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Abstract: As a unique type of ecosystem, tropical coastal sandy vegetation lies in the transition
zone extending from coastal beaches to further inland and provides important ecosystem services
such as windproofing, tourism, and agriculture. However, the energy and matter fluxes of these
tropical coastal ecosystems have been rarely studied. We reported one-year eddy flux observations
in a tropical sandy coastal ecosystem and specifically focused on the carbon and water exchanges
between the atmosphere and the ecosystem. The studied ecosystem was a carbon sink (approximately
–560 gC m−2 yr−1) and approximately 1000 mm of water evaporated from the ecosystem into the
atmosphere during the study year. The highest levels of vegetation photosynthesis occurred in
April, shortly before the wet season. This can be attributed to an endogenous self-adjustment of
the ecosystem to improve the water- and carbon-use efficiency during the wet season. This study is
expected to not only fill the data gap with respect to the gas exchange between tropical sandy coastal
plains and the atmosphere but also provide knowledge about the function and ecological service of
these specific ecosystems.

Keywords: carbon exchange; evapotranspiration; eddy covariance; tropical coastal ecosystem

1. Introduction

The measurement of ecosystem carbon flux has important ecological significance in
the study of the global carbon cycle and exploring the response of carbon sources/sinks in
different ecosystems has become one of the key issues in ecological research [1,2]. The eddy
covariance (EC) technique is a widely used method to explore the energy and material cycle
in the soil–vegetation–atmosphere interface; it can directly measure the physical character-
istics of ecosystems because of its effectiveness and feasibility in continuous monitoring of
carbon flux and meteorological factors [3–6]. There have been numerous works of research
conducted using the EC technique to investigate the variation of ecosystem carbon fluxes
temporally and its controlling factors. For example, after analyzing multi-year carbon flux
observation data from 59 observation stations around the world, Baldocchi et al. [7] prelim-
inarily answered the question of how ecosystems control the changes in ecosystem carbon
flux through different climatic factors and ecological environments, and analyzed different
inter-annual variations of ecosystem carbon flux. Across the boreal forests, the inter-annual
standard deviation of net carbon fluxes was relatively small [8–12]. Year-to-year changes in
net carbon exchange were attributed to changes in air temperature, soil moisture, water
balance, and summer solar radiation [13,14]. Temperate evergreen forests cover a wide
range of climatic and soil conditions and are often intensively managed [15]. Long-term
carbon fluxes often include additional changes due to disturbances [16,17]. Light and
temperature were the main meteorological factors responsible for the inter-annual variation
in carbon fluxes, the study reported [18–22].
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Countries and regions such as the United States and Europe have initiated and es-
tablished regional network systems since the 1960s [23,24] for long-term monitoring of
atmospheric and flux changes in the community to investigate the balance mechanism
of material and energy exchange in ecosystems. At present, there are more than 900 flux
observation stations worldwide [25]. Although the global flux monitoring system has been
gradually improved, the distribution of sites is still relatively uneven, with more stations in
high-latitude areas than in low-latitude areas. Specifically, there are very few reports on
carbon flux changes in tropical sandy coastal ecosystems.

Sandy coastal ecosystems lie in the transition zone extending from coastal beaches to
further inland, and sandy plains are formed by the weathering of coastal sediments. Their
ecosystem structure is simple, the soil sand is loose, the water-holding capacity is poor,
the nutrient content is extremely low, and the salinization degree is high [26]. Therefore,
responses and feedback to environmental factors can be quickly determined. These unique
ecosystems are important not only because they serve as a buffer for coastline safety but also
because of their recreation, tourism, and agricultural roles. These ecosystems are especially
important for islands, which usually have a long, mainly sandy, coastal line. Although
sandy coastal ecosystems only account for 3% of the total area of Hainan Island, the unique
geographical location and special carbon storage mechanism create an important role in
the carbon cycle process in this region [27]. In the past decades, the Chinese government
has invested large efforts to protect and recover the vegetation of sandy coastal plains. The
major aim is to improve the ecological service of these ecosystems, such as through sand
stabilization, avoiding soil salinization, and reducing destruction from typhoons.

Long-term ecological monitoring was carried out in a typical sandy coastal plain
in Hainan in 2008. As a major part of these ecological observations, an eddy flux tower
was established and related measurements started in 2015. In this study, we reported the
eddy flux observation results. Our specific objectives were to: (i) quantify the magnitude
and variation of carbon dioxide and water vapor fluxes between the studied ecosystem
and the atmosphere after thorough data quality control and assessment, (ii) understand
the carbon and water fluxes from a canopy conductance perspective, and (iii) provide
possible explanations of the observed patterns and findings. The results can both provide
information for the analysis of carbon flux changes in terrestrial ecosystems and improve
our understanding of the function and ecological service of these specific ecosystems.

