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The Control of Plant and Soil Hydraulics on the Interannual
Variability of Plant Carbon Uptake Over the Central US

Xue-Yan Zhang' (), Guo-Yue Niu! 2, and Xubin Zeng!

'Department of Hydrology and Atmospheric Sciences, The University of Arizona, Tucson, AZ, USA

Abstract The interannual variability (IAV) of gross primary productivity (GPP) reflects the sensitivity
of GPP to climate variations and contributes substantially to the variations and long-term trend of the
atmospheric CO, growth rate. Analyses of three observation-based GPP products indicate that their IAVs
are consistently correlated to terrestrial water storage anomaly over the central US, where episodic droughts
occur. A land surface model explicitly representing plant hydraulics and groundwater capillary rise with an
adequate soil hydraulics well captures the observed GPP IAV. Our sensitivity experiments indicate that, without
representations of plant hydraulics and groundwater capillary rise or using an alternative soil hydraulics, the
land model substantially overestimates the GPP IAV and the GPP sensitivity to water in the central US. This
study strongly suggests the use of the van Genuchten water retention model to replace the most commonly
used Brooks—Corey model, which generally produces too strong matric suction of soil water especially in
dry conditions, in land surface modeling. This study highlights the importance of plant and soil hydraulics
and surface—groundwater interactions to Earth system modeling for projections of future climates that may
experience more intense and frequent droughts.

Plain Language Summary The interannual variability (IAV) of land carbon uptake contributes
substantially to the fluctuations of atmospheric CO, growth rate. Consistent with previous studies, our data
analyses of various observation-based gross primary productivity (GPP) products and land water storage change
data reveal a positive GPP—water relationship. This relationship also has been used to evaluate and constrain
climate model projections. Our model sensitivity experiments suggest that current land surface models may
overestimate the GPP—water sensitivity and potentially degrade the credibility of future climate projections, due
to a lack of appropriate plant and soil hydraulics and surface—groundwater interactions. Our results highlight the
importance of key ecohydrological processes on IAV of GPP as well as CO, projections.

1. Introduction

Global terrestrial ecosystems have served as a substantial sink of the atmospheric CO,, offsetting about one
third of the world’s fossil fuel emissions and thereby slowing the rise of atmospheric CO, concentration (Quéré
et al., 2018; Wolf et al., 2016). As the largest terrestrial carbon fluxes, gross primary productivity (GPP) domi-
nates the net land carbon sink (or net ecosystem exchange; NEE) and hence the land carbon storage; its inter-
annual variability (IAV) contributes the most to the IAV in NEE and that of the atmospheric CO, concentration
(Bousquet et al., 2000). The GPP IAV also contributes substantially to the long-term trend in GPP due to asym-
metric responses of GPP to dry and wet conditions (Green et al., 2019). Moreover, the relationships between the
NEE IAV and the IAVs in air temperature and water availability has been used to quantify the sensitivities of
the land carbon storage to air temperature and water availability (Cox et al., 2013; Humphrey et al., 2018; Jung
et al., 2017) and served as a constraint on Earth System Models (ESMs; Cox et al., 2013).

GPP is very sensitive to drought stress, especially in the water-limited, semiarid regions through reduced stomatal
conductance and its impact on CO, diffusion (Lin et al., 2015) as well as dehydration effect on metabolic capac-
ity and plant morphology (Sun et al., 2020). Poulter et al. (2014) attributes the 2011 record high global carbon
uptake to the responses of the semiarid ecosystems in Australia to an anomalous wet period associated with El
Nifio—Southern Oscillation. Ahlstrom et al. (2015) suggested that precipitation, associated with ENSO, is even a
stronger driver than temperature for the GPP IAV in semiarid regions, with negative GPP anomalies being asso-
ciated with warm and dry climates and positive GPP anomalies with cool and wet climates. An analysis of flux
tower data at 25 sites in the southwest North America semiarid ecosystems further confirms the high sensitivity
of GPP to precipitation variations (Biederman et al., 2017). Recent studies highlight the dominance of water
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availability on the net land carbon uptake (Humphrey et al., 2018, 2021). Humphrey et al. (2018) suggested that
terrestrial water storage anomaly (TWSA), rather than the temperature anomaly, is more strongly related to the
IAV of the net carbon sink at either local or global scale. Green et al. (2019) also found that the nonlinear GPP
responses to soil moisture variability can lead to intensified reductions in the land carbon sinks. These obser-
vation-based analyses inspire us to evaluate models’ representations of GPP dependence on water availability
and thus to discern the dominant mechanisms controlling the modeled GPP IAV with a focus on the modeled
ecosystem response to droughts.

