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Abstract 19 

 20 

Atmospheric dryness (i.e., high vapor pressure deficit, VPD), together with soil moisture stress, 21 

limits plant photosynthesis and threatens ecosystem functioning. Regions where rainfall and soil 22 

moisture are relatively sufficient, such as the rainfed part of the U.S. Corn Belt, are especially 23 

prone to high VPD stress. With globally projected rising VPD under climate change, it is crucial 24 

to understand, simulate, and manage its negative impacts on agricultural ecosystems. However, 25 

most existing models simulating crop response to VPD are highly empirical and insufficient in 26 

capturing plant response to high VPD, and improved modeling approaches are urgently required. 27 

In this study, by leveraging recent advances in plant hydraulic theory, we demonstrate that the 28 

widely used coupled photosynthesis-stomatal conductance models alone are insufficient and 29 

underestimate VPD stress effects on stomatal conductance and transpiration. Incorporating plant 30 

xylem hydraulic transport significantly improves the simulation of transpiration under high VPD, 31 

even when soil moisture is sufficient. Our results indicate that the limited water transport 32 

capability from the plant root to the leaf stoma could be a major mechanism of plant response to 33 

high VPD stress. We then introduce a Demand-side Hydraulic Limitation Factor (DHLF) that 34 

simplifies the xylem and the leaf segments of the plant hydraulic model to only one parameter 35 

yet captures the effect of plant hydraulic transport on transpiration response to high VPD with 36 

similar accuracy. We expect the improved understanding and modeling of crop response to high 37 

VPD to help contribute to better management and adaptation of agricultural systems in a 38 

changing climate. 39 

  40 
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1. Introduction 41 

Ecosystems, including agricultural ecosystems for food production, are prone to drought. 42 

Drought adversely affects ecosystem functioning and reduces its productivity and crop yield 43 

(Dietz et al., 2021; Y. Li et al., 2009). For many years, agricultural drought has been 44 

characterized mostly by precipitation shortage and insufficient soil moisture (Alley, 1984; 45 

Mishra & Singh, 2010; Palmer, 1965). Recent studies have demonstrated the increasing 46 

importance of the adverse effects of atmospheric dryness (high vapor pressure deficit, VPD) on 47 

ecosystem productivity, especially for regions where rainfall and soil moisture are relatively 48 

abundant (Grossiord et al., 2020; Kimm et al., 2020; Kimberly A. Novick et al., 2016). The U.S. 49 

Corn Belt located in the relatively humid Midwestern U.S., which is the world’s largest maize 50 

and soybean production region, is primarily affected by atmospheric dryness stress compared to 51 

soil moisture stress (Kimm et al., 2020). Moreover, VPD is projected to increase globally with 52 

increasing temperature under climate change (IPCC Climate Change, 2013). The modeling and 53 

understanding of crop response to VPD stress will be increasingly important to any mitigation or 54 

adaptation strategies to ensure food production. 55 

 56 

However, modeling plant water stress is a major challenge in land surface models, often causing 57 

large uncertainties in simulated ecosystem energy, water, and carbon fluxes (Paschalis et al., 58 

2020; Rogers et al., 2017; Trugman et al., 2018). In modern land surface models, a coupled 59 

photosynthesis-stomatal conductance model (Ball et al., 1987; Leuning, 1995; Medlyn et al., 60 

2011) combined with a module (Feddes et al., 1976; Sinclair et al., 1984; Venturas et al., 2017) 61 

accounting for the effects of plant hydraulic transport on leaf gas exchange is typically used to 62 

simulate stomatal conductance and transpiration. The dedicated scheme can be highly empirical 63 

(e.g., the empirical soil water stress function, a.k.a., the beta function) or more mechanistic (plant 64 

hydraulic models, PHM). Prior studies have demonstrated that despite the coupled-65 

photosynthesis stomatal conductance model capturing part of transpiration response to VPD 66 

stress, plant hydraulic transport imposes additional limitations on stomatal conductance under 67 

high VPD (Grossiord et al., 2020; Hubbard et al., 2001; Liu et al., 2020; Oren et al., 1999). 68 

