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Abstract A quantitative accounting of how mangrove ecosystems respond to tidal perturbations is
needed to anticipate changes in these ecosystems when sea level rises. Here we use long‐term field
observations and a two‐source ecohydrological model to reveal specialized characteristics of
evapotranspiration (ET), soil surface evaporation (E), and canopy transpiration (T) in three subtropical
mangrove ecosystems in southeastern China. Average wintertime ET observed in these three mangrove
forests (2.6 mm day–1) was consistent with values for semiarid ecosystems, while average summertime ET
(6.2 mm day–1) approached that observed in rainforests. By contrast, T fluxes were small year‐round,
averaging 1.3 mm day–1 in winter and 2.5 mm day–1 in summer. Combining our results with measurements
from three Florida mangroves, observed values of T ranged from 350 to 870 mm year−1, varying
primarily with salinity, while T/ET increased exponentially from 30% to 70% with rising leaf area index.
Simulations of half‐hourly ET and T using a modified two‐source model were highly correlated with eddy
covariance observations of ET (I, index of agreement >0.93 at all three sites) and sap flow gauge‐based
estimates of T (I = 0.93 at the Yunxiao site). Variations of T in mangrove ecosystems are distinguished from
those in terrestrial forests mainly by the sensitivity of stomatal conductance to leaf temperature, with tidal
and salinity effects superimposed. Our modified model accounts for these effects and therefore holds
promise for improving our understanding of how mangrove ecosystems may respond to changing stress
conditions under global warming and sea level rise.

1. Introduction

Situated in the coastal regions of the tropics and subtropics, mangrove forests are subject to several unusual
sources of water and temperature stress (Ball, 1988). Unlike freshwater vegetated systems, mangrove forests
must obtain water from saline soils. The high carbon and energetic costs of salt exclusion during water
uptake require mangrove trees to use water conservatively despite the abundance of water in coastal areas
(Ball et al., 1988; Beerling & Franks, 2010). The conservative water use characteristic of mangroves is
reflected in adaptive changes of transpiration rates with salinity: Transpiration rates for mangrove forests
in hypersaline habitats are as low as those observed in arid ecosystems (Alongi & Mukhopadhyay, 2015;
Krauss et al., 2007), but values in hypohaline habitats are as high as those observed in evergreen forests.
Despite these limitations, mangrove ecosystems are highly productive, with annual primary production
comparable to tropical humid evergreen forests and coral reefs (Alongi, 2014; Barr et al., 2010; Cui et al.,
2018; Lu et al., 2017). These unique features motivate us to study the dynamic patterns of gas exchange in
mangrove ecosystems through whichmangroves are able to assimilate large amounts of atmospheric carbon
with relatively little water loss. Moreover, because they directly interact with coastal waters, mangrove for-
ests may be particularly sensitive to changes in sea level, intensity variability of rainfall, and the frequency of
extreme events (Alongi, 2008; Alongi, 2015; Barr et al., 2009; Barr et al., 2012; Gilman et al., 2007; Gilman
et al., 2008). Quantitative accounting of water exchange between mangrove ecosystems and the
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atmosphere is therefore a priority as we work to anticipate how mangrove ecosystems may adapt to future
climate change.

Current hydrological models are parameterized to depend largely on the atmospheric state and can be
applied to most land cover types with careful adjustment (Choi et al., 2012). However, models developed
for terrestrial systems typically do not account for the effects of stressors unique to tidal mangrove forests,
including periodic flooding and salinity‐induced water stress. For example, the effects of tidal perturba-
tions on surface energy fluxes and transformations (Barr, Fuentes, et al., 2013; Sobrado, 2007) and the
effects of salinity on light use efficiency (Barr, Engel, et al., 2013; Cui et al., 2018; Krauss et al., 2008)
and stomatal or mesophyll conductance (Lin & Sternberg, 1992; Parida et al., 2004; Reef & Lovelock,
2015; Sobrado, 2000; Sobrado, 2005) may distinguish the transpiration capacities of mangrove forests from
those of terrestrial forests (Clough & Sim, 1989; Collatz et al., 1991). Some observations have suggested
that hypersaline conditions can induce a sharp reduction of stomatal conductance under intense solar
irradiance (>500 W m−2) via inhibition of photosynthesis when more light is absorbed than can be used
(Barr et al., 2009; Bjorkman et al., 1988; Lovelock & Ball, 2002; Lovelock & Winter, 1996; Osmond, 1994;
Sobrado & Ball, 1999). The dissipation of excess light energy within a leaf tends to increase the leaf water
deficit by raising the leaf temperature and can thus intensify stomatal closure under hypersaline condi-
tions. Yet these processes governing the response of stomatal conductance to salinity via light use effi-
ciency are typically neglected in general terrestrial models based on local climatic variables (Choi et al.,
2012; Collatz et al., 1991; Wei et al., 2018). As the rate of transpiration is determined by leaf stomatal con-
ductance (Farquhar et al., 1989), accurate estimates of transpiration in mangroves require reliable repre-
sentations of how leaf conductance responds to variations in the saline habitat.

Ronda et al. (2001) successfully implemented a conductance submodule based on plant physiological pro-
cesses that was incorporated into a two‐source ecohydrological model (Shuttleworth & Wallace, 1985) for
ecosystems with sparse vegetation cover. In the two‐source model, energy balance constraints are applied
separately to the soil and canopy of sparse, heterogeneous natural ecosystems to calculate the associated
water and heat transfers (Jacobs, 1994; Ronda et al., 2001; Wei et al., 2018). The canopy conductance model
represents vapor fluxes from the leaf interior to a reference height via a sequence of resistance analogues,
including canopy resistance and aerodynamic resistance (Shuttleworth & Wallace, 1985). Canopy resis-
tances are coupled with a plant physiology scheme, allowing different kinds of stress experienced by the
plant to be expressed as changes in the effective resistance. After some modifications, the plant physiology
submodule may be similarly adapted to quantify the joint effects of tidal and temperature fluctuations on
transpirations in mangrove ecosystems and thus to predict how these ecosystems may respond to climate
change and associated sea level rise.

Given the unique nature of mangrove ecosystems, in this study, we aim to (1) understand specialized char-
acteristics of ecosystem‐scale water fluxes in tidal mangroves and (2) modify the two‐source model to reli-
ably represent the stresses and features that characterize mangrove ecosystems, including tidal
fluctuations, salinity tolerance, and potential high‐temperature adaptations.

2. Materials and Methods
2.1. Study Sites

The data used in this study were collected frommangrove ecosystems at three sites (Table 1): Gaoqiao (GQ),
Leizhou (LZ), and Yunxiao (YX). The GQ and LZ sites are respectively located in the western and eastern
parts of the ZhanjiangMangrove National Nature Reserve, Guangdong, the largest natural mangrove reserve
in China (Chen et al., 2009). The YX site is located in the ZhangjiangkouMangrove National Nature Reserve,
in Fujian Province, China. The forest canopy heights are approximately 2.5 to 4.0 m at GQ, 8 to 15 m at LZ,
and 3 to 4 m at YX, with average leaf area index (LAI) values of 2.9, 2.8, and 2.5 m2 m–2, respectively. Annual
rainfall amounts at GQ, LZ, and YX were 1,560, 1,480, and 1,240 mm during 2009–2017 (MSWEP V2 global
three hourly 0.1° precipitation, Beck et al., 2019), with two distinct peaks during May–August and
September–November. Annual mean air temperatures (Ta) during the measurement periods were 22 °C at
GQ, 23 °C at LZ, and 21 °C at YX, with daily maximum Ta peaking at around 40 °C in August and daily mini-
mumTa falling to around 5 °C in January. All three sites experience semidiurnal tides, with two high tides per
day onmost days. Themaximum tides reach approximately 2.8m at GQ, 1.6m at LZ, and 1.2m at YX. Salinity
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fluctuates seasonally, with measured minimum values of approximately 2–15 practical salinity units (PSU)
during October–November and maximum values of 25–54 PSU during April–June at GQ and LZ. The
April–June annual maximum salinity is slightly less at the YX site, with an average value of only about 24
PSU during 2010 to 2012 (supporting information Figure S1D).

