closure

We used the two-dimensional parameterization for flux footprint
prediction (Kljun et al., 2015), which is an improved version of the
footprint model of Kljun et al. (2004). This parameterization not only
offers the extent but also the width and shape of footprint estimates.
Moreover, it considers the effects of the surface roughness length ex-
plicitly. The inputs of the model are measurement height above the
displacement height, mean WS, boundary layer height, Obukhov
length, standard deviation of lateral velocity fluctuation, and friction
velocity. In this study, the displacement height is estimated as 0.67
times the height of the canopy at two sites.

In general, the energy balance equation at the surface can be written
as:

− = + +R G H LE Δ ,n (1)

where Rn is the net radiation [W m−2], H the sensible heat flux
[W m−2], LE the latent heat flux [W m−2], G the ground heat flux
[W m−2], and Δ the residual heat [W m−2] due to measurement error
or missing terms. In coastal wetlands, Δ is associated with the heat
energy flow with tidal water (Moffett et al., 2010).

ET was inferred from the EC derived LE divided by the latent heat of
vaporization for water (λ = 2.45MJ kg−1). Strictly speaking, λ is not a
constant because it is related to atmospheric pressure and temperature,
but 2.45MJ kg−1 is widely accepted for the calculation.

The energy balance closure was evaluated for each site-year using
the energy balance ratio (EBR) (Mahrt, 1998), which was calculated by
the following equation over a period of one year. It is noted that the
data excludes those in rainy days and nocturnal conditions when u* was
less than 0.15m s−1 (Chen et al., 2009).

=
∑ +

∑ −
EBR

H LE
R G

( )
( )

,
n (2)

2.5. Eco-atmosphere interaction analysis

The information theory was used to characterize the eco-atmo-
sphere interactions. The mutual information (I) describes the averaged
tendency for paired states of two variables (X and Y) to coexist
(Fraser and Swinney, 1986), while the relative mutual information (IR

Fig. 2. Variations of tidal water level (TWL) above the Wusong Datum Plane measured by the Hengsha tidal station during the periods (a) January 1–December 31
and (b) July 1–August 31 of 2005. The blue and red dashed lines represent the lowest elevations of the footprint areas of DT1 and DT2, respectively. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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or IRX,Y) represents the proportion of bits needed to represent Y that are
redundant given the knowledge of X. IR reflects not only the similarity
in the shape of pattern but also in the magnitude of variability, and is
able to identify both linear and nonlinear interactions. Moreover, the
statistical strength and the asynchrony of the eco-atmosphere interac-
tion can also be detected. If the maximum IR is found at zero time lag
(τ= 0), the interaction is characterized as ‘synchronous’. Otherwise, the
interaction is identified as ‘asynchronous’, namely variations in Y
lagged (maximum IRX,Y atτ> 0) or lead (maximum IRX,Y atτ< 0)
variations in X (Knox et al., 2018; Sturtevant et al., 2016).

The analysis was conducted to characterize the interactions between
ET and the drivers at the hourly, diel, multiday, and seasonal timescales
during the period 2005–2007. Apart from TWL, PAR, VPD, Ta, Ts, u*,
WS, and WD were also included in the analysis, as they were theore-
tically connected with ET variations (Monteith and Unsworth, 2013).
The procedure was implemented in our study as follows. First, the
maximal overlap discrete wavelet transform (MODWT) was applied to
decompose the data into the hourly (scales 1–2, 1–2 h), diel (scales 3–6,
4 h to 1.3 days), multiday (scales 7–10, 2.7–21.3 days), and seasonal
(scales 11–14, 42.7–341 days) timescales based on the WMTSA wavelet
Toolkit in Matlab (Cornish et al., 2006). The next step is to use the
ProcessNetwork software version 1.5 (Ruddell et al., 2008) to compute
IR between ET and environmental variables at each timescale. The
maximum evaluated lags were respectively set up to 0.5, 1, 5, and 100
days at the hourly, diel, multiday, and seasonal timescales, and a Monte
Carlo approach was used to estimate statistical significance at the 95%
level, following Sturtevant et al. (2016).