Meanwhile, the widely used empirical soil water stress function in current-gen and previous-gen 69 
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land surface and crop models does not respond to VPD. As a result, the simulation of 70 

transpiration response to high VPD stress in many models bears large uncertainties. 71 

 72 

Recent advances in plant hydraulic theory and modeling led to the wide incorporation of plant 73 

hydraulic transport processes into many land surface models, resulting in better simulations of 74 

plant response to water stress overall. Prior studies also demonstrated that PHMs can accentuate 75 

the effect of VPD stress (Liu et al., 2020), underlining the necessity of PHMs to accurately 76 

capture the full effects of VPD stress on ecosystem functioning, with empirical schemes being 77 

mechanistically insufficient. However, to what extent plant hydraulic processes are important in 78 

capturing VPD stress under different environmental conditions remains unclear, especially for 79 

crops in rainfed regions where the primary water stress factor is VPD. Furthermore, although 80 

PHMs provide more mechanistic representations and can theoretically achieve better accuracy, in 81 

practice, PHMs have many parameters and are oftentimes difficult to measure and constrain 82 

(Anderegg, 2015; Anderegg et al., 2018; Paschalis et al., 2020). This hinders the use of PHMs in 83 

many cases where the observation data are scarce or have large uncertainties (Prentice et al., 84 

2015). Therefore, a more comprehensive assessment of the role plant hydraulic processes play in 85 

crop response to VPD stress and a simplified representation of the relevant processes would be 86 

beneficial for cropland applications. 87 

 88 

In this paper, we aim to assess the necessity of plant hydraulic processes in capturing crop 89 

transpiration response to high VPD stress and propose a simplified representation of the relevant 90 

processes for easier applications. Specifically, we ask two questions: (1) To what extent are plant 91 

hydraulic processes important in capturing VPD stress in the U.S. Corn Belt? (2) Is there room 92 

for a simplified representation of the plant hydraulic model for simulating crop response to VPD 93 

for improved efficiency in model simulation and parameter estimation? To answer the questions, 94 

we first do numerical experiments to analyze the theoretical relationship between plant hydraulic 95 

processes and the response to high VPD; then we conduct modeling experiments in flux tower 96 

sites and compare model simulation with flux tower observations to assess the improvements of 97 

incorporating PHM for capturing VPD stress; finally, we introduce a simplified method for 98 

simulating VPD stress and demonstrate its effectiveness and efficiency. We expect the improved 99 
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understanding of the role of plant hydraulics in the response to VPD stress and the simplified 100 

modeling method would contribute to better evaluation and management of agricultural drought 101 

under a changing climate.  102 

 103 

 104 

2. Materials and Methods 105 

2.1 Modeling of crop transpiration response to VPD 106 

2.1.1 Coupled photosynthesis-stomatal conductance model 107 

In modern land surface models, plant transpiration response to water stress is jointly simulated 108 

by a coupled photosynthesis-stomatal conductance model and a dedicated scheme to account for 109 

water transport in the Soil-Plant-Atmosphere Continuum (SPAC). The response to VPD stress is 110 

partially accounted for by the coupled photosynthesis-stomatal conductance model. The widely 111 

used Ball-Berry model (Ball et al., 1987) takes relative humidity, which is highly correlated with 112 

VPD, as one of the essential environmental factors to determine stomatal conductance. Other 113 

similar models such as the Ball-Berry-Leuning (Leuning, 1995) and Medlyn (Medlyn et al., 2011) 114 

stomatal conductance models directly use VPD as an input. In all these models, stomatal 115 

conductance reduces with rising VPD. In this study, we use the Medlyn stomatal conductance 116 

model as stated by 117 

 𝑔𝑠,𝑁𝐻𝐿 = 𝑔0 + (1 +
𝑔1

√𝐷
)