2. Materials and Methods
2.1. Site Description

The study site is located in Hainan Province, Southern China. The eddy flux tower
is geographically located in the easternmost state forest farm of Hainan Island (19◦44′ N
110◦57′ E), which is close to the South China Sea in the Pacific Ocean (Figure 1). The sandy
coastal plain terrain is flat. The mean elevation is ~62.9 m. This region is dominated by a
tropical ocean monsoon climate, with a clearly divided dry and wet season. According to
local climatic data, the period between May and October is categorized as the wet season.
The multi-year mean rainfall is 1721 mm, and the annual precipitation recorded by the
rain gauge at the top of the tower during the study period was 1482 mm, with over 80% of
rainfall occurring in the wet season. The mean annual temperature is ~23.9 ◦C. Extreme
low temperatures can be as low as ~10 ◦C. The pan evaporation is as high as 1900 mm.
Tropical storms and typhoons occur in this region with a relative high frequency (2.6 times
per year on average). The sandy soil developed from marine sediment caused by seawater
encroachment in the Quaternary. The vegetation is a combination of planted trees and
local native trees and can be categorized as an evergreen forest. The major planted trees
include Casuarina equisetifolia, Cocos nucifera, Eucalyptus robusta, Acacia mangium, Acacia
auriculiformis, Acacia crassicarpa, and Calophyllum inophyllum. The local native trees include
Homalium hainanense, Dalbergia odorifera, and Ficus variegata. The dominant shrub species are
Rhodomyrtus tomentosa, Atalantia buxifolia, Psychotria rubra, Cherodendrum cyrtophyllum, and
Wikstroemia indica. Casuarina equisetifolia is the main tree species of the coastal shelterbelt
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and the canopy closure is 65% to 75%. Both shrubs and herbs grow well due to the open
canopy. The main vegetation canopy height is ~7 m. The leaf area index is ~2.5 m2 m−2 in
the wet season. Some of the taller trees fell in a strong “Rammasun typhoon” that occurred
in 2014. The forest canopy is still not fully closed [28,29].
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Figure 1. Geographic Location of Study Site (left); images in study region (right).

2.2. Instrumentation and Observations

The eddy flux tower has a height of 25 m and is square-shaped. A special design was
implemented for the tower to protect it from typhoons. General information on instruments,
manufacturers, and operation height is listed in Table 1.

Table 1. Summary of instrumentation information.

Instruments Model Manufacturer Height or Depth

Sonic anemometer WindMaster Gill Instruments, Lymington, UK 25 m
Infrared gas analyzer Li-7500A Li-Cor Inc., Lincoln, USA 25 m

Net radiometer NR01 Hukseflux, Delft, Netherlands 12 m
Photosynthetically active radiation Li-190SL Li-Cor Inc., Lincoln, USA 24, 18, 13, 3 m

Wind cup 03001 RM Young, Traverse City, USA 24, 18, 13, 3 m
Humidity and temperature probe HMP-60 Vaisala, Vantaa, Finland 24, 18, 13, 3 m

Rain gauge TE-525 Texas Electronics, Dallas, USA 24, 2 m
Soil heat flux HFP01 Hukseflux, Delft, Netherlands −10 cm

Soil temperature TM-L10 Dynamax Inc., Houston, USA −10, −20, −40, −80 cm
Soil water content EC-5 Decagon, Pullman, USA −10, −20, −40, −80 cm

Flux-calculating module SmartFlux Li-Cor Inc., Lincoln, Nebraska USA 24 m

In general, the instruments on the tower can be categorized into two parts: eddy co-
variance and routine microenvironmental systems. The eddy covariance system comprises
a three-dimensional sonic anemometer and an open-path infrared gas analyzer. They are
controlled by a commercial interface (Li-7550) design by Li-Cor. The sampling frequency
for both wind velocity and gas concentration is 10 Hz. The data were recorded using a
16 GB USB flash drive. The data were manually copied to the laboratory computer every
three months. The net radiometer can measure global/reflected solar radiation and infrared
radiation. The climatic factors were sampled every 10 s and a 10 min mean value was
recorded by a data logger (CR1000, Campbell Scientific Inc., Logan, UT, USA).