The responses of plant carbon uptake to drought stresses are not fully understood or represented in current
ESMs. Most land surface models (LSMs) for use in ESMs predict low plant drought resilience as reflected
by the negative biases in the modeled rainfall use efficiency (RUE; Ma et al., 2017; Zhu et al., 2019). This
model deficiency may substantially contribute to the uncertainties in the land carbon sink and atmospheric CO,
concentration projected by ESMs with regard to the uncertainty in the water sensitivity of GPP in addition to
that in the temperature uncertainty (Arora et al., 2020; Friedlingstein et al., 2006). Moreover, the Brooks—Corey
(Brooks & Corey, 1964) or Clapp—Hornberger (CH; Clapp & Hornberger, 1978) soil water retention model is
most commonly used in LSMs and overestimates the soil matrix suction head, resulting in low root water uptakes
and GPP, especially at low soil water conditions (Niu et al., 2020). Current ESMs indicate that soil moisture
variability contributes to 90% of IAV of global land carbon uptake mainly through photosynthesis (Humphrey
et al., 2021). However, we argue that current ESMs may significantly overestimate the water sensitivity of GPP
due to inadequate representations of key ecohydrological controls.

Plant and soil hydraulics are known to strongly regulate and even attenuate the impacts of atmospheric and
soil water stress on vegetation productivity (Y. Liu et al., 2020). Previous studies have observed various vege-
tation water use strategies for maintaining stomata opening and thus photosynthesis rates during dry seasons
through increasing rooting depth (Zhou et al., 2020), optimizing vertical root distribution (Fan et al., 2017),
redistributing soil water by roots (Bleby et al., 2010; J.-E. Lee et al., 2005), allocating more photosynthetic
production to roots, and storing excessive wet-season water in the plant stem (Loustau et al., 1998), etc.
Wang et al. (2018) reported that phreatophytes under a hyperarid climate can consume water (~10 times of
precipitation) primarily through deep roots extracting water from the capillary fringe and groundwater. J.-E.
Lee et al. (2005) estimated transpiration in the Amazonia during dry seasons can be increased by 40% with
hydraulic redistribution (HR) based on global circulation modeling. Moreover, soil water potential deter-
mined by soil texture and soil water content directly influences root water uptake rate and HR. Therefore,
plant and soil hydraulics can allow vegetation to maintain stomatal openings and vegetation carbon uptake
during dry periods.

In this study, we first analyzed the relationships between the IAV of various GPP products and Gravity
Recovery and Climate Experiment (GRACE) terrestrial water storage (TWS) anomaly data and obtained an
observation-based water sensitivity of GPP, similarly to the analyses of Humphrey et al. (2018) but with a
focus on the central US. We selected the conterminous US domain (CONUS) due to data availability and
accuracy. The central US is a dry-to-wet transition region, experiencing the most intense episodic droughts.
Also, it is a “hot-spot” of strongest land—atmosphere coupling (Koster et al., 2004), implying that regional
ecosystem response, in terms of strength and timing (“memory”), to climate variability may feedback to
affect climate variability. Using the observation-based water sensitivity of GPP, we then assessed LSMs with
different representations of plant water stress to understand the dominant ecohydrological processes that may
control the water sensitivity of GPP. We used a recent version of the Noah-MP LSM (Niu et al., 2011) with
explicit representations of groundwater capillary rise (Niu et al., 2007), plant hydraulics (Niu et al., 2020),
and options of soil hydraulics. We aim to demonstrate the important roles of plant root water uptake, soil
hydraulics, and groundwater capillary rise on plant photosynthesis over the central US and that a model lack
of elaborate representations of these processes may significantly underestimate plant drought resilience and
overestimate the water sensitivity of GPP. In this study, we used monthly RUE to measure plant drought
resilience.
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2. Methodology
2.1. Data
2.1.1. Reference Products of Vegetation Productivity and TWSA

To characterize uncertainty from observed GPP products, we used three GPP products derived from data-driven,
satellite-based production efficiency, and statistical models, including the flux tower network (FLUXNET) model
tree ensembles (MTEs), Moderate Imaging Spectroradiometer (MODIS), and Solar-induced chlorophyll fluores-
cence (SIF)-based product (GOSIF), respectively. The monthly 0.5° FLUXNET gridded data set is upscaled
with in situ observations of water, carbon, and energy fluxes at FLUXNET eddy-covariance sites through MTE
machine learning from 1982 to 2011 (Jung et al., 2011). The 8-day 1-km MODIS GPP product was generated
using a simple light use efficiency model (MOD17A2), which relates GPP to photosynthetically active radiation
absorbed by the vegetation canopy and is also adjusted by the vegetation-dependent radiation use conversion
efficiency as well as water and temperature stresses (Zhao & Running, 2010; Zhao et al., 2005, 2006). The
8-day and 0.05° GOSIF GPP product is the ensemble mean of eight GPP products derived from the fine-scale
global OCO-2-based SIF product (X. Li & Xiao, 2019a) with eight linear GPP-SIF relationships that includes
four linear forms (universal and biome specific, with and without intercept) at site and grid-cell levels (X. Li
& Xiao, 2019b). Global annual GPP estimated by this SIF-based GPP product exceeds that of the FLUXNET
gridded data set and MODIS GPP (X. Li & Xiao, 2019b). Besides GPP products, we also used an MODIS leaf
area index (LAI) product with a spatial resolution of 1 km and a temporal resolution of 8 days that has been
significantly improved by reducing uncertainties from snow and cloud cover, instrument, and retrieval algorithm
(Yuan et al., 2011). We reprocessed these GPP and MODIS LAI products into a spatial resolution of 0.125° and
aggregated into yearly products for the period of 2001-2015 for MODIS and GOSIF products while 2001-2011
for the FLUXNET product due to the data availability.