Furthermore, we applied the same procedure to compute the IR
between ET and environmental variables during the daytime and night-
time at the four timescales, in order to distinguish the extents to which
the environmental variables exerted controls on ET between day and
night. The data during the hours 6:00–18:00 (local time) were used to
characterize the eco-atmosphere interactions in the daytime, while the
other data were for the analysis in the nighttime, since sunrise usually
occurs during 5:00–7:00 and sunset during 17:00–19:00 for the whole
year in the study area that is located in the latitude of 31°N.

2.6. Investigating the response of ET to wind direction and tidal inundation

With the aim to examine the effect of the air mass condition that is
characterized with wind direction on ET at coastal saltmarsh, we
plotted the averaged diel variation of ET and its tightly associated
meteorological variables (i.e., PAR, VPD, Ta, and WS) under onshore

(easterly, 45–135°) and offshore (westerly, 225–315°) wind conditions
in May-October (warm period) and November–April (cool period), re-
spectively. Moreover, the responses of ET to PAR, VPD, Ta, and WS
during 10:00–15:00 h in warm periods were also investigated on a half-
hourly basis, and their relationships were tested by fitting linear,
polynomial, exponential, and power equations to the data. In addition,
the information theory approach was applied to characterize the in-
teractions between ET and the environmental variables under offshore
and onshore wind conditions, in order to address the role that wind
direction played in structuring the environmental drivers.

To investigate the effect of tidal inundation on ET, we calculated the
averaged diel variations of ET, PAR, VPD and Ta at both sites when TWL
was, respectively, greater than 3.0, 2.5m and lower than 2.0, 1.5m for
DT1, DT2 under offshore (225–315°) and onshore (45–135°) wind
condition based on EC data during May–October of 2005–2007. We
selected the TWL of 3.0 and 2.5m as the lower boundary for high tides,
and 2.0 and 1.5m as the upper boundary for low tides, due to the
elevations of the footprint areas. It is estimated that the footprint areas
of DT1 and DT2 were inundated by seawater when the TWL was higher
than 3.0 and 2.5m, whereas when TWL was less than 2.0 and 1.5 m,
their footprint areas were mostly not flooded (Fig. 2). Furthermore, we
studied the responses of ET to PAR, VPD, Ta, and WS during
10:00–15:00 h at low and high tides, on a half-hourly basis, under
different wind conditions in warm periods, and their relationships were
tested by fitting linear, polynomial, exponential, and power equations
to the data.

3. Results

3.1. Diel patterns of ET and meteorological variables

Fig. 3 shows the mean diel patterns of ET for the two coastal wet-
land sites (DT1 and DT2) in January, April, July, and October of
2005–2007, respectively. ET peaked between 11.5 h (local standard
time) and 12.5 h with peak values of 0.023, 0.056, 0.093 and
0.079mm s−1 for DT1, and 0.025, 0.068, 0.103 and 0.065mm s−1 for
DT2 in January, April, July and October, respectively. ET reached the
peak approximately 0.5–1.5 h later than PAR, whereas 1–1.5 h earlier
than Ta. The diurnal peak of VPD generally occurred later than that of
ET, but sometimes slightly earlier than Ta (Fig. S1).

The magnitudes of the diel variation in ET were largest in July,
followed by October, and lastly by January, whereas that in PAR were
largest in April, followed by July, and lastly by January. On the other

Fig. 3. Averaged diel patterns of ET for the two coastal wetland sites DT1 (blue circles) and DT2 (red circles) in January, April, July, and October of 2005–2007. The
bars stand for standard deviations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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hand, it appears that Ta and VPD corresponded well with the magni-
tudes of diel variability of ET (Fig. S1). This suggests that, over the
season, the magnitude of diel ET variations is determined more by Ta
and VPD rather than PAR.

3.2. Multiscale interaction between ET and environmental variables

ET shared the largest mutual information with PAR, followed by
VPD, and their interaction processes were highly or nearly synchronous
at the hourly, diel, and multiday timescales at both sites (Fig. 4). More
specifically, the maximum IRPAR, ET were 0.33, 0.10 and 0.38 at DT1,
and 0.39, 0.18 and 0.43 at DT2, whereas the values between VPD and
ET were 0.02, 0.21 and 0.09 at DT1, and 0.02, 0.18 and 0.10 at DT2 at
diel, multiday, and seasonal scales, respectively. This indicates that,
consistently, PAR was the most important driver for ET variability, and
VPD was the second major control at the three timescales. At the diel
scale, Ta and Ts also appeared to play important roles. In contrast, at the
seasonal scale, TWL, Ta, and Ts exerted dominant effects on ET varia-
bility, while PAR became a less important driver.

