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Abstract. Drought-induced plant hydraulic failure is one of the main factors for large-scale plant mortality. Understanding the
response of the plants to water stress is of paramount importance to elucidate the dynamics of water, energy and carbon fluxes
under drought conditions. In this study, we implemented the plant hydraulics pathway in STEMMUS-SCOPE (hereafter as
STEMMUS-SCOPE-PHS) by considering xylem vulnerability, and validated the model at a karst site in Chongqing, China.
Plant water potentials of root, stem and leaf are calculated in STEMMUS-SCOPE-PHS. A leaf water potential-based plant
water stress factor (PHWSF) replaces the original soil moisture-based water stress factor to represent the effect of water stress
on plant growth. Results show that the PHWSF captures the diurnal dynamics of water stress. The STEMMUS-SCOPE-PHS
improves the simulation of diurnal dynamics of latent heat flux, net ecosystem exchange and gross primary production
compared to STEMMUS-SCOPE with the value of Kling-Gupta efficiency (KGE) increasing from 0.74 to 0.83, 0.57 to 0.76,
and 0.57 to 0.80, respectively. This research delineates the plant hydraulic responses to water stress and highlights the

importance of leaf water potential in reflecting the plant water stress.

1 Introduction

Plant hydraulics describes water transport within plant vessel systems, involving root water uptake, sap flow, and transpiration,
directly impacting crop yield and food security (Torres-Ruiz et al., 2024). Drought-induced plant hydraulic failure is one of
the dominant reasons for large-scale plant mortality (Mcdowell et al., 2019; Adams et al., 2017; Anderegg et al., 2015;
Anderegg et al., 2016; Choat et al., 2018), which reduces the gross primary productivity (GPP), potentially transforms an
ecosystem from carbon sink to carbon source (Gatti et al., 2021), and alters the evapotranspiration and precipitation feedback

at regional scale (Limousin et al., 2009). A comprehensive understanding of plant hydraulics is a vital prerequisite for exploring
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the response of plants to drought, improving the prediction of tree mortality (Anderegg et al., 2015) and enhancing the
protection of biodiversity (Anderegg et al., 2018).

Water stress is utilized to quantify the effects of droughts, from both soil and atmosphere, on plant physiological and
biochemical processes (Torres-Ruiz et al.,, 2024), such as stomata opening and photosynthesis. Water stress can be
characterized well by in-situ observations of soil moisture, plant water content, and leaf water potential, yet, such observations
are limited to point scale with the scarcity of available data. Microwave-based remote sensing data enables the evaluation of
global water stress conditions via vegetation optical depth (Konings and Gentine, 2017), but it remains a challenge to derive
process-relevant long time-series and high-resolution spatiotemporal information (e.g. sub-daily dynamics of water potential
at the tree-level). Physics-based Earth System Models (ESMs) (Lawrence et al., 2019; Li et al., 2021; Tyree and Ewers, 1991)
enable to simulate and predict water stress at various spatiotemporal scales, ranging from minutes to decades, and from sites
to ecosystem scale, overcoming the limitation of in-situ and remote sensing observations.

STEMMUS-SCOPE is a Soil-Plant-Atmosphere Continuum (SPAC) model integrating the processes of soil water and heat
transfer, canopy radiation transfer, energy balance and photosynthesis (Wang et al., 2021). It has been evaluated over 172 flux

tower sites (Abramowitz et al., 2024; Wang et al., 2021; Tang et al., 2024; Wang et al., 2024) across the world covering 11
land covers. The results showed that the STEMMUS-SCOPE systematically underestimated the Bowen ratio ( %, where H is
sensible heat flux, and LE is latent heat flux) across 170 flux tower sites, indicating more energy was allocated to latent heat
flux for transpiration, accompanied by an underestimation of water use efficiency (%, where NEE is net ecosystem exchange)

for the same NEE (Abramowitz et al., 2024). The low water use efficiency indicated a generous water-use strategies, and
potentially suggested an underestimation on water stress.

In STEMMUS-SCOPE (version 1.0.0), the water stress factor has a range from 0 - 1 (the smaller the value, the greater the
water stress), which is based on root zone soil moisture, root length distribution and soil hydraulic properties that are
determined by soil water balance, dynamic root growth, and soil texture (Wang et al., 2021). However, it does not consider
the water stress induced by either interior plant hydraulics or from the atmosphere evaporative demand (Xu et al., 2016; Li et
al., 2021; Xie et al., 2023). Therefore, the soil moisture (or soil water potential) based water stress factor (SMWSF) is limited
in explicitly describing plant’s responses to water stress, and can introduce uncertainties in the simulation of carbon, water and

energy fluxes (Powell et al., 2013; Tuzet et al., 2003). In fact, the water transport within the plant vessel system can be described
by Darcy’s Law (¢ = K X AL—h, where q is water flux, K is hydraulic conductivity, Ah is the water potential gradient, and L is

the distance over water potential drops). A large water potential gradient stimulates a larger water flux in the xylem, resulting
in a larger tension that may facilitate embolism formation, which in turn decreases the hydraulic conductivity and increases
the xylem vulnerability. In STEMMUS-SCOPE, the above plant hydraulic process is simplified as a series of hydraulic
resistances (Wang et al., 2021).