2.2. Data Collection
2.2.1. Water Flux Measurements and Data Processing
Each of the three sites hosts one observational tower (Figure S2), with the towers reaching heights of 14 m at
GQ, 20 m at LZ, and 14.7 m at YX. ET fluxes were measured using the eddy covariance (EC) approach, which
requires an open‐path infrared carbon dioxide and water vapor analyzer (LI‐7500; Li‐Cor, Inc., USA) and a
3‐D sonic anemometer (CSAT3; Campbell Scientific, Inc., USA). Flux data were recorded at high frequency
(10 Hz) and logged at 30‐min intervals using a data logger (CR1000; Campbell Scientific, Inc., USA).
According to the height of the local vegetation canopy (Table 1), EC systems were mounted at 8.6 m above
ground level at GQ, 18 m above ground level at LZ, and 8 m above ground level at YX. Microclimate para-
meters including air temperature and humidity (HMP45AC; Vaisala, Inc., Finland), wind speed (010C;
Met One Instruments, Inc., USA), and wind direction (020C; Met One Instruments, Inc., USA) were mea-
sured at heights of 2.6, 7.4, and 14.0 m at GQ, 3.0 and 18.0 m at LZ, and 3.0 and 12.6 m at YX. Solar radiation,
photosynthetically active radiation (PAR), and net radiation were measured by using a pyranometer sensor
(LI‐200SZ; Li‐Cor, Inc., USA), a PAR quantum sensor (LI‐190SZ; Li‐Cor, Inc., USA), and a four‐component
net radiation sensor (NR01; Hukseflux Thermal Sensors, Inc., USA), respectively, at all three sites. All three
sets of measurements were logged as 30‐min averages using a second data logger. Rainfall amounts at all
three sites were measured using automated devices (TE525MM, Texas Electronics, Inc., USA). Tidal gauge
instruments were used to record water temperature, water level, and water salinity (YSI, Yellow Springs,
USA) every 10 min at a location 2 m away from the tower in each of the three mangrove ecosystems. Soil
heat flux measurements were collected in surface soil at 5‐cm depth (HFT‐3, REBS, USA), along with
measurements of soil temperatures (CS107, CSI, USA) at depths 5, 10, and 20 cm below the soil surface.
EC processing consisted of three steps including (1) flux calculation and correction through axis rotation,
ultrasonic correction, and frequency filtering in sequence; (2) data quality control using footprints and fric-
tion velocities; and (3) gap filling using the MDS gap‐filling algorithm (mean diurnal variation—lookup
tables based) in the R package REddyProc. The distributions of mangrove species (Table 1) at each site are
complex; however, the height differences among species at each site are small (<1 m), so the underlying sur-
faces within each tower's footprint are approximately flat. Detailed identification of mangrove footprint and
the EC data procedures have been provided by Liu (2015), Cui (2018), and Cui et al. (2018). Site‐level data
were collected from 2010 through 2016 at the GQ site, from 2015 through 2017 at the LZ site, and 2010
through 2012 at the YX site. Before gap filling, missing data fractions for EC‐based daytime latent heat fluxes
(LE) were 36% at GQ, 11% at LZ, and 4% at YX.
2.2.2. Estimating Stand Canopy Transpiration
Measurements of sap flux were made from 4 June 2011 to 30 June 2012 at YX only. Approximately 12% of
thesemeasurements were unusable due to wet probes or lack of power. A quadrat survey at YX indicated that
diameters at breast height (DBH) of mangrove trees were consistently less than 10 cm (Yan et al., 2016). We

Table 1
Characteristics of Mangrove Ecosystems at Study Sites

Site Location
Dominant
species

Canopy
height (m)

LAI
(m2 m−2)

Rainfall
(mm)

MT
(°C)

Tide

Range (m) Salinity (PSU)

LZ 20.9400°N, 110.1628°E S. apetala 8–15 2.8 1,480 23 1.6 0–54
GQ 21.5674°N, 109.7565°E B. gymnorrhiza 3.5–4 2.9 1,560 22 2.8 2–35

A. corniculatum
A. marina

YX 23.9243°N, 117.4156°E K. obovata 3–4 2.1–2.6 1,240 21.1 1.2 2–24
A. corniculatum 1.2–2.8
A. marina 1.7–2.2

Note. Tidal range is calculated as the maximum minus the minimum. MT = mean annual air temperature; LAI = plant area index, measured by hemispherical
canopy photography using a digital camera with a fish‐eye lens.
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therefore grouped the mangrove trees into three size classes based on diameter: small (20‐ to 40‐mm DBH),
medium (40‐ to 70‐mm DBH), and large (80‐ to 100‐mm DBH). Before conducting the sap flux experiment,
sapwood depths were determined by destructive sampling of representative trees from the two dominant
mangrove species and the three size classes. Fresh cores showed differences in the color or transparency of
sapwood and heartwood reflecting differences in water content (Table S1). Pairs of 2‐mm‐diameter probes
were embedded to identical depths of sapwood in the tree trunks at heights 1.3 to 1.5 m above the maximum
tide level (Table 1). Pairs of probes were spaced at vertical distances of 10 to 15 cm and were installed on the
north‐facing sides of tree trunks to avoid direct solar radiation. Both the heated upper probe and the
unheated lower probe were wrapped in aluminum foil. Three commercially available probes (TDP‐10,
TDP‐20, and TDP‐50; Dynamax, Inc., Houston, Texas, USA) were inserted at radial depths of 10, 20, and
40 mm, respectively. These probes were then connected to CR1000 dataloggers (Campbell Scientific,
Logan, Utah, USA) to monitor flow rates at different radial depths. For small, medium, and large trees,
two to three individuals in each size class of two dominant mangrove species, Kandelia obovata and
Avicennia marina, were selected. Data collected for these selected individuals were then extrapolated to
the entire mangrove canopy according to the distribution ratios of these typical species in representative
quadrats within the footprint of the eddy flux tower (Table S1). After peeling off two pieces of bark, one pair
of TDP‐10 probes were inserted to 10‐mm xylem radial depth in each small tree to capture the flow rate at 0–
10mm in small‐diameter trees. One pair of TDP‐20 probes were inserted to 15‐mm radial depth in eachmed-
ium tree to capture the flow rate at 0–20 mm in medium‐diameter trees. Finally, one pair of TDP‐20 probes
and one pair of TDP‐50 probes were inserted to 15‐ and 30‐mm radial depths in each large tree to test flow
rates at 0–20 and 20–40 mm of large‐diameter trees, respectively.

Sap fluxes at each depth (Js, g H2Om–2 sapwood s–1) are determined by temperature differences between the
heated and unheated probes relative to zero‐flow conditions, as formalized in the equation (Granier, 1987;
Granier et al., 1996; Krauss et al., 2007):

Js ¼ 1; 190
ΔTmax−ΔT

ΔT

� �1:23

; (1)

where ΔTmax is the maximum temperature difference between the probes. In this study, ΔTmax is regarded
as daily maximum value of ΔT. Individual tree water usage (Ftree: g H2O s−1) is then determined by:

Ftree ¼ ∑n
i¼1 Jsi×SAið Þ; (2)

with i an integer index corresponding to the ith radial depth into the sapwood. Sap flow at the first depth is
thus represented by Js1, and SAi represents the area of sapwood corresponding to the depth range (SA, unit:
m2) sampled by the heating probe at the ith radial depth (Table S1).

We then upscaled the water fluxes for individual trees to estimate the stand canopy transpiration latent
enthalpy flux (λT; unit: W m−2) based on the equation (Cermák, 1989; Hatton & Wu, 1995; Soegaard &
Boegh, 1995; Vertessy et al., 1995; Bloemen et al., 2016):

λT ¼ λ
∑m

j¼1 Ftreeð Þj=LAIj
� �

A
LAIμ; (3)

where λ is the latent enthalpy of vaporization at 20 °C (λ ≈ 2,466 J g–1), A is the ground area occupied by the
stand (unit: m2), (Ftree)j is the mean sap flux density of trees in class j (m = 2 species × 3 circumference
classes in this study), LAIμis the mean leaf area index of the mangrove forest, and LAIj is the mean leaf area
index for class j. The LAI values in Table S1 were measured by hemispherical canopy photography using a
digital camera with a fish‐eye lens (Coolpix995, Nikon Corporation, Tokyo, Japan).

Our observations of canopy transpiration were inferred by upscaling sap flowmeasurements from individual
trees to estimate stand transpiration. Such upscaling approaches depend crucially on quadrat surveys
(Granier et al., 1996). Although we have done our best to sample representative quadrats within the eddy
tower footprint, errors in the quadrat survey and variations in wind directionmay cause uncertainties in esti-
mations of stand transpiration using the sap flow method (Köstner et al., 1998; Krauss, Duberstein, et al.,
2015). Our calculations of T strictly follow the standard sap flow method; we therefore assume that they
are reliable within that context.
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2.2.3. LAI Data Processing
The leaf area index (LAI) is an important input variable in this model. We used time‐series LAI values from
MODIS retrievals in grid h28v06 for all three sites in this study. These data have a 16‐day temporal resolution
and a 500‐m spatial resolution. We linearly interpolated the 16‐day data in time to get daily estimates of LAI,
which are then assumed to be constant across all 30‐min time steps on any given day. As LAI estimates based
on satellite images are subject to large uncertainties, we calibrated MODIS‐based LAI values using direct
field measurements of LAI collected during this and other studies (Chen et al., 2017; Clough et al., 1997;
Wen, 1999). The calibration equation at YX (sparse crown closure with multilayer leaves) was Y = 1.064X
+ 0.9107 (X representing MODIS‐based LAI), while that at LZ and GQ (dense crown closure with approxi-
mately single‐layer leaves) was Y = 2.164X + 0.9107.