In general, the values of IR were comparatively high at the seasonal
scale (in the range of 0.2–0.5), whereas low at the hourly scale
(<0.04), which are indicated by the different IR ranges in Fig. 4. This
illustrates that, generally, the interaction strengths between ET and

environmental variables were strongest at the seasonal scale, followed
by the diel scale, while the weakest interactions occurred at the hourly
scale. This result is not surprising because the measurement uncertainty
tends to be large at the hourly scale (Hollinger and Richardson, 2005).

The maximum IRTWL, ET were 0.002, 0.02, and 0.02 for both sites at
the hourly, diel, and multiday scales, whereas at the seasonal scales, the
values were respectively 0.48 and 0.51 for DT1 and DT2 (Fig. 4). Al-
though the IR were rather small from diel to seasonal timescales, there
were significant linkages between ET and TWL at the three timescales
for both sites (p < 0.05). The seasonal scale showed the highest in-
teraction strength between ET and TWL, as indicated by the IRTWL, ET of
0.48 and 0.51 for DT1 and DT2. TWL appeared in advance of ET by
approximately 11.5 h for both sites at the diel scale, whereas at the
multiday and seasonal scales, TWL lagged ET by up to 2.40 and 2.60
days for DT1, and 2.44 and 15.65 days for DT2, respectively. This
corresponds with the semidiurnal, spring-neap, and annual tidal cycles
in the study area, suggesting that the tidal dynamics exerted rather
strong effects on ET variations. It is noted that the main drivers for the
ET variations were rather similar at various timescales, but the extents
to which they controlled ET were different, which will be discussed
later.

We found that in Fig. 5, from hourly to multiday timescales, ET had
the strongest interactions with PAR and VPD in the daytime, whereas

Fig. 4. Relative mutual information (IRX,ET) between ET and the potential drivers at (a, b) hourly, (c, d) diel, (e, f) multiday, and (g, h) seasonal timescales for DT1
and DT2. The subscript x represents each variable on the y axis. The length of each black bar represents IR without any time lag, whereas the coloured extension
indicates the maximum IR and the colour shows whether the process involves a lead or lag. Red (blue) shows that variability in ET lagged (led) the variability in
environmental variables. The colour bar units are in days, and the vertical grey lines indicate the 95% significance threshold. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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during the nighttime, WS and u* played dominant roles in ET varia-
bility. More specifically, the maximum IRPAR, ET at DT1 were 0.04, 0.30,
and 0.16 during daytime at the hourly, diel, and multiday scales,
whereas the values were very small, which was consistent with the fact
that PAR was only available in the day. The maximum IRVPD, ET were
0.02, 0.16, and 0.10 during the day at the three timescales, which were
3.25, 4.02, and 1.36 times higher than that during the night. Although
WS and u* had near-synchronous and significant interactions with ET
during both the day and night, the IRWS, ET, IRu*, ET in the nighttime
were 0.06, 0.05 at the diel scale, and 0.16, 0.12 at the multiday scales,
which were respectively 1.7, 3.0 and 6.0, 5.3 times that in the daytime.
At the seasonal scale, Ta and Ts had the strongest interactions with ET,
with the IR values higher than 0.5, during both daytime and nighttime.
TWL appeared to have stronger interaction with ET in the night.

3.3. Response of ET to wind direction

Fig. 6 shows that, when wind direction changes, the magnitudes of
diel variations of ET and major meteorological variables, namely PAR,
Ta, VPD and WS, are distinct. In warm periods, the mean daytime ET
peak increased from 0.07mm s−1 under offshore wind to 0.10mm s−1

under onshore wind (Fig. 6b). The ET pattern was strongly correlated to
PAR, the peak of which rose from 700 µmol m−2 s−1 under offshore
wind to 1000 µmol m−2 s−1 under onshore wind with a similar time

(Fig. 6c). On the other hand, offshore wind created larger difference of
Ta, VPD, and WS between day and night in both warm and cool periods.