𝐴

𝐶𝑎
 (1) 118 

where 𝑔𝑠,𝑁𝐻𝐿 is stomatal conductance (m s
-1

) with no hydraulic limitation (NHL), 𝑔0 and 𝑔1 are 119 

fitted parameters, 𝐷  is VPD (Pa), A is net CO2 assimilation rate (μmol m
-2

 s
-1

), and Ca is 120 

atmospheric CO2 concentration (μmol mol
-1

). We will continue using the subscript NHL 121 

throughout the article to represent relevant variables that are calculated by the coupled 122 

photosynthesis-stomatal conductance model without the constraint caused by plant hydraulic 123 

transport in the SPAC, and we refer to the land surface model configured without the constraint 124 

of plant hydraulic transport as the NHL model. 125 

 126 

2.1.2 Plant hydraulic model 127 
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Mechanistically, water transport in the SPAC also responds to VPD and can constrain 128 

transpiration when the water transport capability is limited under high VPD (fig. 1b). Many 129 

current-generation land surface models use process-based plant hydraulic models as a 130 

mechanistic scheme to simulate water transport. Previously, highly empirical schemes such as 131 

the empirical soil water stress function and the supply-demand balance scheme were used as an 132 

approximation of the constraint of water transport on transpiration. Recent advances in modeling 133 

plant response to water stress further demonstrated that the empirical schemes are special cases 134 

of the mechanistic plant hydraulic models under certain conditions (Yang et al., 2023)
1
. Notably, 135 

the widely used empirical soil water stress function does not respond to VPD and hence 136 

inherently unable to capture water transport limitation in response to VPD stress. 137 

 138 

In this study, we use a three-segment plant hydraulic model (fig. 1a) to simulate water transport 139 

in the SPAC (L. Li et al., 2021). Water transport from the soil to the root xylem and from the 140 

root xylem to the leaf is driven by water potential differences and controlled by rhizosphere and 141 

xylem conductances.  142 

 𝑄𝑠𝑥 = 𝑔𝑠𝑥(𝜓𝑠) ⋅ (𝜓𝑠 − 𝜓𝑟𝑥 − ℎ𝑠) (2) 143 

 𝑄𝑥𝑙 = 𝑔𝑥𝑙((𝜓𝑟𝑥 + 𝜓𝑙)/2) ⋅ (𝜓𝑟𝑥 − 𝜓𝑙 − ℎ𝑐) (3) 144 

where 𝑄𝑠𝑥 and 𝑄𝑥𝑙 are the water flow from the soil to the root xylem and from the root xylem to 145 

the leaf, respectively; 𝑔𝑠𝑥 and 𝑔𝑥𝑙 are the respective conductances; 𝜓𝑠, 𝜓𝑟𝑥 and 𝜓𝑙 are soil, root 146 

xylem and leaf water potentials, respectively; and ℎ𝑠  and ℎ𝑐  are soil layer depth and canopy 147 

height. In this work, instead of calculating water flow from many soil layers, we use the effective 148 

root zone depth for Midwestern crops for simplicity. We also use the average of root xylem and 149 

leaf water potentials for the calculation of xylem water potential to account for the gradual 150 

decline of water potential from the root xylem to the leaf. The rhizosphere conductance is 151 

determined by root and soil hydraulic properties, and we use a cylindrical root model (Manzoni 152 

et al., 2013) and the Brooks-Corey soil hydraulic model to calculate it: 153 

 𝑔𝑠𝑥(𝜓𝑠) = √𝑅𝐴𝐼/(𝜋𝑑) ⋅ 𝐾𝑠𝑎𝑡 ⋅ (𝜓𝑠/𝜓𝑠,𝑠𝑎𝑡)−2−3/𝑏 (4) 154 

                                                 
1
 Yang, Y. (2023). A unified framework to reconcile theories of modeling transpiration response to 

drought: plant hydraulics, supply-demand balance, and empirical soil water stress. Manuscript submitted 

for publication. 
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where 𝑅𝐴𝐼 is the root area index, 𝑑 is the root zone layer depth, 𝐾𝑠𝑎𝑡 is saturated soil hydraulic 155 