Because precipitation is not enough to reflect the actual water availability for vegetation growth (Humphrey
et al., 2018), we used the GRACE TWSA data to investigate the relationship between GPP and water availabil-
ity. We adjusted three 1° monthly GRACE TWSA products with the gain factors to minimize the uncertainty
related to their postprocessing processes and averaged these data sets during 2003-2015 to reduce their noises
because of various resolutions (Landerer & Swenson, 2012; Sakumura et al., 2014). Because of the brevity of
GRACE TWSA, we used a recently reconstructed TWSA product (F. Li, Kusche, et al., 2021) during 1982-2011
to examine the long-term GPP-TWSA relationship. We also evaluated modeled evapotranspiration (ET) and its
components using a monthly 0.5° observation-driven Penman—Monteith-Leuning (PML) product because ET
can significantly influence land surface water availability. This PML product has been comprehensively validated
across site and global scales and widely used in exploring global ET changes (Y. Zhang et al., 2016). Here, we
resampled this PML product into 0.125° through bilinear interpolation.

2.1.2. Forcing

In this study, we selected the hourly and 0.125° forcing data set of Phase 2 of the North American Land Data
Assimilation System (NLDAS-2; Xia et al., 2012) to drive Noah-MP, including precipitation, downward short-
wave and longwave radiation, surface air temperature and pressure, wind, and specific humidity. The global
1-km hybrid State Soil Geographic Database and the USGS 24-category vegetation data were resampled into a
resolution of NLDAS-2 and then used to determine dominant soil and vegetation types at a grid-cell level in our
modeling experiments.

2.2. Model and Experiments

The Noah-MP LSM is an improved version of the Noah LSM with multiple options of key physical processes to
represent energy, water, and carbon flux exchanges between the land surface and the atmosphere (Niu et al., 2011;
Yang et al., 2011). Noah-MP represents one canopy layer, up to three snow layers depending on the snow depth,
four soil layers with a total depth of 2 m, and an unconfined aquifer. Noah-MP adopts the simple bucket-type
groundwater model of Niu et al. (2007) to represent groundwater recharge into the aquifer (or “bucket”) in wet
periods and groundwater capillary rise from the “bucket” during dry periods. The explicit aquifer representa-
tion better captures TWSA than a deeper soil profile because it reduces the model dependence on subsurface
hydrologic parameters, such as soil porosity and soil texture (Gulden et al., 2007). Noah-MP also introduces a
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micropore volume fraction (f,,; 0-1) to reduce groundwater capillary rise due to the presence of macropores

ics
associated with soil aggregates, plant roots, and worm holes (Beven & Germann, 1982). Noah-MP can represent
a full groundwater capillary rise effect (f,,. = 1) and free drainage boundary condition at the soil bottom (f, ;. = 0)
by varying f, . . The rate of gross photosynthesis (or GPP) is computed as the minimum of three limiting factors:
Rubisco limitation, light limitation, and that associated with transport of photosynthetic products for C, plants
and PEP-carboxylase limitation for C, plants (Bonan, 1996). It also includes a short-term vegetation phenology
model that describes allocation of the assimilated carbon to various parts of the plant (root, leaf, stem, and wood),
death due to cold and drought stresses, and turnover due to senescence, herbivory, or mechanical loss (Dickinson

et al., 1998).

In this study, we used the recent version of Noah-MP with improved plant and soil hydraulics to enhance the
modeled plant drought resilience (Niu et al., 2020). The new Noah-MP explicitly represents dynamic plant water
storage supplied by root water uptake through hydrotropic root growth to meet transpiration needs, reflecting the
tight coupling between water and carbon cycles. Noah-MP incorporates a macroscopic root water uptake model,
which represents the lumped effects of vertical distribution in root surface area density on root water uptakes from
each soil layer, Q,, with a total depth of 2 m (more details in Niu et al., 2020):

0r=Y" 0= 3" Ay el M

1 Qpr + Qy;

where i represents the ith root layer, N is the number of total soil layers containing roots (4 in this study for all
vegetation types), Ag; is the root surface area per unit ground area (RAI; m*/m?), h;, is the soil matrix suction
head (m), A is the root suction head (m), Qp is the root radial resistance to water flow through roots (s), and Q;;
is the resistance for water flowing from ambient soil toward root surface in the ith layer (s). Qg is the sum of root
water uptake from all layers (m/s). Noah-MP assumes an equilibrium hydraulic state between all parts of plant
(leaf, stem, and all root layers), and thus Ag is assumed to be close to the leaf water head. A observation-based
relationship between leaf water head and relative water loss (Roderick & Canny, 2005) is used in this model to
convert plant water storage to /. Plant absorbs soil water through roots (positive Qr;) and releases water to soil
layers (negative Qg;), which represents HR through water exchanges between soils and roots at different depths.
Moreover, Noah-MP represents the plant water availability (f) as a function of plant water storage, instead of soil
water availability, to regulate transpiration and photosynthesis processes:

@)

M,-M wi
A = max (0.0, 47"“)

Mq,max - Mq,wi[t

where M, represents the plant water amount (mm), M, ., is the minimum plant water storage at a wilting
point of 30 bar (mm), and M, is the maximum plant water storage (mm). It should be noted that M, and
M ax refer to the whole plant water storage. M, — M i, is the available plant water storage for transpiration,
while M nax — Mg i 1S the maximum plant water storage that can be used for transpiration. M .y is converted
from plant dry biomass using a vegetation-dependent ratio of the maximum plant water to dry biomass (Niu
et al., 2020). This version also develops options of soil hydraulics by adding the van Genuchten (VG) water reten-
tion model (van Genuchten, 1980) in parallel with the original CH model (Clapp & Hornberger, 1978; Figure 1).

We conducted three experiments: (a) CTRL with all the new improvements including the plant hydraulics with
dynamic roots (Niu et al., 2020), the VG soil water retention model, and groundwater capillary rise (Table S1 in
Supporting Information S1); (b) LowR, based on CTRL, but without plant hydraulics and groundwater capillary
rise (i.e., free drainage); and (c) SoilH, based on CTRL, but uses the CH soil water retention model. All experi-
ments were performed seven loops from 1980 to 2015 (36 years; for a total of 252 years to ensure adequate model
spin-up) with NLDAS-2 (Xia et al., 2012) as forcing inputs, and the results of 2001-2015 from the last loop were
used in our analysis. We first investigated the impacts of plant and soil hydraulics on average and IAV of annual
GPP. We also established linear relationships between the anomalies of the annual GPP and TWSA for observa-
tions and modeling results to explore how this relationship would change without proper model representations
of plant and soil hydraulics. To be consistent with the GRACE TWSA, the modeled monthly TWSA was derived
by subtracting the mean value during 2004-2009 and then summed up to generate the annual TWSA. It should be
noted that annual GPP and TWSA were linearly detrended before the following analysis.
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Figure 1. Soil water retention curves of van Genuchten (VG; green lines) and Clapp—Hornberger (CH; red lines) with the wilting point (30 bar, or 306 m; horizontal
dashed lines) for sandy clay (39%), silt clay (23%), and clay (20%) in the central US. Percentages in brackets represent fraction of coverage of each soil in the central US
(the red box region in Figure 3).

(a)

3. Results
3.1. Data Analyses

We first examined the consistency of multiyear mean and normalized IAV (coefficient of variation; CV hereafter)
of the linearly detrended GPP among FLUXNET (2001-2011), MODIS (2001-2015), and GOSIF (2001-2015)
over the CONUS. We computed the CV value as the ratio of standard deviation to the multiyear mean using
linearly detrended data. We removed the long-term trend by linear regression through the whole study. The
spatial patterns of multiyear mean and CV of the three products agree well but show substantially different
magnitudes (Figure S1 in Supporting Information S1). The multiyear mean of the detrended GPP averaged over
the CONUS of GOSIF is the largest (995.4 gC/m?/year), followed by FLUXNET (866.4 gC/m?/year) and MODIS
(846.2 gC/m?/year). The averages of the three GPP products for the multiyear mean and CV in the CONUS are
902.6 gC/m?/year and 0.10, respectively (Figure S2 in Supporting Information S1).

The three GPP products exhibit larger CV values in the central US and the southwest US (Figure S1 in Supporting
Information S1) in response to more episodic droughts as reflected by the larger CV of aridity index (Figure S3
in Supporting Information S1). In this study, we focus on the central US for our analyses on the IAVs of the three
GPP products and their relationships with the GRACE TWSA. Despite the spread among three GPP products
(Figure 2a), the timing and variations agree well (Figure 2b). The CV values of three products in the central
US are 0.14, 0.15, and 0.15, respectively, which are higher than those over the CONUS (~0.10). Additionally,
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Figure 2. (a) Annual gross primary productivity (GPP; gC/m?/year) of FLUXNET (2001-2011; black line), MODIS (2001-2015; purple line), and GOSIF (2001—
2015; green line) and annual GRACE terrestrial water storage anomaly (TWSA; 2003-2015; mm/year) averaged over the central US (the red box in Figure 3b with

a longitude range of 104.0625°W-95.0625°W). (b) The same as (a) but for the detrended anomaly of the GPP products and detrended TWSA. (c) Detrended annual
GPP anomaly of the observation-based GPP products versus GRACE TWSA during 2003-2015 (FLUXNET: 2003-2011), with the slopes and Pearson correlation

coefficients (r; p > 0.05 likely due to the brevity of the GRACE TWSA time series) provided in the panel.
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Figure 3. (a) Mean annual gross primary productivity (GPP; gC/m?/year) and (b) normalized interannual variability (coefficient of variation or CV) of FLUXNET
during 2001-2011. (c, d) The same as (a) and (b) but for the CTRL experiment, respectively. Annual GPP was linearly detrended before calculating averages and
CVs. (e) Annual GPP of FLUXNET, MODIS, GOSIF, and CTRL for the central US during 2001-2011. (f) Detrended GPP anomaly of CTRL and the average of the
detrended anomaly of the three GPP products with +1 std (“avg” in the legend) during 2001-2011, and detrended TWSA (mm/year) of CTRL and GRACE over the

central US during 2003-2015.