2.3. Statistical Analysis

Meteorological variables were aggregated as 30‐min averages (X30 min) for investigating diurnal variability
and as daily averages (Xday) weighted by 30‐min variations in incoming short‐wave solar radiation (K↓) for
investigating seasonal variability (Barr et al., 2010) to emphasize values associated with larger fluxes of solar

radiation:Xday ¼ ∑48
i¼1

K↓30 minð Þi
∑48

i K↓30 minð Þi X30 minð Þi
� �

. Daily values of salinity and water level are expressed as daily

maxima rather than daily means. Fluxes such as λET and λT are summed for use in the seasonal analysis,

with enthalpy fluxes in units of W m–2 converted to moisture fluxes in units of mm day–1: Y day ¼ 1:8
λ ×∑48

i

Y 30 minð Þi. Before summing flux variables, gaps in the EC data were filled using the REddyProc package in
R to ensure temporal consistency. Annual gross fluxes (unit: mm year–1) were calculated by summing the
daily fluxes.

The performance of the modified two‐source model is evaluated via two metrics: index of agreement (I) and
root‐mean‐square error (RMSE). Both metrics are calculated relative to 30‐min EC observations of ET and
30‐min sap flow‐based estimates of T. The metrics are defined as follows:

I ¼ 1−
∑N

i¼1 Si−Mið Þ2
∑N

i¼1 Si−M
�� ��þ Mi−M

�� ��� �2 ; (4)

RMSE ¼ 1
N
∑N

i¼1 Si−Mið Þ2
	 
1=2

; (5)

where N is the total number of observations, Si andMi are the simulated and measured values, respectively,
and S andM are the corresponding means. To clarify the effects of key parameters on the model predictions,
sensitivity tests examining the response of output variables to variations in selected model parameters
were conducted following the method proposed by Beven (1979). The sensitivity coefficient (SC) of the
target model output variable O (T, ET, or T/ET) conditional on a specified model input parameter P is deter-
mined as:

SC ¼ 1
N
∑
N

i

O*
i−Oi

� �
P*
i−Pi

Pi

Oi
; (6)

where N is the number of output variables in O, the subscript i is the ith output variable of N variables in O,
and the superscript “*” denotes a provisionally assumed value of P or a modeled value of O based on that
assumed value of P. A positive SC value of 0.1 means that a 1% increase in the input parameter is expected
to induce a 0.1% increase in the simulated variable.

To clarify uncertainties in the model simulations, a Monte Carlo uncertainty analysis was conducted for key
input parameters. The parameters for the modified two‐source model were calibrated by field observations
from the published literature (discussed in section 3.3). The performance of this model was then validated
using EC‐based measurements of ET (at all three mangrove forests) and sap flow‐based measurements of
T (at YX only). Furthermore, data collected from other field observations and greenhouse experiments have
been pooled to validate the relationship between modeled stomatal conductance and salinity.
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3. Two‐Source Model in Mangrove Ecosystems
3.1. Surface Energy Balance

The two‐source model is used to calculate soil evaporation (E) and canopy transpiration (T) under the
assumption that the energy balance is closed. In most cases, the surface air available energy flux, net radia-
tion (Rn), soil enthalpy flux (G), and changes in biomass energy storage (S) can be balanced against vertical
turbulent fluxes of sensible (H) and latent (λET) enthalpy. The term S includes biomass enthalpy storage and
metabolic or biochemical energy storage (Gu et al., 2007). A positive value of S indicates an increase in the
amount of energy stored in the ecosystem. For ecosystems with tall trees (>8 m), the magnitude of S can be
important (∼5% of Rn) during short (e.g., 30 min) time intervals but is generally negligible (<5% of Rn) when
integrated over timescales of a day or longer (Gu et al., 2007; Haverd et al., 2007). In this study, tree height
only exceeds 8 m at the LZ site, suggesting that the S term may be significant there. However, lacking the
necessary measurements to estimate this term, we have neglected it in the analysis. Furthermore, the flux
G of enthalpy into the soil at any moment in time is only measured at the reference depth some time later
owing to the time required for the enthalpy flux to reach the reference depth from the soil surface. This
means that there is generally a time lag in G relative to the atmospheric fluxes. The time lag between the soil
surface and the subsurface influences the accuracy of short‐term (less than 6 hr) energy balance calculations
in mangrove ecosystems, as evidenced by better energy balance closure at daily timescales relative to half‐
hourly timescales (Barr, Fuentes, et al., 2013). We have checked the monthly average diurnal cycle of energy
exchange in the three mangrove ecosystems (Figure S3). For YX during 2011–2012, G lags Rn by 5 hr (10 * 30
min) in spring and winter and by 2.5 hr in summer and autumn, similar to the lags reported by Barr,
Fuentes, et al. (2013). For LZ during 2015–2016, the lag time is 1.5 hr in all months, while for GQ during
2015–2016, the lag time is 1.5 hr in summer and autumn and 2.5 hr in winter and spring. Time series of G
values were adjusted according to these characteristic lag times for each site and season.

Moreover, in mangrove ecosystems, tidal activity affects the energy balance via the exchange of enthalpy
between the tidal water column and the air above or soil surface below (Barr, Fuentes, et al., 2013). We there-
fore have added a term representing enthalpy transfer into the tidal water column (Gw, see section 3.3) to the
standard energy balance equation:

Rn−G−Gw ¼ λET þH: (7)

Conservation of energy requires that the left‐ and right‐hand sides of this formula be equal. The slope of the
least‐squares regression line of the two sides can therefore provide an aggregate estimate of average surface
energy budget closure. These slopes indicate 63% energy balance closure at GQ, 70% at LZ, and 72% at YX,
indicating imbalances on the upper end of the range suggested by previous studies (10% to 30%;Wilson et al.,
2002; Foken, 2008).

As the extent of energy balance closure determines the accuracy of energy available for further allocation into
the soil surface and plant canopy, we take the following steps to reduce energy imbalances in the measured
data. First, for 30‐min periods under tidal inundation with values of (λET + H)/(Rn − G − Gw) between 60%
and 80%, we set the sum G+Gw to 0.2Rn. This adjustment was motivated by the expectation of large errors in
soil heat flux observations when the soil surface is covered by tidal water (Mezbahuddin et al., 2016) and
guided by sensitivity tests in the energy balance response to variations of x in the xRn term (see detailed dis-
cussion below). Although the adjusted data account for only 0.15% of data at YX, 0.58% at GQ, and 0.13% at
LZ, this adjustment improves energy balance closure by 4%, 5%, and 1%, respectively: Energy balance closure
for the three mangrove ecosystems increases to 66% at GQ, 76% at LZ, and 82% at YX (Figure S4). We then
corrected all observed latent enthalpy fluxes (λETc) to account for the remaining lack of closure in the energy
balance using the Bowen ratio (β = H/λET) method (Twine et al., 2000): λETc = (Rn − G − Gw)/(1 + β). This
method can result in λETc values exceeding EC‐derived λET by 10–30% around midday, when the surface
energy budget based on observations is furthest from closure (Twine et al., 2000). Values of λETc were used
for further analysis, including comparison with modeled values, in place of EC‐derived λET.

3.2. The Traditional Two‐Source Model in Brief

The two‐source model is normally based on allocations of available energy into energy fluxes associated
with soil evaporation and canopy transpiration, respectively. The allocation is modulated by a set of
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resistances encountered by energy fluxes in series between the substrate surface and the reference height.
The initial version of the two‐source model, illustrated in Figure 1, was developed by Shuttleworth and
Wallace (1985). They allocated available energy into sensible (H) and latent (λET) enthalpy fluxes, with
the latter partitioned among soil evaporation and canopy transpiration according to the resistances
encountered by each process (rE and rT). Ronda et al. (2001) modified the stomatal conductance‐gross
assimilation rate (gcl − Ag) module for estimating canopy resistance (rcs), as also illustrated in Figure 1. In
their formulation, the gross assimilation rate (Ag) is a function of canopy temperature (Tsk), PAR, and
the intercellular CO2 concentration (Ci). The initial two‐source model with default parameters for a
flooded paddy field and adjustments only to parameters describing ecosystem conditions (such as heights
for wind and temperature measurements, leaf size, and cuticular conductance for CO2) was applied to
YX mangrove forest. This model slightly overestimated the eddy‐measured ET (I = 0.94, RMSE = 74.4)
but significantly overestimated the sap flow‐measured T (I = 0.64, RMSE = 111.7) in the YX mangrove
forest (Table 2), especially around midday during summer.

Figure 1. Schematic diagram of the two‐source model for mangrove ecosystems, modified from Shuttleworth andWallace (1985) and Ronda et al. (2001). Variables
in bold indicate the aspects where we have modified this model, including Gw, α, and Am,max, as described in section 3.3. The parameters used in our formulation
are listed in Appendix A. Other aspects of the model, including the detailed scheme for Ci (intercellular CO2 concentration), follow Ronda et al. (2001).