Errors may be present as the instrument is easily affected by terrain factors, climatic
factors, and the instrument itself. In order to reduce the interference of external factors
on the results of the data, it was necessary to correct the original data. Therefore, the
3 components of the wind speed are rotated quadratics so that the average crosswind
speed and the average vertical wind speed are 0.

2.3. Eddy Flux Calculation

Turbulence plays a major role in atmospheric boundary layer mass and energy trans-
port. In the eddy covariance technique, the vertical transported entity at a point is calculated
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as the correlation between the fluctuations of the concentration of that entity and the fluc-
tuations of the vertical wind speed [30]. The annual sum of evapotranspiration (E) is
estimated from the latent heat flux (λE) divided by λ. Nevertheless, the negative E values
occurred within this observational time series. We performed two types of treatment on
these negative values. First, we treated the negative values as zero. Subsequently, the
annual sum of E was estimated. Secondly, we treated negative values as data gaps. It
is common that the energy balance is not closed in eddy covariance observations. This
leads to the underestimation of E. We corrected this energy imbalance by assuming that the
Bowen ratio (β) is reliable. Subsequently, the fluxes of carbon dioxide (Fc), latent heat (λE),
evapotranspiration (E) and sensible heat (H) were calculated as:

CO2 flux, Fc = −w′c′

Latent heat flux, λE = −λw′q′
Evapotranspiration flux, E = λE/λ = (Rn− G)(1/(β + 1))

Sensible heat flux, H = −ρCpw′T′

where w is the vertical velocity on rotated coordination, c is the CO2 concentration, λ is
the latent heat of vaporization, q is the absolute humidity, ρ is air density, Cp is the specific
heat of the air at a constant pressure, and T is air temperature. The bar indicates the time
averages and the prime denotes the deviation from those averages.

2.4. Processing of Eddy Flux Data

We used a commercial program (EddyPro®,Li-Cor Inc., Lincoln, NE, USA) to process
the raw 10 Hz data to obtain 30 min fluxes. The basic settings of EddyPro in our case
include: (i) the double rotation method for tilt correction [31], (ii) the WPL method to correct
for the air density effect [32], (iii) the block average method to accomplish detrending,
(iv) the Kljun et al. [33] method to estimate the footprint, (v) spectral correction according
to Moncrieff et al. [34], (vi) raw 10 Hz data screening according to Vickers and Mahrt [35],
and (vii) the calculation of the storage flux to obtain the net ecosystem exchange (NEE).

We performed several quality assessment and control steps on the 30 min flux data:
(i) we checked the energy balance closure with 30 min data and examined the effect of
this energy imbalance on the water vapor flux estimation, (ii) we identified a threshold
friction velocity (u*) for nighttime Fc underestimation according to Saleska et al. [36],
(iii) we accomplished data gap filling using the mean diurnal variation method [37], and
(iv) we performed light response analysis of the daytime carbon fluxes and temperature
responses to nighttime carbon fluxes.

2.5. Calculations and Statistics

Based on Penman [38]’s big-leaf model, the biosphere–atmosphere exchange of H2O
can be expressed as:

λE = g
(
ρCp/γ

)
(ei − ea)

where γ is the psychrometer constant, ei is the water vapor pressure at the ecosystem’s
surface, ea is the water vapor pressure in the air at the reference height, and the term g is
usually interpreted as:

1/g = 1/gs + 1/ga

where gs is the surface conductance, which mainly describes the bulk stomatal conductance,
and ga is the aerodynamic conductance.

Because plant CO2 assimilation and H2O transpiration are two processes coupled
through stoma, a better knowledge of gs benefits our understanding of both H2O and CO2
exchanges. The gs value is usually inferred by inverting the Penman–Monteith equation as:

1
gs

=
ρCP

γ

D
λE

+

(
∆
γ

β− 1
)(

1
ga

)
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where D is the air water vapor deficit, β is the Bowen ratio (H/λE), and ∆ is the slope of the
saturated vapor pressure vs. the temperature curve (∂es(T)/∂T). Verma [39]’s expression
for ga is used in this study as:

1
ga

=
u
u2∗

+
D

κu∗

(
ln
(

zOM
zOH

)
+ ΨM −ΨH

)
where u is the mean wind speed, u* is the friction velocity, κ is the Karman constant, ZOM
and ZOH are roughness lengths for momentum and heat transfer, and ΨM and ΨH are the
diabatic stability correction functions for momentum and heat, respectively. Paulson [40]’ s
expression for ΨM and ΨH is:

ΨM = 2
∫ x

0

(
1

1+x′ +
x′

1+x′2 ′
1

1+x′2
)

dx′
ΨM = 2 ln[(1 + x)/2] + ln[(1 + x2)/2]− 2 tan−1 x + π/2

ΨH = 2
∫ x2

0
d(x′2)
1+x′2

′

ΨH = 2 ln[(1 + x2)/2]

where x = (1− γz/L)1/4, z is the vertical space coordinate, and L is −u3
∗cpρT/(kgH).