Leaf water potential hydraulically links the water states of soil, plant and atmosphere (Zeng and Su, 2024), and is recognized

as an indicator of plant water status in recent developments of land surface models (LSMs) (Kennedy et al., 2019; Li et al.,
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2021; Xu et al., 2016; Xie et al., 2023). Coupling plant hydraulics pathway in LSMs enables the determination of plant water
potentials (root, stem and leaf), to accurately reflect water stress, to capture responses of different plant species on water stress
under similar weather conditions, and to improve the estimation of water, energy and carbon fluxes (Xu et al., 2016; Kennedy
etal.,2019; Lietal., 2021; Xie et al., 2023; Mackay et al., 2015; Anderegg et al., 2018). For example, Community Land Model
Version 5.0 (CLMY) introduced leaf water potential-based water stress factor (PHWSF) to explore the sensitivity of vegetation
to drought at a tropical evergreen forest in Brazil, under both ambient precipitation conditions and 60% of precipitation-
throughfall-exclusion conditions. Results showed that CLM5 is more sensitive to atmospheric drought than CLM4.5, which
uses an SMSWF (Kennedy et al., 2019). Xu et al. (2016) coupled plant hydraulics into the ED2 model and defined new plant
function types based on plant hydraulic traits, enabling the model to capture diverse phenology for different plant species in
seasonally dry tropical forests. Li et al. (2021) proposed the big-tree conception by considering whole plant hydraulics with
water storage in the Noah-MP model (i.e. Noah-MP-PHS), and the results showed that Noah-MP-PHS captured different
hydraulics behaviours of isohydric (red-maple) and an-isohydric (red-oak) during a dry-down period in Michigan, USA. Xie
et al. (2023) improved the Vegetation Interface Process model (VIP) with plant hydraulics (VIP-PHS) and validated VIP-PHS
in 30 FLUXNET sites. Results showed VIP-PHS reduced 44% of RMSE for evapotranspiration and more than 50% of RMSE
for gross primary productivity (GPP) compared with the original VIP model.

Previous studies validated plant hydraulics in dry regions or seasonal-drought regions with both low precipitation and low soil
moisture. Karst regions in Southwest China are characterized by high annual precipitation, but plants are always suffering
from drought because of the thin soil layer and strong drainage due to rock cracks (Song et al., 2019). Can we improve our
knowledge of the response of plants to drought over the karst region by considering plant hydraulics in the STEMMUS-SCOPE
model? To answer this research question, we integrated an explicit plant hydraulic module into the STEMMUS-SCOPEv1.0.0
(hereafter STEMMUS-SCOPE-PHS), by considering the xylem vulnerability, plant water potential (of root, stem and leaf) and
plant water stress. The STEMMUS-SCOPE-PHS is evaluated at a karst site (Hutoucun site) in southwest China from 1%
January to 9" August, 2022. The simulation of water, energy and carbon fluxes, as well as stem water potential, are validated
against in-situ observations. The objectives of this study are (a) to couple the plant hydraulics module into STEMMUS-SCOPE
model, (b) to investigate the performance of plant hydraulic model at a karst ecosystem, (c) to answer how plants respond to
drought from a perspective of plant hydraulics. The structure of the study is organized as follows: Section 2 introduces the
research area and dataset, as well as the framework of the plant hydraulics pathway in the STEMMUS-SCOPE-PHS. Section
3 reports the model performance in simulating water, energy and carbon fluxes. The effects of plant hydraulics on terrestrial

carbon and water cycling are discussed in Section 4. Section 5 summarizes the main conclusions of this study.



95

100

105

110

115

120

https://doi.org/10.5194/egusphere-2024-2940
Preprint. Discussion started: 15 October 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

2 Methodology
2.1 Study area

The Hutoucun site (HTC, 106.3192° E, 29.7627° N, 473 m a.s.l.) is located in a well-developed karst region in southwest of
Chonggqing, China (Fig. 1). This area characterizes a subtropical monsoon climate, and the weather is moderate and rainy. The
annual average temperature is 15-17 °C, and the mean air temperature of the coldest month (January) and warmest month
(August) are about 2 °C and 40 °C, respectively. The annual precipitation is about 1240 mm (Xiao et al., 2021) with the most
occurring from April to July. The large amount of precipitation causes the high relative humidity, and cloudy and foggy
climate. The karst topography is characterized by a thin soil layer on the surface and lots of rock cracks in the bedrock, which
makes it easier for precipitation to infiltrate and form underground rivers rather than being stored in the soil (Song et al., 2019).

Plants always experience water stress during a relatively dry period despite abundant annual precipitation.