Table 2
The Performance of the Two‐Source Model in Simulating Canopy Transpiration (T) and Evapotranspiration (ET) Among
Different Parameterization Schemes at the YX Site

Model type

Parameters T ET

Name Value I RMSE (W m−2) I RMSE (W m−2)

Default (paddy field) D0 0.245 0.64 111.7 0.94 74.4
Gw 0
Sw 0
T1 281
T2 311

Modified D0 0.15 0.84 53.2 0.96 52.8
Modified1 Gw Equation (8) 0.87 48.4 0.97 47.4
Modified2 Sw Equation (9) 0.87 42.3 0.97 46.5
Modified3 T1 290 0.94 34 0.98 46.0

T2 305

Note. The modified steps are numbered sequentially; for example, Modified2 is conducted after Modified1, D0 is a tun-
able value of vapor pressure deficit, and T1 and T2 are the lower and upper reference temperatures, respectively
(equation (10)).
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3.3. Adjustments to the Two‐Source Model for Mangrove Ecosystems

To adapt the two‐source model for use in mangrove ecosystems, we must further modify the initial model.
Considering that stomatal conductance is relatively sensitive to large vapor pressure deficit (VPD) values,
which often occur around midday during summer for mangrove trees (Krauss & Duberstein, 2010; Barr
et al., 2014; Krauss, Barr, et al., 2015, Krauss, Duberstein, et al., 2015; Si et al., 2017), we first reduced the
tunable parameter D0 in equation (C1) from 0.245 (the default paddy value) to 0.15. The regression relation-
ship between simulated and observed ET after these modifications yields I = 0.96 and RMSE = 52.8, with a
more dramatic improvement in the relationship between simulated and observed T (I = 0.84 and RMSE =
53.2). Further adjustments to D0 yield no further improvements in modeled T relative to observations.
Therefore, more detailed modifications are needed. Considering the potential effects of high temperatures
(especially during summer), tidal energy exchange, and salinity on evapotranspiration and its components,
further modifications focus on representations of these three aspects in the two‐source model.

First, one of the most important differences betweenmangrove ecosystems and fully terrestrial ecosystems is
the impact of tidal fluctuations, as enthalpy exchange with tidal waters (Gw) may affect closure of the surface
energy balance as indicated by equation (7) (Sobrado, 2007; Barr, Fuentes, et al., 2013). Allen et al. (2017)
and Shoemaker et al. (2005) also found that the contributions of vertical exchange with surface water were
an essential component of the surface energy budget in wetlands, particularly on dry winter days when sur-
face energy exchanges were seasonally weak. Contributions of tidal water (Gw) to the surface energy budget
consist of (1) vertical exchange between the tidal water and the air above or soil below (i.e., the net heating of
surface water) and (2) lateral transport during ebb‐and‐flood tides (Gadv). We lack the necessary measure-
ments to estimate Gadv; however, Barr, Fuentes, et al. (2013) showed that values of Gadv were close to zero
during 12:00–16:00 in a mangrove ecosystem in Everglades National Park, United States. We therefore pro-
ceed under the limiting‐case assumption that Gadv is negligible at all sites and only calculate the net heating
of surface water. The value of Gw is then estimated as a function of water depth and water temperature
(Heilman et al., 2000; Shoemaker et al., 2005):

Gw ¼ Cw×ρw×
hw i½ � þ hw i−1½ �

2
×
Tw i½ �−Tw i−1½ �

1; 800
; (8)

whereCw is the specific heat capacity of liquid water (≈4,184 J kg–1 K–1), ρw is the density of water (≈1,000 kg
m–3), hw represents the water inundation depth, and Tw represents the average water temperature. The last
two variables are estimated as vertical and temporal averages at each site during the ith 30‐min time period,
including only those measurements when the thermocouples were submerged. Theoretically, the water
depth averaged over the whole drainage area should be equal to the ratio of water volume to drainage area,
whereas we only have point measurements of water depth at each mangrove forest. These point measure-
ments could still capture the main information on variations in tidal water depths (Lu, 2013); therefore,
we approximate the average water inundation depth as (h[i] + h[i − 1])/2 for the interval between the ith

and (i − 1)th time steps.

Second, mangrove plants, as halophytes, may have evolved unique tolerances to salinity that reduce the sen-
sitivity of transpiration to salinity. However, the species dependence of these tolerances remains unclear.
These uncertainties complicate efforts to quantify the effects of salinity on material and energy fluxes in
mangrove ecosystems. With respect to water fluxes, the emerging consensus is that mangroves conserve
water by reducing transpiration when salinities are high (Alongi, 2009; Krauss et al., 2006; Krauss et al.,
2007; Lovelock & Ball, 2002). Recent research has also argued that photoinhibition levels in mangroves
depend on environmental salinity (Barr et al., 2014; Barr, Engel, et al., 2013; Krauss et al., 2008; Lopez‐
Hoffman et al., 2007). LUE, as a key parameter in the gcl − Ag canopy conductance module, may decrease
as the salinity of tidal waters increases (Barr, Engel, et al., 2013; Cui et al., 2018; Krauss et al., 2008; Liu,
2015). Following the results reported by Barr, Engel, et al. (2013) for a mangrove ecosystem in Everglades
National Park, we account for salinity effects on LUE by adding a term 0.014 × Sw into the formula used
by Jacobs (1994) and Ronda et al. (2001):

α ¼ α0×
Cs−Γ
Cs þ 2Γ

� �
1−0:0146×Swð Þ: (9)
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Here, α represents LUE, α0 is a reference LUE at low light conditions, Cs is the CO2 concentration at the leaf
surface, Γ is the CO2 compensation point, and Sw is the salinity of the tidal water. Although some studies
have suggested that salinity also affects stomatal conductance (Lin & Sternberg, 1992; Parida et al., 2004;
Reef & Lovelock, 2015; Sobrado, 2000; Sobrado, 2005), the species dependence of these effects makes it dif-
ficult to draw consistent conclusions. However, variations in LUE ultimately alter canopy conductance (gcs)
in the two‐source model (see Appendix C), allowing us to assess whether the response of gcs to salinity in
the model is reasonable (section 5.1.2).

Third, mangrove plants grow in an environment where temperatures and humidities are high year‐round.
These plants may therefore evolve special tolerances or sensitivities to these conditions (Ball et al., 1988;
von Caemmerer & Evans, 2015). In light of these possibilities, we alter the temperature response curve in
the plant physiology module:

Am;max ¼ X Tsk ¼ 298 Kð ÞQ10
Tsk−298 Kð Þ=10

1þ e0:3 T1−Tskð Þð Þ 1þ e0:3 Tsk−T2ð Þð Þ ; (10)

where Am,max denotes maximum primary productivity assuming abundant light and large CO2 concentra-
tions, Tsk is the leaf surface skin temperature (in Kelvins), and T1 and T2 are lower and upper reference tem-
peratures used to adjust the temperature response of X to better match the results of field experiments (see
section 5.1.3). The parameters used in our two‐source model for mangrove ecosystems are listed in Appendix
A. Further details regarding the two‐source model structure and its mathematical formulation are presented
in Appendices B and C.

4. Results
4.1. Performance of the Modified Two‐Source Model

Values of ET simulated by the two‐source model correlate well with EC estimates at all three mangrove sites
after modifying the temperature response curve, accounting for the effects of salinity on light use efficiency,
and including energy exchange with tidal water (Figure 2; for YX, GQ, and LZ, respectively: I = 0.98, 0.98,
and 0.95 and RMSE = 41.7, 46.0, and 63.6 W m−2).

The modified version of the two‐source model also simulates variations in canopy transpiration fluxes in
mangrove ecosystems well relative to sap flow‐based measurements on both half‐hourly and longer time-
scales (Figures 3 and 4). To account for time lags in the relationship between sap fluxes and canopy water
vapor fluxes (Kume et al., 2008), sap flow data are compared with simulations of canopy transpiration fluxes
1 hr later in time. The high value of the index of agreement (I= 0.95, RMSE = 32.9Wm−2) betweenmodeled

Figure 2. Comparisons of half‐hour evapotranspiration latent enthalpy fluxes (λET) simulated by the modified two‐source model and observed by eddy covariance
in three mangrove ecosystems: (a) YX, (b) GQ, and (c) LZ. The metrics of index of agreement (I) and root‐mean‐square error (RMSE) are I = 0.98 and RMSE = 46.0
W m−2 for panel a; I = 0.98 and RMSE = 41.7 W m−2 for panel b; and I = 0.95 and RMSE = 60.8 W m−2 for panel c.
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and sap flow‐measured canopy transpiration (T) marks the successful simulation of T in YX mangrove
ecosystem based on upscaling stomatal conduction at leaf scales. However, the ratios of simulated T over
simulated ET are less consistent with ratios based on observed values of ET and T (Figure 4b; I = 0.63,
RMSE = 0.17). The simulated half‐hourly T/ET ratios capture most of the variability in T/ET but with
slight overestimates at smaller T/ET values and slight underestimates at larger T/ET values. The largest
biases in both directions are associated with ET enthalpy fluxes less than 150 W m−2.