Generally, the values of IR between ET and meteorological variables
were higher under offshore wind conditions than that under onshore
wind conditions at different time scales for both sites (Fig. 7). The
differences were especially pronounced at the multiday scales, as the
values of IR between ET and PAR, VPD, Ta, and Ts were greater than 0.4
when offshore wind prevailed, whereas under onshore wind conditions,
they were mostly smaller than 0.2. PAR had the largest mutual in-
formation with ET under both wind conditions, and did not change
much when the wind shifted direction at the hourly and diel scales,
whereas at the multiday scales, VPD, Ta, and Ts played an equal role as
PAR in ET variations.

The multiday scale showed more significant interactions between
ET and TWL when the wind was blowing offshore, as illustrated by the
fact that IRTWL, ET under offshore wind were 0.21 and 0.15, whereas
under onshore wind condition, the values were 0.06 and 0.07 for the
two sites. This indicates that tidal effects on ET were more pronounced
when offshore wind prevailed.

The half-hourly data during 10:00–15:00 h exhibited that ET had
significant relationships with PAR (exponential, R2 = 0.62), VPD
(linear, R2 = 0.55), Ta (power, R2 = 0.35), and WS (linear, R2 = 0.25)
when offshore wind prevailed, whereas under onshore wind condition,
ET had no significant correlations with VPD, Ta, and WS (Figure S2),

Fig. 5. Relative mutual information (IRX,ET) between ET and the potential drivers at (a, b) hourly, (c, d) diel, (e, f) multiday, and (g, h) seasonal timescales in the
daytime (local time 6:00–18:00) and nighttime (local time 18:00–6:00) for DT1. The subscript x represents each variable on the y axis. The length of each black bar
represents IR without any time lag, whereas the coloured extension indicates the maximum IR and the colour shows whether the process involves a lead or lag. Red
(blue) shows that variability in ET lagged (led) the variability in environmental variables. The colour bar units are in days, and the vertical grey lines indicate the
95% significance threshold. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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which was consistent with the fact that PAR was the dominant driver on
ET variation during the daytime regardless of wind condition at the
hourly and diel scales (Fig. 7).

3.4. Response of ET to tidal inundation

The major difference of daytime ET, PAR, VPD and Ta between high
and low TWL occurred under offshore wind condition, suggesting that
tidal inundation exerted notable effects on diel variations of ET during
May-October. On the other hand, when the wind was blowing onshore,
the diel variations of ET, PAR, VPD and Ta were comparable during
flooded and non-flooded conditions. More specifically, when an off-
shore wind prevailed, the mean diel variations of ET during high tides
were up to 0.07mm s−1 higher than that during low tides for the two
sites in the daytime (Fig. 8 (a, e)). Similarly, the daytime PAR under
high TWL, to the greatest extent, increased by 256.1 and
496.2 µmol m−2 s−1 respectively for DT1 and DT2, compared with that
under low TWL (Fig. 8 (b, f)). Moreover, tidal submergence appeared to
reduce Ta by up to 5.6, 8.5 °C, and VPD by 0.9, 1.2 kPa at the two sites,
as observed in Fig. 8 (c, g) and (d, h).

In general, ET exhibited stronger relationships (with higher R2) with
the meteorological variables during low tides than that with high tides
(Figure S3). ET responded to PAR with rather similar sensitivities under
both tidal conditions. However, the sensitivities of ET to VPD, Ta and
WS differed when TWL was high. The tidal inundation appeared to
increase and suppress the sensitivities of ET in response to VPD and WS,
respectively.

4. Discussion

4.1. Tidal effects on ET and the mechanism

As with most terrestrial ecosystems, PAR is a major control on ET at
hourly, diel and multiday timescales in the coastal saltmarsh ecosystem,
indicated by the strongest linkages between ET and PAR (Fig. 4). VPD,
Ta, Ts, u*, and WS are also important drivers for ET variability in coastal
wetlands at various timescales. However, different from upland eco-
systems, the tide is an important factor influencing the ET process in the
coastal wetland, reflected by the significant relationship (p < 0.05)

between TWL and ET from hourly to seasonal timescales (Fig. 4).
In the warm season, midday tidal flooding directly transferred the