2.2 Data

The data is collected from a flux tower (10 m) over an Osmanthus fragrans plantation, with an average tree height of 3-3.5 m.
An automatic weather station (AWS) and an eddy-covariance (EC) measurement system were installed on the flux tower at
the end of 2018. The AWS collects data including air temperature (Ty;,-), relative humidity (RH), wind speed (U), precipitation
(Precip), upward/downward longwave (LWup, LWdown) and shortwave (SWup, SWdown) radiations. Photosynthetically
active radiation (PAR) is observed below (3 m) and above (10 m) the canopy, respectively. An open-path EC system (LI-COR
7500, USA) was installed to measure the water and carbon fluxes at the height of 5 m. The raw EC data (10 Hz) were first
averaged into half-hourly data with the EddyPro software (LI-COR, USA). The net ecosystem exchange (NEE) was then split
into the gross primary production (GPP) and the ecosystem respiration (Re) with an R package: REddyproc (https://www.bgc-
jena.mpg.de/5624551/REddyProc-Rpackage, Max Planck Institute, last accessed on 28™ July, 2024) (Wutzler et al., 2018). An
automatic solar-induced chlorophyll fluorescence (SIF) system was conducted since 2021, detailed information can be found
in Wang et al. (2023).

The soil texture is sandy loam and silt loam at the surface and deep layers, respectively. Soil moisture and soil temperature
probes were installed at the depth of 5, 10, 20, 40, 60, and 80 cm. Three soil heat flux plates were placed horizontally in parallel
at the depth of 5 cm. A set of PSY-1 Plant Stem Psychrometer was installed in a branch to collect in-situ xylem water potential
from 27" July to 20" September, 2022. The leaf area index (LAI) was collected from MODIS MCD15A2H.006, an 8-day
composite LAI dataset with a spatial resolution of 500 m via Google Earth Engine. Quality control flags were used to remove
pixels affected by clouds. The quality-controlled LAI data was interpolated into half-hourly temporal resolution, and calibrated
with 5-day (5™ July, 14™ July, 1% September, 6™ September, and 2™ October) in-situ observed LAI, and then filtered further
by the Harmonic Analysis of Time Series (HANTS) method (Supplement Fig. S1) in Matlab 2021a (Mathworks, the USA).



125

130

135

140

https://doi.org/10.5194/egusphere-2024-2940
Preprint. Discussion started: 15 October 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

vMa

" s

o7

Z
£ -2
o (20}
o
Z -
O
=
4 =
O -
2
z I
7 /\ EC tower
@ PSYI
\ - IS
T T T T T ; ¢ o : 0 15 30 60
106°E  107°E  108°E  109°E  110°E = = X 2 M cters|

Figure 1: Study area. In this figure, the 1-km resolution Digital Elevation Model (DEM) was downloaded from the Resource and
Environmental Science Data Platform (https://www.resdc.cn/data.aspx?DATAID=123, last accessed on 28% July 2024), and the
high-resolution optical image was obtained by DJI Phantom 4 on August 10%, 2022.

2.3 STEMMUS-SCOPE

The STEMMUS-SCOPE model is an elaborate process-based model which integrates simultancous energy, mass and
momentum transport in soil and plant, and also the radiation transfer, and biochemical process in the canopy (Wang et al.,
2021; Van Der Tol et al., 2009; Zeng et al., 2011a, b; Tang et al., 2024). It consists of the Simultaneous Transfer of Energy,
Mass and Momentum in Unsaturated Soil (STEMMUS) model (Zeng et al., 2011b, a) and the Soil Canopy Observation of
Photochemistry and Energy fluxes (SCOPE) model (Van Der Tol et al., 2009). In STEMMMUS-SCOPE, water and heat fluxes
in SPAC are fully coupled, and the model also accounts for the transport of vapor and dry air in unsaturated soil is considered.
Additionally, it is capable of simulating multiple layers of spectra information and SIF, making it possible to compare with in-
situ and satellite SIF data. Therefore, it’s a terrific tool to explore the interactions and feedback between land and atmosphere
in terrestrial ecosystems.

In STEMMUS-SCOPE, the stomatal conductance is calculated based on Ball et al. (1987), in which the stomatal conductance
is regulated by relative humidity, carbon dioxide concentration and carbon assimilation amount (See Appendix Al). It
empirically assumed that the stomatal conductance is determined by relative humidity but ignored the dependence on peri-

stomatal water flux (Medlyn et al., 2011). Secondly, the soil moisture-based water stress factor at the i soil layer (SMWSF(1))
1

5.0
—1ooesat(SM(i)— r* W)

was calculated as a sigmoid function (SMWSF (i) = , where 0 is soil moisture at i layer, 8,4, is soil

1+e 2
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saturated soil moisture, 6, is permanent wilting point and 6¢ is field capacity). The multiple-layer water stress factors are
integrated into a single value that represents soil water stress in the root zone, weighted by the ratio of root length (Wang et
al., 2021). The calculation of SMWSF ignores the impacts of plant water status, such as leaf water potential and atmospheric
evaporative demand (increasing vapour pressure deficit), on photosynthesis. Furthermore, the resistances of water flow from
soil to leaves were divided into three parts: the soil hydraulic resistance, root radial resistance, and plant axial resistance, which
were simplified as a function of root length density. It ignored the mechanism of xylem vulnerability, simplifying the water
transport in the plant vessel system. To overcome the above drawbacks, this study aims to couple the plant hydraulics (PHS)
process into the STEMMUS-SCOPE model (hereafter STEMMUS-SCOPE-PHS) to explore the plant response to water stress

via plant hydraulics and to enhance its representation of biophysical and mechanistic processes in a forest ecosystem.