4.2. Seasonality of ET and T

Measurements in all three mangrove ecosystems showed similar seasonal cycles of ET. In summer, when air
temperature, evaporative demand (as represented by VPD), and LAI approached their annual maxima and
salinity was relatively low (Figure S1), ET fluxes in the mangrove forests reached 8.3 ± 2.1 mm day–1 (mean
± standard error) at YX, 6.0 ± 1.4 mm day–1 at GQ, and 6.4 ± 0.3 mm day–1 at LZ (Figure 5). In contrast, in

Figure 3. Canopy transpiration latent enthalpy fluxes measured via the sap flow technique (black line) and simulated by the modified two‐source model (open
circles) 10 typical days in (a) spring 2011, (b) summer 2011, (c) autumn 2011, and (d) winter 2012 at YX. Simulations based on the traditional two‐source model
with parameters used in a paddy field (dash line) are also included for context. An hour lag is applied to sap flow‐based transpiration values relative to simulated
canopy transpiration. The right y axis indicates water level during tidal inundation, shown along the top axis of each panel. Shading shows uncertainty in the
simulations using the modified two‐source model based on a Monte Carlo approach (500 times repeated random sampling from a normal distribution with para-
meter standard deviations equal to 10% of the original value).
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winter, when temperature and VPD were relatively low, ET fluxes in mangrove ecosystems were reduced to
2.2 ± 0.9 mm day–1 at YX, 2.5 ± 0.6 mm day–1 at GQ, and 3 ± 0.2 mm day–1 at LZ. Among the three sites, ET
values during summer were lowest at YX, consistent with lower surface air temperatures and smaller
evaporative demands at this site (Figures S1 and 5). Canopy transpiration fluxes inferred from sap flow
measurements exhibited a similar seasonal cycle to that in ET, with average values of 1.3 mm day–1 at YX
during winter rising to 2.5 mm day–1 during summer (Figure 3).

By contrast, contributions of T to ET (i.e., T/ET ratios) were smaller during summer than during autumn or
spring (Figure S5). The observations indicate that T/ET ratios in autumn were 41.7 ± 4.2% at YX, signifi-
cantly larger than summertime ratios of 34.8 ± 1.0%.

5. Discussion
5.1. Factors Controlling Transpiration in Mangrove Ecosystems

Despite the abundance of surface waters in mangrove ecosystems, transpiration fluxes for mangrove trees
are evidently constrained by stresses associated with high temperatures (e.g., Figure 3) and tidal fluctuations
(e.g., days 328 through 330 in Figure S8). To clarify the effects of high temperatures and tides on T, we used
the modified two‐source model to probe potential response mechanisms and the special water relationships
characteristic of mangrove ecosystems.
5.1.1. Tidal Effects
Contributions of tidal water to the surface energy budget (Gw) have been estimated to have monthly average
magnitudes of –40 to +20 W m–2 via equation (8) (Figure S9), accounting for 2–5% of available energy. As a
whole, the cumulative annual sums of half‐hourly Gw at YX were negative, indicating a net release of stored
tidal water heat energy to the mangrove ecosystem, while cumulative values at the GQ and LZ mangrove
ecosystems were positive. The main difference in Gw terms between the GQ and YX ecosystems happened
in autumn and winter when values of Gw were largest but other components of the surface energy budget
were relatively small, consistent with the observations of Allen et al. (2017) and Shoemaker et al. (2005).
Our addition of Gw into equation (7) improved energy balance closure in the three mangrove ecosystems

Figure 4. Comparisons of (a) canopy transpiration latent enthalpy fluxes (λT) between simulations using the modified two‐source model and observations
using the sap flow technique and (b) observed daytime T/ET based on sap flow‐measured T and Bowen ratio‐corrected ET and corresponding simulations (grey
dots: all observed data; black dots: the data shown in Figure 3). For panel a, I = 0.95 and 0.97 and RMSE = 27 and 23 W m−2for the grey and black points,
respectively. For panel b, I = 0.63 and 0.65 and RMSE = 18.5% and 14.4%. The sap flow‐measured half‐hourly T values were filtered by conditions of relative
humidity <0.8 and 150 W m−2 < net radiation. A 1‐hr lag is applied to sap flow‐based transpiration values before comparison against simulated canopy
transpiration.
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by 2% to 3%. Moreover, the index of agreement for ET increased by about 3% and that for T by about 1% in YX
mangrove forest (Table 2).

Here, we also provide further explanation for setting half‐hourly values of G + Gw to 0.2Rn when the
measurement sites are under tidal inundation and values of (LE + H)/(Rn − G − Gw) are between
60% and 80%. Measurements of G based on the equipment used at these sites are subject to large errors
when tidal water covers the soil surface (Mezbahuddin et al., 2016). We therefore consider adjusting the
total changes in energy storage for soil and tidewater (G + Gw) to obey the constraint G + Gw= xRn
when energy budget closure is more than 60% but less than 80%. We have evaluated the response of
the energy balance to a range of values for x (the coefficient by which Rn is multiplied) between 0.05
and 0.4 in increments of 0.05. We have selected 0.2 as the optimal coefficient based on the resulting
values of the linear regression slope, R2, and RMSE for energy balance closure during tidally inundated
periods (Table S2).

Figure 5. Seasonal dynamics of observed daily net radiation flux (blue), simulated evapotranspiration flux (green), canopy transpiration (red), and evaporation
(yellow) by the modified two‐source model at (a) YX, (b) GQ, and (c) LZ.
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Sensitivity tests based on YX data showed that water temperature and
water depth, the two determinant factors of Gw, both had significant posi-
tive effects on ET and T (SC = 0.4 and 0.4, respectively) but negative
effects (SC = −0.5) on T/ET in the modified model (Table 3). This suggest
that a sea level rise of 1% or a water temperature (in °C) increase of 1% at
YX would lead to a 0.5% reduction in T/ET. However, this situation likely
does not apply at GQ and LZ (Table 3), where the cumulative annual
values ofGwwere positive. Our results thus imply that sea level rise or sea-
water warming (assuming fixed salinity) would cause different responses
in water or carbon fluxes in different mangrove ecosystems.

5.1.2. Salinity Effects
For the YX mangrove forest, adapting the LUE response function to
include a salinity dependence (equation (9)) slightly reduces the RMSE
(Table 2) but does not significantly improve the performance of the two‐
source model in simulating canopy transpiration, presumably because
salinity is relatively low at this site (0 to 24 PSU, Figure S1D). However,
sensitivity tests on simulated T indicate that the low‐salinity mangrove
forests (YX and GQ) have opposite sensitivities to changes in salinity rela-
tive to the high‐salinity LZ mangrove forest (Table 3), suggesting that low

salinity is favorable to T while high salinity suppresses T. To further clarify the effects of salinity on canopy
transpiration, we have conducted a wider model‐based sensitivity test for the YX site, in which we increase
the observed salinity in 20% increments from 0% to +60%. The results show slight increases in T as salinity
increases from 0 to 15 PSU, indicating salt tolerance, but significant decreases in T with increasing salinity
when salinity exceeds 28 PSU (Figure 6).

Moreover, this modification significantly altered simulated stomatal conductance (Figure 7b; R2 = 0.20, P <
0.001) at the LZ site, where the range of salinities was larger (0 to 54 PSU) relative to the other two sites.
Model results and observations consistently suggest that salinity‐based inhibition of stomatal conductance
becomes influential at salinities greater than 28 PSU (Figure 7). Previous studies have found that most man-
grove species, as obligate halophytes (Wang et al., 2011), grow best in waters with salinities around 15 PSU,
with distinct differences in stomatal behaviors when salinity exceeds 28 to 30 PSU (Biber, 2006; Clough &
Sim, 1989; Lloyd et al., 1987; Lovelock & Ball, 2002; Reef et al., 2012; Reef & Lovelock, 2015). Our modified
model also suggests significant suppression of H2O stomatal conductance (gcl ) when salinity exceeds 28 PSU
and Rn exceeds 300 Wm−2 (i.e., when effects of radiation on gcl are largely eliminated; Figure 7b). Data from
previously published field studies are in good agreement with our proposed model for variations in stomatal
conductance with salinity (Figure 7).