the detrended annual GPP anomalies of all the products show a positive correlation with the GRACE TWSA
with similar linear regression slopes (or water use efficiency; 0.21, 0.14, and 0.14 gC/mm H,O for FLUXNET,
MODIS, and GOSIF, respectively), despite the insignificant correlation. This insignificance is likely due to the
short temporal coverage (2003-2015; Figure 2c), because the detrended anomaly of FLUXNET GPP is signifi-
cantly correlated to that of a recently reconstructed TWSA in the central US during a longer period from 1982 to
2011 (Figure S4 in Supporting Information S1). It is also possible that the insignificant correlation is caused by
the plant and soil hydraulics and/or irrigation. The positive signs indicate that a positive TWSA in wetter years
results in an increased plant carbon uptake.

3.2. Model Evaluation

The climatology and CV of the detrended annual GPP during 2001-2015 resulting from CTRL show a simi-
lar spatial pattern to those of FLUXNET, MODIS, and GOSIF (Figures 3a-3d and Figure S2 in Supporting
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Figure 4. (a) Mean annual leaf area index (LAI; m*m?) and (b) normalized interannual variability (coefficient of variation or CV) of MODIS during 2002-2015. (c, d)
The same as (a) and (b) but for the CTRL experiment, respectively. Annual LAI was linearly detrended before calculating averages and CVs.

Information S1) in the CONUS. Both the FLUXNET and simulated GPP by CTRL decreases from over
2,000 gC/m?/year in the humid southeast US to less than 200 gC/m?/year in the dry southwest US (Figures 3a
and 3c), opposite to that of mean annual aridity index (Figure S3 in Supporting Information S1), suggesting
strong hydroclimatic controls (light and water) on ecosystem productivity. The mean annual GPP modeled by
CTRL averaged over the CONUS is 875.5 gC/m?/year, comparable to the average of three observed GPP products
(902.6 gC/m?/year; Figure S2 in Supporting Information S1). The CV value over the CONUS is 0.09, close to
the observed (~0.10), and the probability distributions of the annual GPP and CV are comparable to those of the
three products (Figure S2 in Supporting Information S1).

Here, we focus on the model performance over the central US because the central US is a dry-to-wet transition
zone with more apparent IAVs (the red box in Figure 3b) for both the modeled and observed annual GPP. Due to
the large spread of the observed GPP (GOSIF > FLUXNET > MODIS), the simulated GPP falls easily within the
range of the observations during 2001-2015 (Figure 3e). The anomaly of the detrended GPP follows closely the
observed in terms of timing and amplitude (though slightly overestimated; Figure 3f). The modeled TWSA
agrees with GRACE TWSA but the amplitude is overestimated. This may likely result from overestimation of
soil surface evaporation especially during droughts (e.g., 2011-2012) due to inadequate process representations
(Chang et al., 2018) and/or incomplete search of optimal parameters in the groundwater capillary rise. The simu-
lated GPP-TWSA sensitivity (~0.05 gC/mm H,0) is lower than the observed water sensitivity (e.g., 0.14 gC/
mm H,O of GOSIF) due to the overestimated amplitude of TWSA. This may be also attributed to uncertainties in
modeling the plant intrinsic water use efficiency (Egea et al., 2011) and/or the lower-than-observed ratio of tran-
spiration to ET modeled by Noah-MP (Figure S5 in Supporting Information S1), like most other LSMs (Chang
et al., 2018). Both the observed and modeled GPP-TWSA relationships are insignificant (P > 0.05) due to the
short period of the analysis limited by the observed TWSA availability.

Besides GPP, we also evaluated the modeled LAI and ET against MODIS LAI and PML ET products. Noah-MP
well captures spatial distributions of observed LAl in terms of mean annual and IAV during 2002-2015 (Figure 4).
Similar to GPP, LAI exhibits high values in the Pacific Northwest and southeastern US with large IAVs in the
central US. Modeled ET declines from the southeastern US to the western US, consistent with PML ET (Figure
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Figure 5. Boxplots of (a) mean annual gross primary productivity (GPP; gC/m?%/year) and (b) the coefficient of variations (CVs) products of FLUXNET (2001-2011;
black), MODIS (2001-2015; purple), and GOSIF (2001-2015; green) as well as GPP produced by the models of CTRL (blue), LowR (yellow), and SoilH (red) during
2001-2015 in the central US (the red box in Figure 3). Annual GPP was linearly detrended before calculating averages and CVs.

S6 in Supporting Information S1). In addition, similar spatial patterns between GPP, LAI, and ET indicate strong
water and vegetation productivity coupling.