The Michaelis–Menten model was used to fit the relationship between the net car-
bon dioxide flux of the ecosystem and the photosynthetically active radiation during the
day [41]. The daytime NEE is defined as:

− NEEday =
AQYPmaxPAR

AQYPAR + Pmax
− Rd

where AQY is the apparent quantum yield, Pmax is the maximum light net photosynthetic rate,
PAR is photosynthetically active radiation, and Rd is the dark respiration rate. The ecosystem
only performs respiration at night, and temperature is an important factor controlling the
respiration of the ecosystem. The relationship between temperature and the ecosystem can
be determined by the van’t Hoff function [42]; the nighttime NEE is defined as:

NEEnight = R0(Q10)
Ta/10

where R0 is the ecosystem respiration at 0 ◦C, and Q10
Ta/10 is the relative increase in

respiration per 10 ◦C temperature increase.
The Jarvis Omega [43] and Priestley–Taylor Alpha [44] were also calculated as:

Ω =
∆/γ + 1

∆/γ + 1 + ga/gc

α = λE/[(λE + H)(∆/(∆ + γ))]

2.6. Net Photosynthetic Rate

The formula for calculating the net photosynthetic rate Pn is defined as:

Pn =
AQY I + Pmax −

√(
AQY I + Pmax

)2 − 4θAQY IPmax

2θ
− Rd

where Pn is the net photosynthetic rate, AQY is the apparent quantum yield, Pmax is the
maximum light net photosynthetic rate, Rd is the dark respiration rate, I is the radiation
intensity, and θ is the curvature of the curve.

Pmax = AQY × Isat − Rd

where Isat is the light saturation point.
A glossary of terms mentioned above are listed in Table S1.
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3. Results
3.1. Nighttime Flux Underestimation

The changes in the carbon fluxes and the increasing friction velocity (u*) are shown
in Figure 2. The main vegetation canopy height was ~7 m and the canopy was open.
In this case, the storage flux (Fs) was very close to zero and played a negligible role in
the net ecosystem exchange (NEE). Both the eddy-transported carbon flux (Fc) and NEE
dramatically changed with u* at a low u* level when u* < 0.17 m s−1. They showed some
kind of saturation trend when u* was larger than 0.17 m s−1. The threshold u* could easily
be determined as 0.17 m s−1.
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3.2. Energy Fluxes

Four major ecosystem energy flux components are shown in Figure 3. The net radiation
(Rn) was the major energy input of the studied ecosystem and drove other processes such
as the evaporation of water, photosynthesis, and temperature changes. The daily peak Rn
showed seasonal variations with a higher value in the wet season than in the dry season.
The sensible heat flux (H) did not show a clear seasonal pattern compared with that of the
latent heat flux (λE); λE was higher in the wet season than in the dry season. The soil heat
flux (G) reached nearly 100 w m−2 in some cases, which was comparable to the values of
H and λE. This might be related to the open canopy, which led to a large proportion of
solar radiation penetrating to the soil surface. The seasonal variation of precipitation (P) is
shown in Figure 4.
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3.3. Carbon Dioxide Flux and Its Environmental Response

The daytime NEE was strongly dependent on photosynthetically active radiation
(PAR; Figure 5). The PAR explained approximately 45% of the daytime NEE variance. The
apparent quantum yield (AQY) was 0.026 µmol m−2 s−1 C per µmol m−2 s−1 photons.
The light-saturated photosynthesis rate (Pmax) was ~19.87 µmol m−2 s−1. The inferred
ecosystem dark respiration (Rd) when light approaches zero was 0.798 µmol m−2 s−1. The
nighttime NEE showed a temperature dependency (Figure 5b). The temperature sensitivity
index (Q10) value was 2.918.

The net ecosystem exchange (NEE) before and after gap filling is shown in Figure 6. A
total of 5858 data gaps account for 33% of the dataset. After u* filtering, no long data gap
(longer than one week or more) was observed. The gap filling did not change the general
trend of NEE (Figure 6a,b). The peak uptake occurred in April. The nighttime NEE was
generally higher in the wet season than in the dry season.