5.1.3. Temperature Effects
The two‐source model using default parameters for paddy fields overestimated observed canopy transpira-
tion in these mangrove sites, especially at times when temperatures were high (at noon and in summer;
Figure 3). We therefore hypothesize that water use by mangrove trees may be more conservative when tem-
peratures are high (Quisthoudt et al., 2012). Previous studies have suggested that transpiration and carbon
fluxes in mangroves maximize when leaf temperatures are between 300 and 303 K (Alongi, 2009; Barr
et al., 2009; Boyd & Kohlmeyer, 1982). Further increases in temperature can cause partial stomatal closure,
with photosynthetic enzyme inhibition at temperatures larger than 308 K (Ball et al., 1988; Ball & Farquhar,
1984; Buckley, 2005). The optimal temperatures for leaf carbon assimilation (Am,max) in the standard physio-
logical module of the two‐source model are set to 308 and 307 K respectively for C3 plants (Ronda et al.,
2001). Moreover, recent research has suggested a positive relationship between Am,max and stomatal density
(Tanaka et al., 2013). Mangroves have smaller stomatal density (Liang et al., 2018), which implies a smaller
Am,max relative to neighboring C3 or C4 plants. We have therefore adjusted the reference temperatures T1
and T2 in equation (10) to reduce both the optimal temperature value for Am,max (to 303 K) and the peak
value of Am,max associated with that optimal temperature (Figure 8 and Table 2). In the resulting tempera-
ture response curve, Am,max decreases to zero at 315 K (Cheeseman et al., 1997). This change in the tempera-
ture curve dramatically improves the performance of the two‐source model with respect to simulating
canopy transpiration in mangrove ecosystems, with improvements in simulated T of up to 17% relative to

Table 3
Sensitivity Tests of Daytime Half‐Hour ET, T, and T/ET in Response to our
Adjusted Parameters (Water Salinity [Sw], Water Temperature [Tw], and
Depth [hw]) and Some Main Input Variables (VPD and LAI)

Variable

ET T T/ET

YX GQ LZ YX GQ LZ YX GQ LZ

Rn 1.3 0.6 0.5 0.7 0.9 0.2 −1.0 −0.9 0.7
H 0.3 −0.4 −0.4 0.4 0.01 −0.1 −0.4 0.03 1.2
G 0.4 −0.3 −0.3 0.4 0.01 −0.1 −0.5 0.01 1.2
Ta 0.7 −0.1 −0.1 0.3 −0.3 −0.4 −1.0 −0.7 0.6
VPD 0.5 −0.3 −0.4 0.5 0.2 0.03 −0.5 0.3 1.2
LAI 0.5 −0.1 0.01 1.2 0.7 0.6 0.01 0.4 1.6
Sw 0.3 −0.3 −0.3 0.4 0.3 −0.2 −0.4 0.2 1.1
Tw 0.4 −0.4 −0.4 0.4 −0.01 −0.1 −0.5 0.01 1.2
hw 0.4 −0.4 −0.4 0.4 −0.01 −0.1 −0.5 0.01 1.2

Note. SC is the sensitivity coefficient calculated for increments of ±0.1 via
equation (6), where a value of 0.1 means a variation of 1% in the input
variable is associated with a variation of 0.1% in the output variable.
Daytime is 8:00–18:00 in this study.
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the default temperature schemes for C3 plants (Table 2). This significant improvement supports our
hypothesis that the sensitivity of photosynthesis to high temperatures is greater in mangrove ecosystems
than in most fully terrestrial ecosystems. Sensitivity tests on simulated data for the three mangrove forests
suggests that variations in ET and T are most sensitive to variations in air temperature that result from
fluctuations in solar radiation (Table 3). In particular, negative values of the sensitivity coefficients at the
GQ and LZ mangrove forests, where temperatures are typically higher than at YX, imply that extreme
high temperature is a key limiting factor for T in mangrove ecosystems.
5.1.4. Attribution of Seasonal Variations in Tidally Influenced T
Based on data measured using the sap flow technique, we identify Rn, air temperature, and VPD as the main
drivers of seasonal variations in transpiration (correlation coefficients: 0.9, 0.8, and 0.7, respectively).
However, VPD contributed substantially only when both VPD and Rn were large (Figure S7A). The effect
of Rn on Twas reduced when air temperatures were large because canopy conductance is suppressed at high
temperatures (Figure 9). Likewise, T and E had different responses to variations in VPD in mangrove ecosys-
tems, with a weaker response in T than in E (Figures S7A and S7C). The response of T to variations in VPD
was also weaker than that observed in other well‐watered forest ecosystems (Ball, 1996; Krauss, Barr, et al.,
2015; Muller et al., 2009; Oren et al., 1999), although responses of T to VPDwere enhanced under flood tides
(Figures S7B and S7D). Suppression of T (due to reduced stomatal conductance) and stimulation of E under
high‐temperature conditions result in a decrease of T/ET. These responses may then be further modulated
by salinity effects (Figure 9).

Figure 6. Sensitivity tests at YX mangrove focusing on how canopy transpiration fluxes respond to increasing salinity. Observed values of salinity in four groups
(far left) are artificially augmented by 20% (center left), 40% (center right), and 60% (far right). The colors represent salinity groups with initial mean values of
0 (red), 5 (green; range 0–10), 14 (cyan; range 10–20 ), and 23 PSU (purple; range 20–30). Lowercase letters above each bar indicate when differences are significant
at the 95% confidence level (P < 0.05) based on the Tukey “honest significant difference” test, ordered by decreasing magnitude along the y axis. Boxes encompass
the 25th to 75th percentiles of each distribution, with the median marked by a horizontal line inside the box. Outer bars encompass the entire range excluding
extreme outliers (values more than 1.5 times the interquartile range from the median). Extreme outliers are shown as black circles.
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5.2. Characteristics of Water Fluxes in Mangrove Ecosystems
5.2.1. Comparison of Water Fluxes Among Mangrove Ecosystems
Annual T values among six subtropical mangrove ecosystems (including
the three examined in this work and three discussed in previously pub-
lished work; Krauss, Barr, et al., 2015) vary between 350 and 870 mm
year−1 (Table S3). Differences in T among mangrove communities reflect
multiple environmental factors, including temperature, freshwater avail-
ability, nutrient availability, salinity, and tides. Among these factors, a
clear relationship between tidal water salinity and T emerges only when
salinity exceeds 28 PSU (P = 0.07, Figure 10a), consistent with the beha-
vior of our modified two‐source model. The effects of tidal regimes on
water fluxes in mangrove ecosystems are also evident in ET, as ETwas sig-
nificantly larger in the YX mangrove forest than in the GQ mangrove for-
est despite air temperature being larger at GQ. This difference is driven in
part by the net release of stored heat energy in surface water (Gw< 0) asso-
ciated with wintertime tides at YX, in contrast to a net absorption (0 <Gw)
at GQ (Figures S9A, S9B, and S6). T/ET also varied from 30% to 66%
among mangrove communities, with values tightly correlated with LAI
(P < 0.01, Figure 9b). A larger LAI results not only in less solar radiation
reaching the soil surface but also in a larger canopy transpiration flux,
thus leading to larger T/ET ratios. Ratios of ET to precipitation also vary
substantially among ecosystems, with values ranging from 0.7 to 2.1; how-
ever, these values are all significantly larger than those associated with ter-
restrial ecosystems (Table S3), suggesting that water subsidies provided by
rivers or seas are essential for these mangrove ecosystems.

Figure 7. Relationship between half‐hourly simulated stomatal conductance and salinity (unit: PSU) when net radiation exceeded 300 W m−2 at LZ under two
scenarios: (a) without the salinity term and (b) with the salinity term in equation (9). In panel b, the black line indicates the linear fit to the data (P < 0.05), and
the shading represents the 95% confidence interval in this linear fit. The black vertical line along the x axis in (b) marks 28 PSU. Colored points indicate mea-
surements collected from previously published studies (Ball, 1988; Biber, 2006; Clough & Sim, 1989; Lin & Sternberg, 1992; Nguyen et al., 2015; Sobrado, 2005).

Figure 8. Comparison of variations of maximum photosynthesis rate
(X = Am,max in equation (10)) per Am,max (Tsk=298) with leaf tempera-
ture (Tsk) among C3 (red curve; T1 = 281, T2 = 311), C4 (blue curve;
T1 = 286, T2 = 311), and mangrove (darkgreen curve; T1 = 290, T2 = 305)
plant types. The curves are regulated by setting the reference temperatures
T1 and T2 in equation (10). Green dots represent observations in three
mangrove species under three irradiation gradients by Ball et al. (1988).
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5.2.2. Comparison of Water Fluxes in Mangrove Ecosystems and Fully Terrestrial Ecosystems
In contrast to close associations between LAI and canopy conductance on seasonal timescales in most ter-
restrial ecosystems, we find no evidence of significant links between these variables at the mangrove sites
(correlations <0.2 at all three sites), although T has a similar seasonal pattern to LAI (Figures 5 and S1).
This similarity emerges because both variables are linked to the same driving factor: air temperature.
The difference between mangroves and other terrestrial ecosystems may arise in part because seasonal var-
iations in LAI are smaller in mangrove ecosystems (Figure S1D) than in most terrestrial ecosystems
(Berkelhammer et al., 2016; Wang et al., 2014; Wei et al., 2018). Plus, the more sensitive response of leaf
stomatal conductance to environmental factors (such as temperature and salinity) may mask the effects
of LAI on canopy conductance, in accordance with the equation for canopy conductance proposed by
Ronda et al. (2001).