2.4 STEMMUS-SCOPE-PHS
2.4.1 Stomatal conductance scheme

In STEMMUS-SCOPE-PHS, a semi-empirical optimal stomatal conductance model (Medlyn et al., 2011) is employed to
represent the potential influence of the increasing vapour pressure deficit on stomatal regulation,

gs=go+1.6-(1+\‘/g—%)<1:—:>, )

where g, is stomatal conductance ( umolm™2s™!) for water molecule, g, is the minimal stomatal conductance
(umol m~2s71), g, is the slope of stomatal conductance (kPa®®), D is water vapor pressure deficit (kPa), A,, is the net carbon
assimilation rate (umol m~2s71), C, is the CO, concentration at the leaf surface (umol mol™1). 1.6 is the scale factor for

converting conductance of CO; to that of water vapor.

2.4.2  Water fluxes in plant hydraulics

The plant hydraulics pathway describes the process from water absorbed by roots to water released through stomata (Fig. 2).
The STEMMUS-SCOPE-PHS assumes that the water demand by the plant equals the water supply by the soil, while assuming

the water storage in the plant is constant.

n

Z Gsoil-root,i = Qroot-stem = Qstem—-leaf = Qleaf-air = 17ANS, (2)
i=1

where the Gsoi1—root,i» Groot—stems Astem—teaf» dieaf—air Yepresent the water fluxes (m s™) from soil to roots, roots to stem, stem
to leaf, and leaf to air, respectively. The Trans means transpiration (m s!). The subscript i indicates the i soil layer. The plant

tissues are assumed to be a porous medium. Therefore, the water fluxes can be described based on Darcy’s law:

Gsoil,i-root,i = ksoil—root,i X (lpsail,i - lI"Toot,i - Zi): (3)



170

175

180

https://doi.org/10.5194/egusphere-2024-2940
Preprint. Discussion started: 15 October 2024 EG U h
© Author(s) 2024. CC BY 4.0 License. spnere

where kgoi_root,; (87) means the hydraulic conductance from soil to root in the i soil layer. Y ,;;,; (m) means soil water

potential in i soil layer. Y0 ; means root water potential in the i soil layer. z; (m) means the depth of i soil layer.

Qroot-stem = kroot—stem X SAL x (lproot - lIJstem - h)' (4)

where k, oot —stem (57 is hydraulic conductance from root to stem. SAI (m?m™2) is stem area index, Y, (M) is the average
root water potential at the soil surface. Pgser, (M) is stem water potential. A (m) is the height of the canopy that is equal to

gravitational potential.

QStem—leaf = kstem—leaf X LAI X (q"stem - q"leaf)' (5)

where Kgtem-—1eqr (s7) is hydraulic conductance from stem to leaf. LAl (m? m™) is leaf area index, Yoqs (m) is leaf water

potential.

The transpiration can be calculated based on energy balance model.

LE
Trans = -~ (6)

where LE (W m?) is latent heat flux, A (J mol) is latent heat of vaporization.

Il”air
Transpiration

Qstem—leaf

(kstem— leaf )
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Figure 2: Sketch of plant hydraulics pathway in STEMMUS-SCOPE-PHS.
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243 Plant water stress factor

In STEMMUS-SCOPE, the stomatal conductance, transpiration and carbon assimilation are fully coupled based on the
Farquhar et al. (1980) model. The water stress effect on photosynthesis is represented by multiplying water stress factor by the
maximum carboxylation rate under a well-watered condition (Vcmax, umol m™2s™1) (Kennedy et al., 2019).

Vc = Vemax X phwsf 7
where V¢ (umol m~2s™1) is the carboxylation rate considering the water stress effect on photosynthesis.

Two parameterizations of water stress factor were coupled into the STEMMUS-SCOPE-PHS to account for different types of
plants. The plant water stress factor phws fzp, (Xu et al., 2016) is set as the default option in the STEMMUS-SCOPE-PHS.

It can be calculated as

Yiear \]
_ leaf
phws fgp, = [1 + (P501eaf) ] ) (8)

where P50,,4¢ (m) is the water potential at the 50% hydraulic conductance loss and a is a shape parameter.

The other optional parameterization of plant water stress factor phws f¢; ), (Kennedy et al., 2019) is calculated as

_< lJJleaf )Ckleaf
phwsfeyy = 2 \P*%as ) 9

where cky,q is a shape factor.

All the related functions are listed in Appendix. The values of parameters are listed in Supplement S3.