salt marsh to a cool and wet surface, in contrast to its warm-surface
characteristics under non-inundation conditions, leading to a change on
surface energy partitioning and thus ET. During midday in the warm
season, the cool tidal waters led to a 3.0% reduction on average in the
surface-emitted longwave radiation at DT1 (Table 1). There were 17.3%
and 29.4% decreases in H and G during flooding compared to non-
flooded condition (Table 1), which was partly attributed to the fact that
the cooler tidal water decreased or reversed the temperature gradient
between salt marsh-air and salt marsh-top soil. In addition, the residual
heat in the midday was 16.2 and −6.9W m−2 on average during
flooded and non-flooded conditions, implying that the cool tidal waters
absorbed heat from the atmosphere.

The altered heat exchange at salt marsh-atmosphere interface
during tidal inundation was associated with the increased aerodynamic
resistance, as the flooding decreased roughness of the mudflat and salt
marshes in the flux footprint area, which was reflected by the lower u*
compared to non-flooded conditions (Table 1). This can also explain the
reason why the sensitivity of ET in response to VPD increased, but
decreased in response to WS when the wetland was inundated. Al-
though Rn was smaller, the 23% reduction in LE that is directly linked
to ET during flooding was due to, on the one hand, the decrease in H
and G, and on the other hand, the heat absorption of tidal waters. Apart
from available energy, tidal submergence may result in soil hypoxia or
anoxia, and consequently decrease overall plant metabolic activity and
diminish stomatal opening, leading to transpiration cessation (Banach
et al., 2009; Kathilankal et al., 2011; Moffett et al., 2010).

Tidal inundation both occurred in the daytime and nighttime in the
study area. However, plant transpiration, soil and plant evaporation all
contributed to ET dramatically during the daytime, whereas during the
nighttime, evaporation is the main contributor to ET since vegetation
transpiration is rather small without solar radiation. This explains the
reason why, during the night, WS and u* imposed dominant controls on
ET at hourly, diel, and multiday scales, as shown in Fig. 5. The tides
appeared to exert stronger effects on ET during the nighttime, at the
multiday and seasonal scales, in comparison with daytime, because
PAR, the main ET driver in the daytime, was typically not influenced by
the tides. Moreover, the occurrence frequency and duration of the tidal

Fig. 6. Averaged diel variations of EC tower
measured (b) ET, (c) PAR, (d) Ta, (e) VPD, and
(f) WS under (a) onshore (45–135°) and off-
shore (225–315°) wind conditions during
May–October (warm period) and
November–April (cool period) from 2005 to
2007 at DT2. (For interpretation of the refer-
ences to color in this figure legend, the reader
is referred to the web version of this article.)
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inundation in the night were larger than that during the day (Fig. 2).
In the coastal wetland, wind direction fundamentally changed the

nature of the interactions of ET with other variables (Fig. 7), due pri-
marily to the thermal contrast and air humidity difference between land
and sea. Onshore wind brought cool air from the Pacific Ocean during
the warm season, whereas it transported heat to the coastal salt marshes
in the cool periods. In contrast, offshore wind lifted up Ta in the warm
period, while cooled it down in the cool period. This led to the result
that, during the warm periods, the mean daytime Ta under offshore air
mass was higher than onshore air mass, while the contrary was the case

in the cool periods, as shown in Fig. 6d. Moreover, the offshore air mass
was transported from the inland with less moisture all year round, and
hence resulting in higher levels of VPD (Figs. 6e and S2 (b, f)) in
comparison with onshore air mass.

Tidal flooding appears to impose a limited impact on daytime PAR,
Ta, VPD, and ET when wind was blowing onshore in May-October,
which is very much different from that under offshore wind condition
(Fig. 7). The reasons for this can be explained as follows. Onshore wind
from the ocean brought relatively wet and cool air mass during May-
October, and thus resulted in low levels of VPD and Ta, which was

Fig. 7. Relative mutual information (IRX, ET) between ET and the potential drivers under (a, c, e) offshore and (b, d, f) onshore wind conditions at (a, b) hourly, (c, d)
diel, and (e, f) multiday timescales in the daytime (local time 6:00–18:00) for DT1. The subscript x represents each variable on the y axis. The length of each black bar
represents IR without any time lag, whereas the colored extension indicates the maximum IR and the colour show whether the process involves a lead or lag. Red
(blue) shows that variability in ET lagged (led) the variability in environmental variables. The colour bar units are in days, and the vertical grey lines indicate the
95% significance threshold. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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rather similar with the effects of tidal flooding. As a result, the effect of
tidal inundation on ET was not pronounced under the onshore wind
condition.