3.3. Key Controls on the IAV of GPP

The mean annual GPP produced by LowR remarkably decreases over almost the entire CONUS but more exten-
sive over the central US (Figures S7a-S7d in Supporting Information S1), reflecting the dominant control of
water availability on GPP. The mean annual GPP averaged over the CONUS drops from 875.5 gC/m?/year by
CTRL to 671.1 gC/m?/year (by 23.3%; Figure S2a in Supporting Information S1). In contrast, the GPP CV is
significantly enhanced with the averaged value over the CONUS changing from 0.09 to 0.24 (Figure S2b in
Supporting Information S1) due to increased plant water stress (Figures S8a—S8d in Supporting Information S1).
The mean annual GPP over the central US is 45.7% lower than that of CTRL, and the GPP IAV is twice higher
than that of CTRL (Figure 5). The spatial pattern of GPP decreases (Figure S7b in Supporting Information S1)
matches that of aridity variations (Figure S3 in Supporting Information S1). During more frequent and intense
droughts in the central US, LowR, without representations of plant hydraulics with dynamic roots and ground-
water capillary rise, produces lower GPP (Figure S9 in Supporting Information S1) under enhanced plant water
stress, resulting a larger IAV, compared to CTRL.

Compared to CTRL, SoilH slightly reduces the mean and IAV of annual GPP over CONUS (Figures S7e and
S7f and Figure S2 in Supporting Information S1) but a substantial reduction of mean annual GPP in the central
US by 9.1% to 722.8 from 795.5 gC/m?/year in CTRL (Figure 5). Also, the CV value averaged over the central
US increases from 0.13 to 0.24 (Figure 5b). The CH soil water retention model used in SoilH tends to overesti-
mate soil matric suction than does the VG model, especially in the dry end of the soil water retention curve (Niu
et al., 2020). The top three soil types in the central US are sandy clay, silt clay, and clay, accounting for 39%,
23%, and 20% of the central US, respectively. The soil moisture corresponding to the wilting point at 30 bar in
SoilH with the CH model are much larger than that in CTRL with the VG model for all these soil types (0.19 vs.
0.12 m*/m? for sandy clay; 0.24 vs. 0.16 m*/m? for silt clay; and 0.27 vs. 0.17 m*/m? for clay; Figure 1). The larger
wilting point in soil moisture with the CH model (in SoilH) allows less soil water to be extracted by plant roots
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anomaly (TWSA; mm/year) produced by FLUXNET, MODIS, GOSIF, CTRL, LowR, and SoilH during 2003-2015, except
FLUXNET (2003-2011).

for transpiration and photosynthesis, reducing GPP over drought years (Figure S9 in Supporting Information S1)
and thus enhancing the GPP IAV.

Over the central US, the correlations between GPP and TWSA are much higher in LowR (0.85) and SoilH (0.68)
than in CTRL (0.39; Figure 6) and observation-based data sets (0.49-0.65; Figure 2). Also, the sensitivity of GPP
to TWSA is substantially enhanced from 0.04 gC/mm H,O by CTRL to 0.40 and 0.22 gC/mm H,O by LowR and
SoilH, respectively, both of which are larger than the observed values (0.14-0.21 gC/mm H,0). The enhanced
correlation and sensitivity by LowR and SoilH are mainly caused by the lower RUE resulting from the lower
water availability under drought conditions (Figure S10 in Supporting Information S1). This suggests that models
without adequate representations of plant and soil hydraulics and surface—groundwater interactions, like LowR
and SoilH, may produce lower plant drought resilience and thus overestimate the sensitivity to water availabil-
ity. However, CTRL with more detailed considerations of these ecohydrological processes produces a weaker
sensitivity of GPP to water availability, suggesting that further model developments in ET partitioning and plant
intrinsic water use efficiency (Egea et al., 2011) and parameter calibration in these newly added processes (Huo
et al., 2019) are needed.

4. Discussion

The model representations of plant and soil hydraulics incorporated in CTRL lead to a better simulation of
GPP. More specifically, the model representations in CTRL include augmented descriptions of dynamic root
water uptake, plant water storage, carbon biomass allocation into roots, hydrotropic root growth, plant stomatal
hydraulic stress, and soil water retention characteristics (Niu et al., 2020). Plant water storage contributes signif-
icantly to transpiration by buffering the water stress during daytime through nocturnal water uptake by roots (C.
W. Huang et al., 2017) and possibly at seasonal scales in some tropical woodlands (Tian et al., 2018). It also can
reduce the risk of xylem embolism as evidenced by observation and modeling experiments (Niu et al., 2020;
Vogel et al., 2017; Waring & Running, 1978). The new carbon allocation scheme tends to allocate more GPP
to roots under water stress with a maximum of 30% (Niu et al., 2020). Figure 7 shows that CTRL produces a
higher root carbon biomass than the other two experiments and thus facilitates root water uptake. In addition,
root respiration and growth are regulated by soil temperature and moisture, resulting in a dynamic vertical root
distribution. More importantly, the plant stomatal hydraulic stress is parameterized as a function of plant water
storage (Niu et al., 2020) to control transpiration and photosynthesis, instead of empirical functions determined
by soil water availability (or soil water potential). These empirical functions associate stomatal conductance with
soil water conditions, implicitly considering the impacts of vapor pressure deficit and active plant hydraulics on
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Figure 7. Mean annual root carbon biomass in (a) CTRL, (b) LowR, and (c) SoilH during 2001-2015 (gC/m?*/year).