2.5 Performance evaluation metrics

The simulation performance is evaluated with the coefficient of determination (R?), mean bias error (MBE), root mean square

error (RMSE) and Kling-Gupta efficiency (KGE)

iz1(obs; — sim;)®

R?=1 —, (10)
n_ (obs; — obs)
1 n
MBE = —Z(simi — obs;) 11)
N
1 n
RMSE = EZ(simi — obs;)?, (12)
i=1
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KGE=1—\](r—1)2+(65ﬂ—1>2+<5i:m—1> ) (13)

obs obs

where sim; is value of the i simulation, and obs; is value of the i observation. sim and obs are the average values of the
simulation and observation, respectively. The i means the number of time steps, n is the total number of time steps during the
study period. The r is the Pearson correlation coefficient, o4, and o, are standard deviations of simulation and observation

data, respectively. It should be noted that the value of KGE closer to 1 means the better performance of models.

3 Results
3.1 STEMMUS-SCOPE-PHS vs STEMMUS-SCOPE

The simulated and observed half-hourly energy fluxes are compared in Fig. 3. Generally, the results show that the STEMMUS-
SCOPE-PHS model has a better performance than the original STEMMUS-SOCPE with a higher value of KGE. Both models
show good agreement for the simulation of net radiation (Rn) with an R? value of 0.99, and an MBE (RMSE) value of -12.10
(31.12) W m? for STEMMUS-SCOPE and -10.50 (28.62) W m? for STEMMUS-SCOPE-PHS. The KGE values for
STEMMUS-SCOPE and STEMMUS-SCOPE-PHS are 0.81 and 0.84, respectively. The STEMMUS-SCOPE-PHS shows
better performance for the simulation of latent heat flux (LE) than STEMMUS-SCOPE with a higher value of R? (0.69 vs
0.66), slightly lower value of RMSE (39.46 vs 40.96 W m™) and the closer to 1 value of KGE (0.83 vs 0.74). For the sensible
heat flux (H), statistic proxies (R? and RMSE) show that the result of STEMMUS-SCOPE-PHS is approximately equal to that
of STEMMUS-SCOPE, although the values of KGE show that the performance of STEMMUS-SCOPE-PHS (0.70) is better
than that of the STEMMUS-SCOPE (0.52). The two models overestimate soil heat flux (G) in the nighttime (G < 0) and
underestimate G in the daytime (G > 0) with the value of R%, MBE, RMSE, and KGE for STEMMUS-SCOPE-PHS versus
STEMMUS-SCOPE are 0.39 vs. 0.39, 0.51 vs 0.57 W m?, 25.49 vs. 25.87 W m™2and 0.57 vs. 0.56, respectively. The reason

will be further discussed in Section 4.1.
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Figure 3: Comparison of half-hourly simulated and observed net radiation (Rn) (a & e), latent heat flux (LE) (b & f), sensible heat
flux (H) (¢ & g), and soil heat flux (G) (d & b) based on STEMMUS-SCOPE (a-d) and STEMMUS-SCOPE-PHS (e-f) at Hutoucun
site. The x-axis represents observation, and the y-axis represents simulation. The grey line is 1:1 line, and the bold red line is the
regression line. The values of R, MBE, RMSE, KGE and the numbers of points (n) are given in each subplot.
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Comparison of half-hourly net ecosystem exchange (NEE), gross primary productivity (GPP), SIF, and photosynthetic active

radiation (PAR) are shown in Fig. 4. Statistically, the PHS model improves the simulation of NEE (GPP), increasing the R?
from 0.78 (0.79) to 0.82 (0.82) and reducing the RMSE from 3.97 (4.11) to 2.79 (2.97) pmolm~2s~1, and has better
performance for simulated carbon fluxes with values of KGE increase from 0.57 (0.57) by STEMMUS-SCOPE to 0.76 (0.80)
by STEMMUS-SCOPE-PHS for NEE (GPP). Furthermore, the overestimation of NEE and GPP are improved as shown in

Fig. 4 (a & e, b & ). Both models correctly simulate PAR but overestimate SIF compared with observation. Although the

improvement of SIF is beyond the aim of this research, the potential reasons for the deviations in simulating SIF will be further

discussed in Section 4.2.
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Figure 4: Comparison of half-hourly simulated and observed net ecosystem exchange (NEE), (a & e), gross primary productivity
(GPP) (b & ), solar-induced chlorophyll fluorescence (SIF) (c &g), and photosynthetically active radiation (PAR) (d & h) based on
STEMMUS-SCOPE (a-d) and STEMMUS-SCOPE-PHS (e-h) at Hutoucun site. The x-axis represents observation, and the y-axis
represents simulation. The grey line is the 1:1 line. The bold red line is the regression line. The values of R, MBE, RMSE, KGE,
and the numbers of points (n) are given in each subplot.