conductivity, 𝜓𝑠 is soil matric potential, 𝜓𝑠,𝑠𝑎𝑡 is saturated soil matric potential, and 𝑏 is the soil 156 

particle size distribution parameter. We use a sigmoid function to parametrize xylem 157 

vulnerability curve: 158 

 𝑔𝑥𝑙(𝜓𝑥) = 𝑔𝑥𝑙,𝑚𝑎𝑥 ⋅ (1 + (𝜓𝑥/𝜓𝑥,50)𝑎1)−1 (5) 159 

where 𝑔𝑥𝑙,𝑚𝑎𝑥 is maximum xylem conductance, 𝜓𝑥,50 is the xylem water potential at 50% loss of 160 

conductance and 𝑎1 is a shape parameter. The stomatal response function to leaf water potential 161 

is also parameterized by a sigmoid function: 162 

 𝑓(𝜓𝑙) = 𝑔𝑠(𝜓𝑙)/𝑔𝑠,𝑁𝐻𝐿 = (1 + (𝜓𝑙/𝜓𝑙,50)𝑎2)−1 (6) 163 

where 𝑎2  is a shape parameter, and 𝜓𝑙,50  is the leaf water potential at 50% loss of stomatal 164 

conductance compared with NHL conditions. The final stomatal conductance is the NHL 165 

conductance calculated by the coupled photosynthesis-stomatal conductance model multiplied by 166 

the stomatal response function, and the actual transpiration is 167 

 𝑇 = 𝑇𝑁𝐻𝐿 ⋅ 𝑓(𝜓𝑙) (7) 168 

The plant hydraulic model takes soil moisture and NHL transpiration 𝑇𝑁𝐻𝐿 as input and is solved 169 

iteratively until water flows in every segment are equal: 170 

 𝑄𝑠𝑥 = 𝑄𝑥𝑙 = 𝑇 (8) 171 
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 172 

Fig. 1. Illustration of the plant hydraulic model (a) and how it affects plant response to VPD 173 

stress (b). The PHM is represented by the electric circuit analogy. On the left are the equations 174 

for water flow, and on the right are the functions for conductances. Under sufficient SWC (b), 175 

soil and root xylem water potentials are close to 0, and xylem conductance is close to the 176 

maximum conductance. However, leaf water potential could still drop significantly to overcome 177 

limited xylem conductance, and as a result stomatal may close in response to low leaf water 178 

potential and limit actual transpiration. 179 

 180 

2.1.3 Radiation and turbulent transfers 181 

We use the Noah-MP land surface model for the above-ground radiation and turbulent transfers 182 

(Niu et al., 2011; Z.-L. Yang et al., 2011). We choose Noah-MP for its wide usage in the 183 

meteorological and climate modeling communities and its computational efficiency. Readers are 184 

referred to (Niu et al., 2011; Z.-L. Yang et al., 2011) for a full description of the radiation and 185 

turbulent transfer schemes in Noah-MP. Relevant modules were extracted from the original 186 

Noah-MP model and coupled with the above-described stomatal conductance and plant hydraulic 187 

models. The full model is forced by meteorological data including air temperature, pressure, 188 

humidity, downward solar and longwave radiation, and precipitation. Because soil moisture 189 



9 

simulation is closely coupled with plant response to water stress (Lei et al., 2018), we use 190 

measured soil moisture as input instead of simulating it to reduce uncertainties. In the full model, 191 

the calculation of actual transpiration can be viewed as a two-step process: in the first step, the 192 

coupled photosynthesis-stomatal conductance model, together with the radiation and turbulent 193 

transfer schemes, resolves stomatal conductance and transpiration under the NHL conditions 194 