stomata openings (Kennedy et al., 2019; Sperry & Love, 2015). Trugman et al. (2018) demonstrated remark-
able uncertainties in the estimates of terrestrial carbon cycle because photosynthesis processes are regulated
by empirical soil moisture (or water potential) functions. These plant hydraulics incorporated together into old
models (i.e., the model in LowR) reconcile modeling results with GPP observations. L. Li, Yang, et al. (2021)
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implemented a scheme of plant hydraulics into Noah-MP with less attention to root water uptake but more to
water transfer through different parts of plants (e.g., stem, root, and leaf) under the assumption of a nonequilib-
rium hydraulic state between the plant parts. Because the modeled hydraulic effects were tested only at plot scales
and tree levels, the model needs further tests, and the model parameters needs further calibrations for various
vegetation types before large-scale applications like this study.

The Noah-MP version used in this study also features “HR” (Dawson, 1993; Prieto et al., 2012) through water
exchanges between soils and roots. HR facilitates movement of soil water from wetter deep layers to the near-sur-
face drier layers to sustain plant transpiration and soil surface evaporation during dry seasons (i.e., hydraulic lift).
On the other hand, HR facilitates soil water infiltration into deep soil layers during rainy periods, which help
reduce soil surface evaporation and store more water for the following dry periods (i.e., hydraulic descent). HR
is determined by physiological, climatic, and biological factors, such as precipitation amount and spatiotemporal
distribution, root—soil water potential gradient, root structure and surface area, accessibility to groundwater, and
soil texture (Bleby et al., 2010; Neumann & Cardon, 2012). Previous observation and modeling studies have
demonstrated the importance of HR to transpiration over worldwide ecosystems and species, such as in trop-
ical savanna, semiarid grassland, and shrublands (Bleby et al., 2010; Dawson, 1993; Fan et al., 2017; Jackson
et al., 2000; J.-E. Lee et al., 2005; Neumann & Cardon, 2012; Wu et al., 2020; Zhou et al., 2020). To assess the
impacts of HR on soil evaporation and transpiration, we performed an additional experiment (NoHR), in which
HR was turned off by setting up the negative Qg values at all layers as 0. Here, we compared ET, transpira-
tion, and soil surface evaporation resulting from NoHR with those from the CTRL experiment (Figure 8). The
HR effects are widespread for most of the plants over the modeling domain, because our model assumes that
HR occurs when the soil water potential is less than the root water potential at a same layer. In contrast, field
experiments suggest that hydraulic lift does not occur until shallow soil water potential drops below a threshold
(Meinzer et al., 2004; Neumann & Cardon, 2012) with root architectures spanning horizontal or vertical water
potential gradients (Neumann & Cardon, 2012; Scholz et al., 2008). Therefore, Noah-MP tends to overestimate
HR, especially with an unconfined aquifer at the soil bottom. The CTRL modeled HR decreases ET by up to
~10% of ET (Figure 8b); CTRL with HR reduces transpiration and increases soil evaporation, more apparently in
the western and central US. In other words, the root water is released into the surrounding drier soils, moistening
the soil and thus supporting soil surface evaporation. The lower transpiration ratio and plant water use efficiency
are unexpected, because a number of observations have shown that HR enhances plant transpiration in the west-
ern and central US (Bleby et al., 2010; Hultine et al., 2004; E. Lee et al., 2018; Scott et al., 2008). Further analysis
of the modeling results indicates NoHR increases f§ despite a decrease in the plant water storage (Figure S11 in
Supporting Information S1). The increase in f is mainly caused by more reductions in M ,..x (Equation 2) that is
3-9 times (dependent on vegetation type) of the water-reserving biomass (dominated by root biomass), which is
reduced due to less carbon allocation to roots caused by increases in g (0.3 X (1 — ); see Niu et al., 2020). This
unexpected increase in transpiration by NoHR may be resolved by separating the leaf water storage from that for
the whole plant.