Unlike most terrestrial ecosystems, surface evaporation (E) dominates water fluxes between mangrove eco-
systems and the ambient atmosphere above them. As E fluxes are driven primarily by meteorological fac-
tors, both E and ET vary in parallel with the seasonal cycles of solar radiation and evaporative demand
at our study sites (Figures S1 and 6). During winter, ET fluxes in these mangrove forests are consistent with
those in semiarid ecosystems (Choi et al., 2012; Wang et al., 2013). During summer, ET fluxes in these same
mangrove forests are more consistent with those in well‐watered broadleaf forests (Kunert et al., 2017;
Shuttleworth, 1988; Tan et al., 2015; Xiao et al., 2013). Owing to abundant water availability for evaporation
and intense solar radiation year‐round, the annual ET in mangrove ecosystems (approximately 1,300 mm
year–1) is comparable to that observed in tropical rainforests (Table S3). However, T remains low through-
out the year, especially in mangroves where surface water salinity is large (Figure 10b). Mangrove ecosys-
tems with smaller salinities had annual T fluxes close to those in evergreen forests, while mangrove forests
with larger salinities had annual T fluxes closer to those associated with arid and semiarid grasslands
(Table S3).

The ratio of daily and monthly canopy transpiration to total evapotranspiration (T/ET; Figure S5) was like-
wise lower than the ratios observed in other types of tropical and subtropical forests (Wei et al., 2017).
Moreover, observed seasonal variations in T/ET at the mangrove sites differed from those reported for most
terrestrial ecosystems. Average T/ET ratios were lower during summer (30–38%) than during autumn
(35–53%) at all three sites. We ascribe these atypical seasonal variations to two factors. First, high midday
air temperatures during summer (Figure S1) suppress canopy conductance but not surface evaporation
(Figure 9c), while air temperatures during autumn are more favorable for enhanced transpiration.
Second, tidal inundation can suppress T/ET (Figures 9a and S8), either because salinity limits stomatal con-
ductance or because the water supply (root function) is inhibited by low O2 and high salinity (Ball, 1988,
1996, 2002). Lower salinity associated with relatively strong rainfall events during autumn should therefore
act to increase the ratio of T/ET in these mangrove ecosystems relative to the summer months.

Figure 9. Relationships of the daily ratio of transpiration to evapotranspiration (T/ET, panel a), surface evaporation (E, orange in panel b), canopy transpiration
(T, dark green in panel b), and canopy conductance (panel c) with daily air temperatures in three mangrove forests. Data of water fluxes at the YX mangrove
forest are from observation, and those at the other two are from simulations. To better illustrate the interaction of salinity and temperature, panels a and c only show
data in the 15–35 PSU salinity range.
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5.2.3. Uncertainties in Estimated ET, T, and T/ET
The simulated results are affected by uncertainties in the assumptions involved in our method as well as by
uncertainties in key input parameters. The former is difficult to avoid in most mathematical models and has
been discussed above. Here, we only discuss the latter (uncertainties in key input parameters), which could
potentially be reduced by more accurate measurements. Our sensitivity tests suggest that variations in ET, T,
and T/ET are most sensitive to changes in net radiation and air temperature (Table 3). We therefore focus on
evaluating the scale of uncertainties in T associated with air temperature. A Monte Carlo analysis suggests
that uncertainties in half‐hourly estimates of T were larger under higher temperatures than under lower
temperatures (Figure 3). LAI also exerts significant impacts on simulated variations in transpiration fluxes,
particularly at the YX mangrove forest, suggesting that accurate measurements of LAI in mangrove forests
are important to the reliability of simulated T.

Moreover, the simulated T, ET, and T/ET are all sensitive to variations in the temperature, depth, and
salinity of tidal water (Table 3). Therefore, accurate measurements of tidal properties are another prere-
quisite for reliable model performance under fluctuating tides. However, our single‐site measurements
of tidal variability in each mangrove ecosystem can only crudely represent the actual tidal regimes.
Only one tide gauge was installed in each mangrove forest, and these single‐site observations record
tidewater conditions only at the gauge location. Lu (2013) confirmed that our measurements of tidal
fluctuations at the YX and GQ sites capture most aspects of the associated tidal regimes, but more com-
plete information on the structure of tidal creeks and actual measurements of tidal properties at multi-
ple sites along those creeks would undoubtedly improve the representation of tidal effects in this model.

Uncertainties in T/ET were consistently larger at smaller values of ET (Figure 4b), which can be partially
ascribed to errors in EC ET measurements at low friction velocities (Foken, 2008; Wilson et al., 2002).
After removing data with u* < 0.1, the linear index of agreements between simulations and observations
of T/ET increases from I= 0.63 to 0.67. Energy imbalances at lower values of ETmight be another important
reason. For example, the energy closure at the YX site is 0.99 for times when half‐hourly ET values exceeded
150Wm−2, but 1.33 when all data are included. Energy fluxes in the two‐source model are forced to balance
using the Bowen ratio method, causing large errors at small values of ET andH that then propagate into the
allocation of ET into E and T. Eliminating data points with ET< 150Wm−2 reduces the RMSE from 34.4% to
24.4%. Moreover, potential vapor or fog water absorption by mangrove leaves under high relative humidity
(>0.8) might suppress transpiration, an effect that is not represented in the simulations. These phenomena

Figure 10. Relationships of (a) annual T and annual mean surface water salinity and (b) T/ET against LAI in six mangrove ecosystems. Data values are listed in
Table S3 including our three mangrove ecosystems in China and three from Krauss, Barr, et al. (2015) in the United States.
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have been observed in some coastal species (Burgess & Dawson, 2004; Limm et al., 2009), but their impor-
tance in mangroves remains unknown. When we restrict the data to relative humidity values less than
0.8, most of the model overestimates disappear and the RMSE is reduced by nearly half (from 24.4% to
14.4%). The large sample size helps to mask these adverse effects on the simulation of T and ET, but T/ET
ratios are sensitive to even relatively small errors in the simulated water fluxes. As a result, simulations of
T/ET ratios require more accurate input data, and more caution is required when using simulated values
of T/ET as opposed to simulated values of T or ET.

6. Conclusions

We have examined observed and simulated variations of evapotranspiration and its subcomponents in three
mangrove ecosystems located in southern China. The magnitude of summer evapotranspiration in these
mangrove forests was similar to that in well‐watered broadleaf forests, with average ET fluxes of 6.2 mm
day–1. These same mangrove forests produced winter ET fluxes more comparable to those of semiarid eco-
systems, with average values of 2.6 mm day–1. Meanwhile, canopy transpiration rates in the mangrove eco-
systems were comparable to those of semiarid grassland ecosystems year‐round, with average fluxes of 2.5
mm day–1 in summer and 1.3 mm day–1 during winter.

Relative to most terrestrial ecosystems, seasonal variations of T in mangroves are more strongly affected by
high temperatures. Suppression of T via limitation of canopy conductance at high temperatures, combined
with stimulation of E, results in lower values of T/ET in summer than in autumn. Responses to variations in
tidal water properties, such as reduced salinity when precipitation is large, are superimposed on these
temperature effects.

We propose a modified version of the two‐source model that enables quantitative evaluation of perturba-
tions in ET and T in mangrove ecosystems under high temperatures, tidal inundation, and surface water sali-
nity. Canopy transpiration reflects not only ecosystem productivity but also the functioning of an ecosystem
under water stress. Our model's ability to quantify these unique relationships in mangroves will therefore
improve our understanding of howmangrove ecosystemsmay respond to current and future climate change,
including sea level rise and increases in the frequency of extreme weather events.