The light response parameters showed seasonal variations (Figure 7). In general,
Pmax was higher in the wet season than in the dry season. However, this pattern did not
exactly match the seasonal changes; for example, Pmax showed a decline around day 210.
Interestingly, the seasonal pattern of AQY differs from that of Pmax. It had a peak value in
the late dry season before the wet season started.
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3.4. Annual Sum of Carbon Dioxide and Water Vapor Flux

The accumulated water vapor and carbon dioxide fluxes are shown in Figure 8. The
average NEE before gap filling and without u* filtering was −2.459 µmol m−2 s−1. The
annual sum of gap-filled NEE without u* filtering was –649 gC m−2 yr−1. The u* filtering
reduced the NEE to approximately −560 gC m−2 yr−1. The increase in the threshold u*
changed NEE only slightly (from −559 to −563 gC m−2 yr−1 when u* increases from 0.17
to 0.25 m s−1). The overall analysis suggested that the studied ecosystem acts as a strong
carbon sink.
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Based on the observation data, the annual sum of evapotranspiration (E) was 940 mm,
and after data calibration, the annual sum of E was estimated to be 1020 mm. The energy
balance closure (EBC)-corrected E was 1060 mm.

3.5. Variation of the Eddy Flux and Related Bulk Ecosystem Parameters

Figure 9a illustrates both the daytime photosynthesis carbon uptake and nighttime
respiratory carbon release, and their diurnal and seasonal dynamics scale well. The carbon
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uptake peak occurred during April. The H dynamic differs from that of λE (Figure 9b,c).
First, a higher H occurred from March through July, while a higher λE generally occurred
during the wet season. The nighttime λE was close to zero. A negative H frequently
occurred during nighttime.

Water 2023, 15, x FOR PEER REVIEW 13 of 21 
 

 

Figure 8. The accumulated carbon and water fluxes. (a) accumulated carbon sequestration. The red, 
green, and blue lines indicate no u* filtering (u* is the friction velocity, annual sum of −649 gC m−2 
s−1), a threshold u* of 0.17 m s−1 (annual sum of −559 gC m−2 s−1), and a threshold u* of 0.25 m s−1 
(annual sum of −563 gC m−2 s−1), respectively. (b) accumulated water fluxes. The red, blue, pink, 
green, and black lines represent the accumulated water flux obtained from the Bowen ratio energy 
balance correction (1060 mm), gap filling the observation data (940 mm), treating all negative fluxes 
as zero (973 mm), treating all negative fluxes as gaps and filling the gaps (1020 mm), and the pre-
cipitation (1482 mm), respectively. 

3.5. Variation of the Eddy Flux and Related Bulk Ecosystem Parameters 
Figure 9a illustrates both the daytime photosynthesis carbon uptake and nighttime 

respiratory carbon release, and their diurnal and seasonal dynamics scale well. The carbon 
uptake peak occurred during April. The H dynamic differs from that of λE (Figure 9b,c). 
First, a higher H occurred from March through July, while a higher λE generally occurred 
during the wet season. The nighttime λE was close to zero. A negative H frequently oc-
curred during nighttime. 

 
Figure 9. Net ecosystem exchange (a, NEE), sensible heat flux (b, H), and latent heat flux (c, λE). The 
shaded area indicates the wet season (May through October). 

The monthly mean diurnal variations of the eddy fluxes and surface conductance (gs) 
are shown in Figure 10a. Both fluxes and gs showed clear diurnal and seasonal variations. 
The energy imbalance correction increases gs (see Figure 10a, grey and black circles). The 
maximum gs was ~0.15 m s−1, occurring in the mornings in June. The monthly mean diur-
nal variations of the Jarvis Omega (Ω) and Priestley–Taylor Alpha (α) are shown in Fig-
ure10b,c. The Ω value showed a unimodal diurnal pattern. The highest value occurred in 
the morning. The daily Ω peak was generally higher than 0.5, except in the period during 
the middle dry season with temperatures as low as ~10°C. On the contrary, the diurnal 
pattern of α exhibited a “V” style. The lowest α was generally higher than 1.0 and mostly 
higher than 1.2. 