3.2 Improved dynamics in land fluxes via coupling plant hydraulics

The time-series dynamics of energy and carbon fluxes with different water stress factor schemes are shown in Supplement Fig.
S4 and Supplement Fig. S5. In general, the plant hydraulics water stress factor (PHWSF) in STEMMUS-SCOPE-PHS shows
clearly diurnal dynamics compared with the SMWSF in STEMMUS-SCOPE. Two sub-periods are selected to further evaluate
the model performance under different soil water stress conditions according to SMWSF. As shown in Fig. 5, the SMWSF is
approximately equal to 1 from DOY 110-117, which indicates a water-well condition. For DOY 208-215 (Fig. 6), the SMWSF
is 0.6-0.8, which indicates a water-limited condition.

Under water-well conditions (Fig. 5(a)) and water-limited conditions (Fig. 6(a)), the PHWSF represents the plant water stress
that varies with transpiration on a sub-daily scale. The PHWSF shows higher values in the morning and evening (i.e., little
water stress) but lower values in the afternoon (i.e., more water stress). This is because the transpiration increases in the
afternoon, leading to higher water consumption, resulting in greater water stress. The water stress is relieved in the evening
due to a decrease in water demand with a lower temperature and a decreased downward shortwave radiation.

Overall, the SMWSF overestimates the water stress factor in the afternoon and overestimates the latent heat flux (Fig. 5(b) and
Fig. 6(b)) and CO, assimilation (Fig. 5(d) and Fig. 6(d)). The PHWSF factor captures the diurnal cycles of water stress and

improves the simulation of latent heat flux and GPP.
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3.3  Water potential gradients

In STEMMUS-SCOPE-PHS, the water fluxes in the plant vessel systems are described according to Darcy’s law. The root,
stem, and leaf water potentials are calculated. The comparison of simulated root zone soil, plant, and air-water potentials and
the observed stem water potential are shown in Fig. 7. The range of root zone soil water potential is shown as the orange-
shadow area in Fig. 7(a). The average root zone soil water potential is shown as the orange line. A slightly decreasing trend in
root zone soil water potential and plant water potential (root, stem, and leaf) during this period is because the soil moisture
decreases continuously via soil evaporation, root water uptake, and percolation. In addition, the averaged root zone soil water
potential dominates the dynamics of root, stem and leaf water potential because it controls the water supply to the plant.

Compared with the root zone soil water potential (Fig. 7(b)), the plant water potential shows clear diurnal dynamics which
results from the diurnal change of transpiration. In the nighttime, the value of plant water potential is close to the value of root
zone soil water potential as roots absorb water from the soil until they equilibrium is reached. In the daytime, with the increase
in air temperature and radiation, stomata open to capture carbon dioxide for photosynthesis. Inevitably, leaves release water
via stomata to lower leaves’ temperature which drops the leaf water potential to about -2 MPa till noon. The leaf water potential
generally rises to the level of root zone soil water potential from noon to dawn on the next day. The simulated plant water
potentials capture the trend of diurnal dynamics of root, stem and leaf water potential although the STEMMUS-SCOPE-PHS

overestimates the stem water potential compared with observation. The reasons will be discussed in Section 4.
0
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4  Discussions
4.1 Influence of measured and calibrated G on energy fluxes validation

As shown in Fig. 3(d & h), the STEMMUS-SCOPE and STEMMUS-SCOPE-PHS show similar performance on simulations
of G, indicating that the plant hydraulics process has limited impacts on G. It is important to note that the simulated half-hourly
G represents the dynamics of G at the soil surface (0 cm). However, it is challenging to directly measure the G at the soil
surface and avoid the influence of soil-atmosphere interaction, simultaneously (Gao et al., 2017). The in-situ measurement
buries soil heat flux plates into the soil to reduce the influence from the land surface and obtains a reasonable baseline of G.
Therefore, it’s necessary to calibrate the observation from a specific depth (5 cm in this study) of the soil layer to surface layer.
In the field observation, the thermal properties of soil heat flux plates are assumed to be equal to the thermal properties of soil
to minimize the impacts of the plates on energy transfer in deeper soil layers. However, since the soil is heterogeneous, the
thermal conductivity of the plate is not exactly the same as the thermal conductivity of the soil, which is the dominant source
of measurement uncertainties (Gao et al., 2017). Secondly, the depth of the soil heat flux plate may change due to factors such
as ground subsidence, precipitation and rills. It impacts the accuracy of observed soil heat flux. To make the observed G and
simulated G comparable, the observed G is calibrated to the soil surface with the calorimetric method (Liebethal et al., 2005;
Gao et al., 2017). The storage energy in the soil layer above the soil heat plate was calculated based on temperature gradient,
and volumetric heat capacity. In this study, the radiation-retrieved land surface temperature is used as 0 cm soil temperature
to calculate soil temperature gradient between 0 — 5 cm due to the lack of measurement on soil surface temperature. However,
the land surface temperature represents a mixed soil-vegetation surface temperature rather than a bare soil temperature. This

assumption may introduce uncertainties in the accuracy of calibrated G.