(𝑔𝑠,𝑁𝐻𝐿 and 𝑇𝑁𝐻𝐿; note, we use 𝑇to denote transpiration instead of temperature); in the second 195 

step, the plant hydraulic model takes 𝑇𝑁𝐻𝐿 and 𝑔𝑠,𝑁𝐻𝐿 as input and downregulates transpiration 196 

and stomatal conductance based on the water transport limitation in the SPAC and calculates the 197 

actual transpiration  𝑇 and stomatal conductance 𝑔𝑠 (see Section 4 for the implications of the 198 

two-step conceptualization). In this study, in addition to running the full model, we also conduct 199 

numerical experiments of running the plant hydraulic model only to demonstrate the limitation 200 

from plant hydraulic transport on transpiration under high VPD stress. In the plant hydraulic 201 

model only experiment, soil moisture and the NHL transpiration are prescribed and provided as 202 

input. 203 

 204 

 205 

2.2 Demand-side Hydraulic Limitation Factor (DHLF) 206 

Although plant hydraulic models provide the most complete mechanistic representations, they 207 

are complex, have many parameters, and, oftentimes, difficult to measure and constrain. We here 208 

derive a simplified method for simulating high VPD stress based on the plant hydraulic model. 209 

First, since we only focus on VPD stress when soil moisture is sufficient, which is typically the 210 

case for the rainfed region of the U.S. Corn Belt, the rhizosphere water transport segment can be 211 

neglected; instead, the root xylem water potential can be approximated by zero, which is close to 212 

the soil water potential when soil moisture is sufficient. The two remaining processes directly 213 

controlling transpiration response to VPD (xylem water transport and stomatal response to leaf 214 

water potential) have in total six parameters: 𝑔𝑥𝑙,𝑚𝑎𝑥, 𝜓𝑥,50,  𝑎1, ℎ𝑐, 𝜓𝑙,50, and 𝑎2. In practice, as 215 

in many process-based physical models, many parameters could be redundant if we only focus 216 

on the final response. In this study, we only keep one parameter out of the six, the maximum 217 

xylem conductance 𝑔𝑥𝑙,𝑚𝑎𝑥, and test if only keeping the one parameter can largely reproduce the 218 

response of the original formulation. That is, we test if the effects on the final response (the 219 
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actual transpiration) of changing the other four parameters can be compensated by a 220 

corresponding change of 𝑔𝑥𝑙,𝑚𝑎𝑥 . Specifically, in the test, we first do a numerical analysis 221 

similar to the plant hydraulic model only experiment mentioned in Section 2.1.3 by providing the 222 

NHL transpiration 𝑇𝑁𝐻𝐿 as input and check if the actual transpiration response 𝑇 are the same 223 

between the two formulations. We then test the two formulations using data from the flux tower 224 

(Section 2.3) to evaluate the real-world performance of the simplified formulation. We call the 225 

formulation with the only one adjustable parameter 𝑔𝑥𝑙,𝑚𝑎𝑥  to Demand-side Hydraulic 226 

Limitation Factor (DHLF), where demand-side means it only pertains to the stress from 227 

atmospheric dryness. 228 

 229 

 230 

2.3 Study region and experiment design 231 

We conducted the modeling experiments in seven flux tower sites located in the U.S. Corn Belt 232 

(fig. 2a and table 2). Among them, US-Ne1 (Suyker, 2016a) and US-Ne2 (Suyker, 2016b) are 233 

irrigated sites and other sites are rainfed. The meteorological forcings and soil moisture from the 234 

flux towers are used to drive the model. For the three Ne sites (US-Ne1-3), the meteorological 235 

forcings and ET data are from the FLUXNET2015 dataset (Baldocchi et al., 2001), and the soil 236 

moisture data are from the Ameriflux dataset (K. A. Novick et al., 2018). For all other sites, all 237 

measurements are from the Ameriflux dataset. For some sites (US-Br1, US-Br3, and US-Ro1) 238 

where soil moisture measurements are only available at the surface depth (e.g., 0.05 cm), we use 239 

the simulated root zone soil moisture from the full Noah-MP as a supplement (Y. Yang et al., 240 