Tidal inundation exerted indirect effects on ET through modulating
meteorological variables over the salt marsh ecosystem, which can be
confirmed by the distinct features of averaged diel variations of PAR,
VPD, Ta, and WS, and different sensitivities of ET in response to the
meteorological variables under high and low TWLs when the wind was
blowing offshore (Fig. S3). Flooding notably suppressed daytime VPD
and Ta, leading to a decrease in ET at both sites.

4.2. Comparison between the two sites

There were some apparent differences between the two coastal

wetland sites, although they exhibited similar patterns of temporal
variations in ET and the meteorological controls. First of all, the mag-
nitudes of diel variations of ET were different between the two sites
(Fig. 3). The ET of DT2 in the midday (10:00–15:00) was on average
20.9% higher with 26.1% larger dispersion than that of DT1 in April,
whereas in October, the ET of DT2 was 13.3% lower in value with
11.4% less variation than that of DT1. The difference of ET in April was
mainly due to the fact that, relative to DT2, DT1 had larger temperature
gradients between upper soil and air (lower Ts but higher Ta) in the
midday (Figure S1), which induced significantly more G to warm the
soil and more H to heat the atmosphere (Figure S4), and consequently
less heat energy for ET. In October, Ts and Ta of DT1 were slightly lower
than that of DT2 in the midday, though to a different extent, leading to
little difference in G and more energy available for H and LE. The other
reason may be that DT1 had greater canopy transpiration due to higher
PAR and lower VPD in comparison with DT2 (Fig. S1).

Second, the extents to which the meteorological variables control
ET were different between the two sites. The maximum IRPAR, ET of DT2
were 18.2%, 80.0%, and 13.2% higher than that of DT1 at diel, mul-
tiday, and seasonal scales, respectively (Section 3.2). This may be be-
cause, relative to DT1, tidal flooding occurred more frequently and
lasted longer at DT2, and had more influence on the meteorological
variables such as VPD and Ta, but PAR was not directly linked to the
tides. For similar reasons, u* and WS shared larger mutual information
with ET at DT1 compared with DT2, especially at the hourly and diel
timescales (Fig. 4). Since the mean and peak flow speeds were about
1.0 m/s and 2.0 m/s (GSCCI, 1988), it was estimated that the tidal
currents spent about 0.84–1.69 h to move between DT1 and DT2 (the
distance between the sites 6100m, as shown in Fig. 1, divided by the
flow speeds). This corresponded with the fact that the difference

Fig. 8. Diel variations of (a, e) ET, (b, f) PAR, (c, g) Ta, and (d, h) VPD when TWL was lower than 2.0 and 1.5 m (low TWL), and higher than 3.0 and 2.5 m (high TWL)
at DT1 and DT2, respectively, under offshore (225–315°) and onshore (45–135°) wind conditions during May–October of 2005–2007.

Table 1
Comparison between net radiation (Rn), latent heat flux (LE), sensible heat flux
(H), ground heat flux (G), outgoing longwave radiation (Rglout), residual heat
(Δ), and friction velocity (u*) at high and low TWLs in the midday
(10:00–15:00) during May-October of 2005–2007 at DT1. Units for the energy
budget components and u*: W m−2 and m s−1. Note: Δ was estimated from
Eq. (1).

High TWL Low TWL +/- +/− (%)

Rn 334.0 ± 119.4 363.4 ± 158.0 −29.4 −8.1%
LE 145.4 ± 38.8 190.0 ± 25.8 −44.6 −23.5%
H 107.4 ± 43.4 129.8 ± 45.4 −22.4 −17.3%
G 16.8 ± 16.6 23.8 ± 18.0 −7.0 −29.4%
Rglout 455.3 ± 8.3 469.3 ± 10.0 −14.0 −3.0%
Δ 16.2 ± 70.9 −6.9 ± 76.2 23.1 334.8%
u* 0.49± 0.067 0.47± 0.065 0.02 4.3%
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between the time lags of the maximum IRTWL, ET of two sites was 1.0 h
at diel scale (Section 3.2).