Appendix A: The Two‐Source Evapotranspiration Model

Appendix B: The Structure of the Shuttleworth and Wallace Two‐Source Model
Based on Shuttleworth andWallace (1985), the evapotranspiration (ET) is partitioned into canopy transpira-
tion (T) and soil surface evaporation (E) as

ET= T+ E = ωcPMc + ωsPMs,
(B1) where the PM terms are analogous to the Penman‐Monteith combination equations and the subscripts s
and c indicate the soil and canopy components, respectively. The equations have the form:

PMc ¼
ΔAþ ρCPD−ΔrcaAs

� �
= raa þ rca
� �

Δþ γ 1þ rcs= raa þ rca
� �� � ; (B2)

PMs ¼
ΔAþ ρCPD−ΔrsaðA−As

� �
= raa þ rsa
� �

Δþ γ 1þ rss= raa þ rsa
� �� � ; (B3)

ωc ¼ 1
1þ RcRa Rs Rc þ Rað Þ½ � ; (B4)

ωs ¼ 1
1þ RsRa Rc Rs þ Rað Þ½ � ; (B5)

Ra ¼ Δþ γð Þrsa; (B6)

Rs ¼ Δþ γð Þrsa þ γrss; (B7)

Rc ¼ Δþ γð Þrca þ γrcs ; (B8)

10.1029/2019WR024729Water Resources Research

LIANG ET AL. 18



Table A1
Nomenclature

Variables Value Unit Description Data source

A Measured W m−2 Total available energy This study
Ag Calculated mg m−2 s−1 Gross assimilation rate Ronda et al. (2001)
Am Calculated mg m−2 s−1 Primary productivity Ronda et al. (2001)
Am,max_298 2.2 mg m−2 s−1 Maximal Am under high light and large CO2

concentrations at 298 K
Chen et al. (2008)

As Calculated W m−2 Available energy of the substrate level Shuttleworth and Wallace (1985)
α0 0.017 mg J−1 Initial (at low light conditions) light use efficiency Ronda et al. (2001)
a1 9.1 — 1/1 – f0 Ronda et al. (2001)
Cd 0.2 — Drag coefficient Shuttleworth and Wallace (1985)
Ci Calculated mg m−3 Intercellular CO2 concentration Ronda et al. (2001)
Cl Measured mg m−3 CO2 concentration at the leaf surface This study
Cp 1,004 J kg−1 K−1 Specific heat of dry air at constant pressure Shuttleworth and Wallace (1985)
D0 0.15 kPa A tunable empirical parameter This study
d0 Calculated m Zero‐plane displacement Choudhury and Monteith (1988)
D Measured kPa Vapor pressure deficit This study
dl Measured m Leaf dimension This study
f0 0.89 — An empirical parameter Ronda et al. (2001)
gm Calculated mm s−1 Mesophyll conductance Ronda et al. (2001)
gmin, c

* 0.06 mm s−1 Cuticular conductance for CO2 Chen et al. (2008)
gm_298 7 mm s−1 Mesophyll conductance for CO2 at 298 K Ronda et al. (2001)

gcl
Calculated mm s−1 Stomatal conductance for CO2 Ronda et al. (2001)

hc Measured m Vegetation high This study
kr 0.6 — Canopy extinction coefficient of net radiation Ross (1981)
k 0.4 — Von Karman constant Brutsaert (1982)
κm 2.5 — Extinction coefficient of the eddy diffusion Brutsaert (1982)
Kh Calculated — Eddy diffusion coefficient at the top of the canopy Brutsaert (1982)
Q10_gm 2 — Ratio of gm at one temperature to that at temperature 10° lower Ronda et al. (2001)
Q10_Am,max 2 — Ratio of Am,max at one temperature to that at temperature 10° lower Ronda et al. (2001)
Rd 0.11Am mg m−2 s−1 Dark respiration Ronda et al. (2001)
Rns Calculated W m−2 Net radiation reaching the substrate Shuttleworth and Wallace (1985)

rcs
Calculated s m−1 Canopy resistance Ronda et al. (2001)

rss
Calculated s m−1 Soil surface resistance Sellers et al. (1992)

rca
Calculated s m−1 Canopy boundary‐layer resistance Shuttleworth and Wallace (1985)

rsa
Calculated s m−1 Soil boundary‐layer resistance between the soil surface

and the canopy layer
Shuttleworth and Wallace (1985)

raa
Calculated s m−1 Aerodynamic resistance between the canopy source

and a reference height
Shuttleworth and Wallace (1985)

rb Calculated s m−1 Mean boundary‐layer resistance Shuttleworth and Wallace (1985)
T1_gm 278 K Lower reference temperature for gm Ronda et al. (2001)
T1_Am,max

* 290 K Lower reference temperature for Am,max This study
T2_Am,max

* 305 K Upper reference temperature for gm This study
T2_gm 301 K Upper reference temperature for gm Ronda et al. (2001)
u Measured m s−1 Wind speed at a reference height This study
uh Calculated m s−1 Wind speed at the top of canopy Shuttleworth and Wallace (1985)
u* Measured m s−1 Friction velocity This study
zm Measured m Reference height of measurement This study
z0 Calculated m Roughness lengths governing the transfer of momentum Choudhury and Monteith (1988)
z0s hc/10 m Effective roughness length of soil substrate Monteny et al. (1997)
ρ Measured kg m−3 Air density This study
γ 0.066 kPa K−1 Psychrometric constant Shuttleworth and Wallace (1985)
Γ Calculated mg m−3 CO2 compensation point Ronda et al. (2001)
Γ(Tsk = 298 K) 82.2 mg m−3 CO2 compensation point at 298 K Chen et al. (2008)
θ Measured m3 m−3 Soil water content This study
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A ¼ Rn−G−Gw; (B9)

As ¼ Rns−G−Gw; (B10)

Rns ¼ Rn exp −kr LAIð Þ: (B11)

The aerodynamic resistances raa and rsa (s m
−1) are calculated by integrating the eddy diffusion coefficients

from the soil surface to the level of the preferred sink of momentum in the canopy, and from there to the
reference height (Shuttleworth & Gurney, 1990), respectively,

raa ¼
1
ku*

þ hc
κmKh

exp κm 1−
d0 þ z0

hc

� �	 

−1g


; (B12)

rsa ¼
hcexp κmð Þ
κmKh

exp
−κmz0s

hc

� �
−exp −κm

d0 þ z0
hc

� �
�

	 �
; (B13)

z0 ¼
z0s þ 0:3hcX

1=2 0<X<0:2

0:3hc 1−
d0
hc

� �
0:2<X<1:5

8><
>: ; (B14)

X ¼ Cd LAI; (B15)

d0 ¼ 1:1hc ln 1þ X1=4ð Þ; (B16)

Kh ¼ ku* hc−d0ð Þ: (B17)

The canopy boundary‐layer resistance rca (s m
−1) is calculated by integrating the leaf boundary‐layer conduc-

tance over the canopy height, assuming leaf area index to be uniformly distributed with height
(Choudhury & Monteith, 1988),

rca ¼
rb

2LAI
; (B18)

rb ¼ 100
κm

dl
uh

� �
= 1−exp

−κm
2

� �h i
; (B19)

uh ¼ u= 1þ ln zm−hc þ 1ð Þð Þ: (B20)

The soil surface resistance from interior to the surface of soil (rss) is calculated using the soil water content
θ (m3 m−3) and tunnel parameter f:

rss ¼ exp 8:206−4:225×θð Þ*f : (B21)

This equation is modified from equation (19) of Sellers et al. (1992) by including the factor f. This factor f is
used to indicate the comprehensive effects of soil salinity and soil texture on evaporation of soil water. The
texture and salinity of sediments in mangrove forests have been found to affect surface evaporation,
although these effects are thought to be small (Nassar & Horton, 1999; Panin & Brezgunov, 2007).
Increasing salinity or highly compacted soil texture increase rss and thus reduce evaporation (Nassar &
Horton, 1999). The f values are tuned based on different texture types of muddy, sand, bedrock, and carbo-
nate types inmangrove forests (Woodroffe, 1992) and a realistic range of soil salinities. The f values are deter-
mined by using a linear least‐squares method to minimize differences between observed and simulated soil
evaporation enthalpy fluxes. In this study, the f values in all three mangroves converge to 2. Sensitivity tests
on the response of ET or T/ET to variations in f show that a variation of 1% in f causes a variation in ET of less
than 0.1%. The input parameter θ was only measured at the GQ mangrove ecosystem in this study.
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Appendix C: Canopy Resistance (rcs) in the Two‐Source Model
The canopy resistance rcs is solved from a plant physiological approach at the leaf scale and then upscaled to
the canopy scale using an analytical formulation (Ronda et al., 2001). At the leaf scale, the CO2 stomatal con-
ductance is described by a photosynthesis‐stomatal conductance model as:

gcl ¼ gmin; c þ
a1Ag

Cs−Γð Þ 1þ Ds
D0

� � ; (C1)

Ag ¼ Am þ Rdð Þ 1−exp
αPAR

Am þ Rd

� � �
; (C2)

Am ¼ Am;max 1−exp
−gm Ci−Γð Þ

Am;max

	 
 �
; (C3)

Rd ¼ 0:11Am: (C4)

The effect of water stress on net photosynthesis and canopy conductance is accounted for by multiplying Ag

by a soil moisture‐dependent function:

Ag ¼ Ag*f θð Þ; (C5)

where Ag
* is the unstressed rate. The function f(θ)is given as

f θð Þ ¼ 2β θð Þ−β2 θð Þ; (C6)

β θð Þ ¼ max 0;min 1;
θ−WP
FC−WP

� �	 

; (C7)

where FC and WP are the soil moisture contents at field capacity and at permanent wilting point, respec-
tively. The function β ranges from 1 (plants without water stress) to 0 (at wilting point). However, mangrove
ecosystems are not threatened by water stress due to high FC (close to 1), so f(θ) is close to 1 in our calcula-
tions. The method to upscale gcl to canopy conductance g

c
c was presented by Ronda et al. (2001), who formu-

lated canopy conductance to H2O as 1.6gcs . Resistance is calculated as the reciprocal of conductance.
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