Figure 9. Net ecosystem exchange (a, NEE), sensible heat flux (b, H), and latent heat flux (c, λE). The
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The monthly mean diurnal variations of the eddy fluxes and surface conductance (gs)
are shown in Figure 10a. Both fluxes and gs showed clear diurnal and seasonal variations.
The energy imbalance correction increases gs (see Figure 10a, grey and black circles). The
maximum gs was ~0.15 m s−1, occurring in the mornings in June. The monthly mean
diurnal variations of the Jarvis Omega (Ω) and Priestley–Taylor Alpha (α) are shown in
Figure 10b,c. The Ω value showed a unimodal diurnal pattern. The highest value occurred
in the morning. The daily Ω peak was generally higher than 0.5, except in the period during
the middle dry season with temperatures as low as ~10 ◦C. On the contrary, the diurnal
pattern of α exhibited a “V” style. The lowest α was generally higher than 1.0 and mostly
higher than 1.2.
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3.6. Sandy Soil Water Content Dynamics

The soil water content (SWC) had a clear seasonal pattern in all four measurement
depths (Figure 11). The SWC was consistently higher in the dry season than in the wet
season at all four depths. The highest SWC value (~0.13 m3 m−3) occurred at the shallowest
depth (10 cm) at the beginning of 2016. At a depth of 80 cm, the decrease in the SWC from
the dry to the wet season was most notable (from 0.11 to 0.02 m3 m−3).
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4. Discussion

This is a pioneer study, probably the first, investigating the eddy flux over a tropical
sandy coastal plain. Rather than an observational report, we present a full uncertainty
analysis of the water and carbon fluxes and try to understand the gas exchange behavior in
the context of the conductance-based big-leaf model. Some new findings require further
discussion, which is provided below.

4.1. Uncertainties of Eddy Covariance Observations at This Study Site

We used commonly utilized commercial sensors and software to measure and process
the data. We also performed a thorough uncertainty analysis. The major information of
this uncertainty analysis can be summarized as follows:

The energy non-closure has an impact on both E and gs estimations (Figures 8b and 10a).
Many studies have been conducted on the energy non-closure phenomenon of EC moni-
toring systems, and the reasons for this can be divided into two categories: overestimation
of available energy and underestimation of turbulent energy [45]. Possible reasons for
the overestimation of available energy include overestimation of Rn measurements and
underestimation of energy storage items such as soil, air, and vegetation [46]. Possible
reasons for the underestimation of turbulent energy are as follows: neglect of complex or
heterogeneous surface advection [47], the loss of high- and low-frequency turbulent energy
due to the instruments themselves, and sampling time [46,48]. In addition, researchers also
analyzed other environmental factors or fluxes that affect energy closure. Wilson et al. [49]
found that under a certain photosynthetically active radiation level, the smaller the CO2
flux, the larger the EBC. Franssen et al. [50] found that EBC is closely related to atmospheric
stability and frictional wind speed. Our knowledge about the real reason causing this energy
imbalance is limited, and current explanations are incomplete. More available observation
data may reduce these uncertainties to some degree.
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4.2. Physiological Ecosystem Parameters

Over 90% of the signal sensed by the eddy covariance covered a distance of 500 m, as
estimated by the method reported in Kljun et al. [33]. The vegetation covered within the
footprint is generally similar.

The shift of the wind direction between day and night is not notable. Dominated by
the monsoon climate, the predominant wind directions during the wet (southern wind)
and dry seasons (northeastern wind) are contrasting. Both the southern and northern wind
directions have similar vegetation covers [28].

The nighttime NEE underestimation is not large at our study site due to the strong
wind and turbulence. The u* filtering could solve this underestimation and provides a
reliable NEE estimation (Figure 6a).

We performed necessary NEE and E corrections and estimated gs.
Because there was no long data gap in our dataset, we filled the data gap of the mean

diurnal variation method with a window size of 10 days. In general, both Figure 3 and a
comparison of pre- and post-gap-filled data suggest that this is acceptable.

We calculated several bulk physiological ecosystem parameters, namely the apparent
quantum yield (AQY), maximum photosynthesis rate (Pmax), temperature sensitivity index
(Q10), canopy surface conductance (gs), Jarvis decoupling factor (Ω), and Priestley–Taylor
coefficient (α). We compared our estimations with previous publications. The physiological
ecosystem parameters are listed in Table 2.

Based on the plant physiology, eight photons were required to assimilate one CO2
molecule. Thus, the theoretical maximum α is 0.125. Our estimate is 0.026, which is
comparable to that of estimates for other vegetation. The Scots pine’s α is 0.027, and mixed
oak’s α is 0.033 [51].