Third, the degrees of energy balance closure at the two sites differed
to a certain extent. The values of EBR of DT1 ranged from 0.91 to 0.96
during 2005–2007, which was consistently higher than that of DT2 in
the range between 0.71 and 0.78 (Table S1). This can be attributed to
the fact that the spatial heterogeneity of DT2 was greater than that of
DT1 (Fig. S5), which resulted in stronger advection of scalars
(Wilson et al., 2002). Moreover, DT1 appeared to have a greater degree
of instability of the atmosphere in comparison with DT2, as indicated
by higher H (Fig. S4), leading to an improvement of the energy balance
closure (Monteith and Unsworth, 2013). The tide may also be one of the
main contributors to the different extent of surface energy imbalance at
the two sites, since in coastal ecosystems, the storage terms that are
subject to tidal export contributed to the non-closure of the surface
energy balance (Malone et al., 2014).

The maximum length of the flux footprint under onshore and off-
shore wind conditions reached roughly 400m (Fig. S5). This was
smaller than the empirical fetch length (480m) calculated by using the
measurement height (4.8 m) multiplied by 100 (Nicolini et al., 2017),
demonstrating that the two EC towers were able to reliably measure
water and heat fluxes between salt marsh-atmosphere. Despite the ex-
istence of surface energy imbalance, the values of EBR ranging from
0.71 to 0.96 illustrated that our data at two sites have good quality,
since non‐closure of the surface energy balance is often present due to
instrument biases, advection and neglected energy sinks such as canopy
heat storage and metabolic terms (Stoy et al., 2013; Wilson et al.,
2002).

5. Conclusions

Understanding ET pattern and its drivers at coastal wetlands im-
posed by subdaily tidal flooding helps to bridge the gap between ET
processes in coastal and inland ecosystems, and enhance our knowledge
in global water and energy cycles. In this study, we investigated the
meteorological controls on ET at coastal wetlands under lunar semi-
diurnal tidal influence, on the basis of EC measurements over a tidal salt
marsh ecosystem in the Yangtze Delta during 2005–2007. We found
that ET variations were mainly controlled by PAR from hourly to
multiday scales at the coastal salt marsh ecosystem, whereas over the
season, Ta, Ts, and VPD played a more important role in ET variation
than PAR. During the daytime, ET was primarily driven by PAR and
VPD, whereas during the nighttime, WS and u* dominated the varia-
bility of ET.

The tidal dynamics complicated the controls of meteorological
factors, namely PAR, Ta, and VPD, on ET processes, forming a complex
ET pattern at the hourly and subdaily scales. This is due to the fact that
the tides and PAR are driven by different objects, the sun and the moon
respectively, and tidal flooding occurs in different phases of solar day.
TWL exerted stronger effects on ET during the nighttime in comparison
with daytime, likely due to the fact that PAR, the dominant ET driver in
the daytime, was typically not influenced by the tides. Our study also
illustrated that the semidiurnal, spring-neap, and annual tidal cycles
exerted strong effects on ET variations, which is indicated by the sig-
nificant interactions between TWL and ET at diel, multiday, and sea-
sonal timescales.

Different from inland ecosystems, the onshore or offshore wind di-
rection heavily affected air mass conditions, thereby playing an im-
portant role in ET and energy processes at the coastal saltmarsh eco-
system in May-October, mainly due to the thermal contrast and air
humidity difference between land and sea. We observed marked in-
hibitory effects of high tides on daytime ET under offshore wind con-
ditions during May-October, indicating the non-negligible role of tidal
inundation in regulating ET. The impacts of tidal flooding on ET can be
made directly through regulating plant stomatal conductance or water
and energy availability, and indirectly through modulating

micrometeorological conditions (e.g., VPD and Ta). This study stresses
the uniqueness of coastal ecosystems that are subject to subdaily tides
in ET processes and their environmental controls, and leads to better
understanding of the mechanism of global ET variation, a benefit to
realistic parameterization of ESMs and accurate prediction of water,
carbon and energy cycles.
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