4.2 Parameterization on solar-induced chlorophyll fluorescence simulation

The dynamics of half-hourly SIF are shown in Fig. 4 and Fig. 8. The results show that the STEMMUS-SCOPE and
STEMMUS-SCOPE-PHS have similar performance in the simulation of SIF, and both of them remarkably overestimate
observed SIF because they are using the same parameterization (Van Der Tol et al., 2014). In STEMMUS-SCOPE, the emitted
fluorescence (F) can be calculated as F = @ X PAR X fPAR, where ® is quantum yield of fluorescence, and fPAR is a
fraction of absorbed PAR (Lee et al., 2015; Gu et al., 2019). The simulated and observed PAR are compared, and the results
indicate that the simulated PAR agrees well with the observations either in water-well conditions or in water-limited conditions
(Fig. 4 and Fig. 9). Therefore, the overestimation of SIF could be attributed to the simulation of fPAR and ®. The dynamics
of fPAR are highly related to canopy structure, and the chlorophyll content-related parameters. However, the canopy structure
is assumed to be homogeneous and averagely divided into 30 layers in STEMMUS-SCOPE. The simplified canopy structure
might contribute to the uncertainties in the radiative transfer process and introduce uncertainties in the simulation of fPAR.
Besides, the chlorophyll-related parameters are set as constants based on plant function types for the whole study period. The

inter-annual dynamics are ignored which might be a source of uncertainties in SIF simulation as well. The results highlight the
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importance of considering heterogeneous canopy structure and seasonal chlorophyll parameters in understanding SIF
dynamics.

Additionally, the parameterization of @ in STEMMUS-SCOPE-PHS is based on an empirical electron transfer module (Van
Der Tol et al., 2014) in which the rate efficiency of fluorescence, photochemistry, heat dissipation and non-photochemical
quenching are empirical parameters, and the electron transport rate is determined by the CO; assimilation based on Farquhar-
van Caemmerer-Berry model (Farquhar et al., 1980), which assumes the electron transport is not limited neither under water
stress or nutrient stress. In the near future, the mechanistic process of the electron transport process (Gu et al., 2019; Han et
al., 2022; Gu et al., 2023) and nutrient stress (Zhou et al., 2020; Cai et al., 2016; Fatichi et al., 2012) will be integrated into the
STEMMUS-SCOPE-PHS model to improve our understanding on the relationship between photosynthesis and fluorescence.
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Figure 8: Comparison of half-hourly simulated and observed SIF at 760 nm. The black line is observed SIF. The blue and red line
are simulated SIF by STEMMUS-SCOPE and STEMUS-SCOPE-PHS, respectively. (a) is water-well condition, and (b) is water-
limited condition.
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Figure 9: Comparison of half-hourly simulated and observed PAR. The black line is observed PAR, and the blue and red line are
simulated PAR by STEMMUS-SCOPE and STEMUS-SCOPE-PHS, respectively, for which the blue and red lines overlap. (a) is
water-well condition, and (b) is water-limited condition.

4.3  Comparison of water potentials

The simulated and observed plant water potentials were compared only on the water-limited condition (Fig. 7) due to the data
availability of observed stem water potential. The trend of time-series plant water potentials is regulated by soil water potential
(Carminati and Javaux, 2020). The ranges of plant water potentials are enveloped by the soil water potential and air vapor
pressure since water always moves from high water potential to low water potential. As shown in Fig. 7(b), the model captured
the diurnal dynamics of plant water potentials, but it overestimates the stem water potential compared with observation. One
possible explanation is that stem and canopy water storage are not considered in STEMMUS-SCOPE-PHS. The ignorance of
plant water storage may overestimate the water supply from roots and results in a less negative plant water potential compared

with observation. This result suggests that plant water storage needs to be considered in further development.

5 Conclusion

A plant hydraulics module is implemented in STEMMUS-SCOPE-PHS to investigate the response of plants to water stress in
a karst region in southwest China. In-situ data was collected from January to August 2022 over an evergreen broadleaf forest
and was used to evaluate the model performance. Both STEMMUS-SCOPE and STEMMUS-SCOPE-PHS capture the
temporal dynamics of the energy and carbon fluxes at the site scale. STEMMUS-SCOPE is found to overestimate the gross
primary production (GPP) in the midday. In contrast, STEMMUS-SCOPE-PHS mitigates the discrepancy of the model
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simulation by STEMMUS-SCOPE compared to the in-situ observation, decreasing the RMSE of GPP from 4.11 to 2.97
umol m~2s~* and increased KGE from 0.57 to 0.80. In addition, STEMMUS-SCOPE-PHS captures the diurnal dynamics of
the water stress. However, both STEMMUS-SCOPE and STEMMUS-SCOPE-PHS overestimate the solar-induced
chlorophyll fluorescence (SIF), as the electron transport limitation is not considered in the current version of the model, which

is our ongoing research direction.