The estimated Pmax of 19.87 µmol m−2 s−1 is higher than that of boreal forests
(11–15 µmol m−2 s−1) but lower than that of tropical forests (20–35 µmol m−2 s−1). Boreal jack
pine forests’ Pmax is 13.1 µmol m−2 s−1, and tropical forests’ Pmax is 29.7µmol m−2 s−1 [51].

The commonly suggested Q10 value is 2.0. Bond-Lamberty et al. [52] reviewed soil
respiration data and suggested a Q10 value of 1.5. Mahecha et al. [53] derived an ecosys-
tem respiration Q10 of 1.4. Our estimated Q10 is 2.918, which is much higher than the
above-mentioned values. This indicates a strong temperature sensitivity of the ecosystem
respiration of our studied vegetation.

Our estimated maximum gs of 0.015 m s−1 is close to mean global vegetation
values [54] but lower than that of tropical forests [55,56]. The gs can be viewed as the
bulk stomatal conductance. Given the low leaf area index of the studied site, it is reasonable
to obtain a gs lower than that of typical tropical forests with heavy and dense canopies.

Table 2. Physiological ecosystem parameters.

Forest AQY Pmax gs α Reference

Daodong forest farm 0.026 19.87 0.015 1.477
Scots pine 0.027 14.5 [49]
Mixed oak 0.033 24.54 [49]

Boreal forest 0.040 13.1 1.22 [49,55]
Tropical forest 0.034 29.7 0.8 [49,53,54]
Mean global

vegetation values 0.018 [52]

The Jarvis Ω describes the relative contribution of radiative (denoted as equilibrium
evaporation) and advective energy (imposed evaporation) to E. When Ω approaches 0, the
vegetation surface and the free air stream above are perfectly coupled [57]. The stomatal
control decreases when Ω increases to 1; that is to say, stomatal control of transpiration
grows progressively weaker as Ω approaches 1. The peak Ω occurs in the early morning,
which suggests that the stomatal control on E is weakest in that period. In general, the
stomatal control is lower in the wet season than in the dry season. This is consistent with
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the vegetation activities as indicated by daytime photosynthesis (Figure 9a). This pattern is
very similar to that observed in boreal [58] and tropical forests [56].

We calculated the Priestley–Taylor α as α = λE/[(λE+ H)(∆/(∆+γ))] to avoid the im-
pact of energy imbalance. The original expression for α is α = λE/[(Rn − G)(∆/(∆ + γ))].
α increases with gs, as described by Monteith [59]. The nonlinear fitted equation is
α = 1.477[1− exp(−gs/0.004)]. The parameter 1.477 is higher than the previously sug-
gested value of 1.26 obtained for boreal forests [58].

The overall energy balance closure ratio(calculated as (λE + H)/(Rn− G)) is ~75% [28],
which is comparable with other studies [46].

4.3. Can the Studied Ecosystem Act as a Persistent Carbon Sink?

The study site, which is located on a sandy coastal plain, fits the requirements of eddy
flux measurements well: a plain, homogenous surface, and relatively strong winds.

Our results showed the carbon sink intensity is about −560 gC m−2 yr−1. Moreover,
the natural vegetation has not reached the top level of succession, and there is a certain
proportion of vigorously growing artificial forests and agricultural land. Thus, it is expected
that sandy coastal soil vegetation will still act as a carbon sink in the future.

We also noticed that the ecosystem respiration of the studied vegetation is small. The
highest value in the wet season was only ~5 µmol m−2 s−1. At the same time, photosynthe-
sis uptake was observed to be as high as ~20 µmol m−2 s−1. The low ecosystem respiration
can be attributed to several reasons. The foremost is the low carbon density of sandy
soil. The sandy coastal soil carbon density was estimated to be 7.9–14.67 t ha−1 [32]. This
value is much smaller than that of primary tropical mountain forests on Hainan Island [60].
Low soil respiration is expected for low-carbon-density soils. The second possible reason
is the poor water storage capacity of sandy soil. As reported before, the low soil water
concentration could substantially inhibit soil respiration in tropical regions [61]. This might
be the second reason leading to low ecosystem respiration. The third reason is related to
the predominant species Casuarina equisetifolia. Casuarina equisetifolia (also called Australian
pine tree) is naturally distributed in Australia and was introduced and widely planted in
Hainan in the past years as a tree species for constructing windbreaks in sandy coastal
regions [62]. Casuarina equisetifolia leaves are similar to needles and difficult to decompose
compared with other broadleaved species. Additionally, EC instrumentation error could
also be one possible reason as only one-year data were available in the studied site.