Despite advanced improvements that are incorporated into our large-scale LSM, belowground plant form and
functions and human activities (e.g., irrigation) are still not well represented in our model. First, the improved
model prescribed a constant rooting depth of 2 m across spatiotemporal scales. Previous studies reported without
enough deep rooting depth, hydraulic lift will be greatly reduced because of lack of access to water sources. Niu
et al. (2020) also simulated GPP using the same model as CTRL and reported Noah-MP with three-layer root
produces less annual transpiration and GPP with enhanced IAV relative to that with four-layer root. Rooting
depth is primarily controlled by topography, groundwater table, and capillary rise (Fan et al., 2017). However,
microtopography is still not well represented in ESMs. Swenson et al. (2019) recently incorporated represent-
ative hillslopes into the community land model 5.0, reproducing observed upland and lowland ET differences
in a catchment. Global-scale hillslope representations are still needed in models given the complex interac-
tions between hillslope, ecosystem, and climate systems. Second, root phenology and mycorrhizal-root inter-
actions were implicitly accounted by calibrating our model against easy-accessible observations, such as GPP,
ET, and TWSA, due to lack of large-scale belowground observations. More importantly, some root physiological
processes are not incorporated into LSMs, such as root lifespan and mortality (Smithwick et al., 2014). Last,
irrigation can minimize the impacts of drought on crop and increase agriculture production. The insignificant
correlation between observed GPP and TWSA (Figure 2¢) may be a result of irrigation over the High Plains.
Neglecting irrigation processes may potentially underestimate the transpiration ratio and GPP but overestimate
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Figure 8. Mean annual (a) evapotranspiration (ET; mm/year), (c) transpiration (ETRAN; mm/year), and (e) soil evaporation (ESOIL; mm/year) of CTRL during
2001-2015. The difference of mean annual (b) evapotranspiration, (d) transpiration, and (f) soil evaporation between CTRL and NoHR during 2001-2015 (mm/year).
The NoHR experiment is similar to the CTRL experiment, except with hydraulic redistribution turned off.

GPP IAV and its water sensitivities, which may propagate into climate modeling biases (e.g., precipitation and
air temperature) through the land—atmosphere interactions (Dong et al., 2022). The lower-than-observed GPP—
TWSA sensitivity resulting from CTRL may be due to the strong groundwater capillary rise effect and/or incom-
plete search of plant hydraulic parameters. Although recent modeling efforts have been implementing irrigation
and other agriculture practice into LSMs (or ESMs), developments of accurate irrigation data considering agri-
cultural management (e.g., amount and timing from local water meters) and climate—agriculture-hydrology inter-
actions at various spatiotemporal scales still need to be further improved (Levis et al., 2012; X. Liu et al., 2016; Z.
Zhang et al., 2020). Therefore, concerted large-scale observations and modeling are required to further improve
our understandings of belowground biological processes.

5. Conclusion

In this study, we first performed analyses of three GPP products and conducted model experiments to discern the
dominant ecohydrological controls on the IAVs of plant carbon uptake as well as their sensitivities to TWSA.
We conclude that

1. The various estimates of annual GPP including FLUXNET, MODIS, and GOSIF show more dependence on
the water availability over the central US, where more episodic droughts occur than over other regions of the
CONUS.
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2. Noah-MP with explicit representations of plant and soil hydraulics with the aid of groundwater capillary rise
well captures the spatiotemporal variations in GPP with enhanced plant drought resilience and GPP sensitivity
to water availability.

3. Noah-MP without plant hydraulics and groundwater capillary rise produces a low plant drought resilience and
stronger GPP sensitivity to water availability (e.g., the LowR experiment); so does the CH soil water retention
model (the SoilH experiment), which generally produces too strong soil matrix suction (especially under dry
conditions), reducing the water availability for plant use.

Models without adequate treatments of plant and soil hydraulics as well as groundwater capillary rise (or
lack of irrigation) may substantially overestimate the GPP sensitivity to water availability over regions under
episodic droughts. Droughts have become more frequent, intense, and last longer (Trenberth et al., 2014) and will
become more widespread under global warming (Dai, 2013; J. Huang et al., 2016). Terrestrial ecosystems may
likely experience intensified variations in hydroclimatic conditions, enhancing the IAV of plant carbon uptake.
However, current LSMs or ecosystem models may overestimate the IAV of GPP and the water sensitivity of GPP
due mainly to the low plant drought resilience resulting from inadequate representations of some key ecohydro-
logical processes.

This study highlights the importance of improved representations of ecohydrological processes, for example,
plant and soil hydraulics and surface—groundwater interactions in ESMs. We strongly suggest the use of the VG
hydraulic model to replace the most commonly used CH model in land surface modeling, which produces too
strong soil suction of water especially in dry conditions.

Data Availability Statement

The data used in this study are available online: NLDAS-2 forcing data (http://www.emc.ncep.noaa.gov/
mmb/nldas/); the 1-km hybrid State Soil Geographic Database and the USGS 24-category vegetation data
(https://ral.ucar.edu/solutions/products/noah-multiparameterization-land-surface-model-noah-mp-Ism); the
FLUXNET-MTE GPP (https://www.bgc-jena.mpg.de/geodb/projects/Home.php); the MODIS GPP (http://files.
ntsg.umt.edu/data/NTSG_Products/MOD17/GecTIFF/MOD17A2/); the MODIS LAI (http://globalchange.bnu.
edu.cn/research/laivo#download); the SIF-based GPP (https://globalecology.unh.edu); the GRACE TWSA data
(http://grace.jpl.nasa.gov); the reconstructed GRACE TWSA data (https://doi.org/10.5061/dryad.z612jm6bt);
and the PML ET products (https://data.csiro.au/collections/collection/Clcsiro:17375v2).
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