Appendix A
A1l Stomatal conductance scheme

In the STEMMUS-SCOPE model, the BallBerry’s stomatal conductance scheme (Ball et al., 1987) was used as follow:

RH - A,
gS:go—}_m' ) (Al)

a

A2 Plant water stress factor and photosynthesis

The photosynthesis process can be described as follows in STEMMUS-SCOPE-PHS:
For C3 plants, water stress was used to constrain Vemax in STEMMUS-SCOPE v1.0.0 (Wang et al., 2021);

Ve = Vemax * fwr (A2)
Plant water stress factor (phwsf’) replaced soil water stress factor (f,,) in STEMMUS-SCOPE-PHS, and was calculated by
leaf water potential

Ve = Vomax - phwsf, (43)

A3 Plant hydraulic pathway
A3.1 Root water uptake
A3.1.1 Root distribution

The distance between roots is calculated as:

’ 1
dx; = , A4
%= om (44)

where dx; is the distance between roots (m), p, is root length per cubic meter (m m™).

A3.1.2 Root fractions

Root factions rf; in soil layers are calculated as
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(1-p*%) (=1

(Bzi—l_O-S'AZi—1) _ Bzi_1+ 0.5-Az; (l > 1) ’

where 3 is a plant function type-dependent root distribution parameter (Jackson et al., 1997), z; is the soil depth of the ith soil

rf; = { (45)

layer (m), Az; is the soil thickness of ith soil layer (m).
A3.1.3 Root length density
The root length density is calculated as (Wang et al., 2021)

_ RTB
B2C - Proot " T+ rrzoot

1
Pri T Az’ (46)

Where RTB is root to biomass, B2C is the ratio to transfer biomass to carbon (0.488 gC gDM™), p,qc is Toot density (gDM

m>).I'root 18 ToOt radius (1.5e-3 m).

A3.1.4 Root area index

The root area index (RAI, m> m?) is calculated as (Li et al., 2021)
RAI = (SAI + LAD) - rf; - froots (47)
where SAI is stem area index (m? m?), LAI is leaf area index (m? m), f;.,0¢ is the allocation fraction of carbon assimilation

to root (Wang et al., 2021). The SAI is set as a fraction of LAI:

SAI = s2l = LAI, (48)
where s21 is the fraction of SA/ to LAI.
A3.1.5 Soil conductance
The soil conductance kg; (s™) is calculated as:
Ksoiri
k., =——, A9
“= (49)

where K;,;; ; is unsaturated soil hydraulic conductivity (m s™), it is calculated as (Zeng and Su):

! 1y
Ksoiti = Ksati * Sei - (1 - (1 - Se,im) ) , (A10)
where Kq, ; (m s™) is the saturated hydraulic conductivity, S ; (unitless) is effective saturation, [ and m are empirical

parameters.
ei - eres,i

esat,i - eres,i

Soi = , (A11)

where 0; is soil moisture at the ith layer. 8,5 ; and 8,4, ; are residual soil moisture and saturated soil moisture at the ith layer,

respectively.
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A3.1.6 Root vulnerability factor

The root vulnerability factor phws f,4¢; is calculated as:

1

WS frggs; = 1+(M)am ) (412)
p root,l PSOrOOt ’

where 5,5 ; (m) is soil water potential, P50,.,,, (m) is root water potential at the 50% hydraulic conductance 1oss. a0 is @

shape factor.

A3.1.7 Root hydraulic conductance

The root hydraulic conductance ko ; (s) is calculated as:

K tmax
kroot,i = ~20max. RAI - phWSfroot,i: (A13)

L+z;

where K100t,,4, (m s!) is maximum root hydraulic conductivity, L (m) is root lateral length.

A3.1.8 Soil to root hydraulic conductance

The soil to root hydraulic conductance Ky —roor,; (s7) is calculated as

1
ksoit-rooti = 1 1 (A14)
—+
ks,i kroot,i
A3.2 Water flux from root to stem
A3.2.1 Stem vulnerability factor
The stem vulnerability factor phws g, is calculated as
l/)TOOt Astem -
h =1 (—) , Al5
PhWS fytem [ +(pao ] (415)

where .., (m) is root water potential. P50y, (m) is stem water potential at 50% of hydraulic conductance loss. agzep, is a
shape factor.
A3.2.2 Root to stem hydraulic conductance

The root to stem hydraulic conductance K,qot—stem (57') is calculated as

Kstem
kyoot—stem = Tm - PhWS fstem, (A16)

where Kstem,,,, is stem hydraulic conductivity (m s'), h (m) is canopy height.
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A3.3 Water flux from stem to leaf

A3.3.1 Leaf vulnerability factor

-1

AWS fipar = |1 + Vseem )"/ (417)
p leaf Psoleaf ’

where Yg¢erm (m) is stem water potential. P50;,,¢ (m) is leaf water potential at 50% of hydraulic conductance loss. a4 is a

shape factor.

A3.3.2 Stem to leaf hydraulic conductance

kstem—leaf = Kleafimax - phwsfleaf' (A18)

where Klea f;,q, (s7') is maximum leaf hydraulic conductance.

Code and data availability: The model development and data analysis are conducted via Matlab 2021a. The code of
STEMMUS-SCOPE-PHS model can be downloaded at https://github.com/Crystal-szj/STEMMUS SCOPE_ZSo_tl. The in-

situ observation of meteorological and eddy covariance data was provided by Chongqing Jinfo Mountain Field Scientific

Observation and Research Station, Southwest University, China.
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