The inhibited respiration in sandy soil and the secondary growth, both of planted
trees and natural succession after disturbance, will sustain this carbon sink for years,
i.e., one or two decades. Given that the sequestrated carbon is mainly stored in vegetation
biomass, the biomass will increase by ~100 t C ha−1 after 20 years. It is reasonable for
tropical vegetation to store 200–300 t C ha−1 of carbon in their biomass [63]. However,
low soil water density and soil carbon stock were observed in the study site, which might
interrupt the continuous growth of tall trees. In this case, the forest may stop its growth at
a relatively low height in the future.

4.4. Unexpected Seasonal Soil Water Content Pattern and Its Possible Explanation

As over 80% of the precipitation occurs during the wet season, it is more likely that
higher soil water contents in the wet season are observed than in the dry season, which
is also common in tropical areas [64]. Conversely, the soil water content observed at our
site was higher in the dry season than in the rainy season (Figure 11). After confirming
that this pattern was not caused by measurement errors, we tried to understand it in the
context of soil water balance. Compared with other soil types, the water storage capacity of
sandy soil is very poor. In addition, plant roots might access deep soil water to maintain
continuously high transpiration during the wet season. The above factors lead to a soil
water deficit in the wet season. This explanation can be partially supported with Figure 8b.
The annual precipitation during the study year was lower than the multi-year mean value
recorded at the Wenchang weather station (1721 mm). In the wet season before September,
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the evapotranspiration (E) value was higher than the precipitation, illustrating a soil water
deficit. Another possible explanation was related to human activities. The study site was
adjacent to several ponds and paddy fields, and human activities such as irrigation or
drainage or groundwater inflow from surrounding land surfaces could induce disturbances
to SWC; however, we believed that the extent of disturbances from human activities was
relatively small compared with other environmental factors such as soil type and root water
absorption as the area of the forest was much larger than that of the nearby ponds and
paddy fields. Certainly, a well-designed study on the soil water balance will provide a
more solid explanation of this unexpected pattern.

4.5. Possible Explanation of the Strongest Carbon Assimilation in the Late Dry Season Shortly
before Rainfall Starts and Its Implications

The photosynthesis carbon assimilation was highest in April, shortly before the rainy
season (Figures 6 and 9a). The E value of the corresponding time did not reach its peak value
(Figure 9c). In this period, the soil water content is at its median level compared with other
months over the year (Figure 11). Why did the photosynthesis peak in April? Is it caused
by endogenous or exogenous factors? We suspect that endogenous factors play a leading
role in this case. Plants seemingly adjust themselves to an optimum stage when waiting for
rainfall and reach a greater photosynthesis gain during the wet season [65]. Additionally,
water-use strategies may vary by species and their location on the landscape [66]. Although
located in the south of the Tropic of Cancer, the latitude of the study site is 19◦43′ N.
Combined with the monsoon climate, plants of the studied vegetation grow under a
climate with clear seasonality both with respect to water and temperature. Approaching
April, the temperature rose to near peak levels and some rainfall had already occurred
(Figure 8b). The soil water content still retained median levels. This certainly is an optimal
climate for photosynthesis. Plants growing under such an environment evolve a special
adjustment ability to better utilize these climatic conditions. A further control experiment
might provide more solid support for this hypothesis.

5. Conclusions

We report one-year eddy flux observations over a tropical sandy coastal plain. After
detailed analysis, we draw the following conclusions: Both the daily peak Rn and the λE
showed similar seasonal variations, with a higher value in the wet season than in the dry
season. The soil heat flux (G) was comparable to the values of H and λE, implying the
open canopy of the study site may strongly affect the energy allocation. The PAR explained
approximately 45% of the daytime NEE variance. In general, the studied ecosystem was a
carbon sink (approximately −560 gC m−2 yr−1). The carbon sink nature was mainly due to
the plain’s rapid secondary growth after several typhoons and the low soil respiration of
sandy soil. The annual evapotranspiration estimate varied from 940 to 1020 mm based on
different calculations, which was around 70% of the precipitation for this region. Both fluxes
and gs showed clear diurnal and seasonal variations. The maximum gs was ~0.15 m s−1,
occurring in the mornings in June. The Ω value showed a unimodal diurnal pattern with
the highest value occurring in the morning, while the diurnal pattern of α exhibited an
opposite pattern. Peak photosynthesis occurred in the period shortly before the start of the
wet season. This can be explained as an endogenous self-adjustment to improve the water-
and carbon-use efficiency during the wet season.
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