2021). We use site-measured LAI for the three NE sites and satellite remote sensing LAI 241 

estimates for other sites (Jiang et al., 2020; Y. Yang et al., 2021). Soil hydraulic parameters are 242 

obtained from the gSSURGO soil database (Mitter, 2017). Model parameters related to plant 243 

photosynthesis, stomatal conductance, and hydraulic transport are calibrated using the ET data 244 

from the flux towers, with values from previous literature as the baseline. Since we primarily 245 

focus on high VPD stress in this study, we calibrate and evaluate the model using midday ET 246 

observations. We only evaluate the model during the peak growing season (7/1 to 8/15 for maize 247 

and 7/15 to 9/1 for soybean) to minimize the effects caused by the uncertainties of simulated soil 248 
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evaporation. In addition, periods when model simulation indicates significant canopy or soil 249 

evaporation are also excluded. 250 

 251 

We first run the model with no hydraulic limitation and calibrate the most important 252 

photosynthesis and stomatal conductance parameters (the maximum carboxylation rate 𝑉𝑚𝑎𝑥 and 253 

𝑔1) to achieve good performance when VPD is low (mid-day VPD is lower than 1000 Pa). We 254 

then run the complete model with plant hydraulic components and calibrate five out of the six 255 

plant hydraulic parameters (canopy height is excluded due to its clear physical meaning; site 256 

measurement values are taken instead) related to VPD stress (rhizosphere related parameters are 257 

fixed and not calibrated). We use the parameter values from the literature (Kattge et al., 2009; 258 

Lin et al., 2015; Miner et al., 2017; Miner & Bauerle, 2019; Sperry, 2000) as the prior and only 259 

allow them to change at most 20% from their prior values during the calibration to ensure they 260 

do not deviate too much from previous research. All other parameters not included in the 261 

calibration are from previous literature or the Noah-MP look up table. The performance of the 262 

NHL model and the complete model are then compared to evaluate the importance of hydraulic 263 

limitation in simulating transpiration response to VPD stress. Finally, we evaluate the 264 

performance of the simplified DHLF formulation and compare it with the complete model with 265 

the original plant hydraulic formulation. 266 

 267 

Fig. 2. The study region and flux tower sites in the U.S. Corn Belt with county level maize and 268 

soybean planted acreage in the background (a) and the workflow of the modeling experiments 269 

(b). 270 
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 271 

Table 1. The parameters calibrated in the modeling experiment. The two parameters in the NHL 272 

formulation (coupled photosynthesis-stomatal conductance only) are first calibrated under low 273 

VPD conditions. The PHM and DHLF are then calibrated with the NHL parameters fixed to the 274 

calibrated values from the first step. 275 

NHL (first step) PHM (second step) DHLF (second step) 

𝑉𝑚𝑎𝑥 (maximum 

carboxylation rate) 

𝑔𝑥𝑙,𝑚𝑎𝑥 (maximum xylem 

conductance) 

𝑔𝑥𝑙,𝑚𝑎𝑥 (maximum xylem 

conductance) 

𝑔1 (the Medlyn stomatal 

conductance model slope 

parameter) 

𝜓𝑥,50 (xylem water potential at 

50% of conductance loss) 

𝜓𝑥,50 removed (xylem 

conductance fixed to the 

maximum) 

 𝑎1 (xylem vulnerability curve 

shape parameter) 

𝑎1 removed  

 𝜓𝑙,50 (leaf water potential at 

50% stomatal conductance loss 

due to hydraulic limitation) 

𝜓𝑙,50 fixed to −100 𝑚𝐻2𝑂 

 𝑎2 (stomatal-leaf water 

potential response function 

shape parameter) 

𝑎2 fixed to 6 

 276 

 277 

Table 2. Information of the flux tower sites in the modeling experiments. 278 

Site Year MAP/mm MAT/°C Rainfed/Irrigated Crop type 

US-Bo1 2000-2008 792.10 11.40 rainfed Maize in odd 

years, soybean 

in even years 

US-Br1 2005-2011 933.61 9.13 rainfed odd maize, 
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even soybean 

US-IB1 2005-2011 966.76 9.52 rainfed even maize, 

odd soybean 

US-Ro1 2004-2012 762.45 7.71 rainfed odd maize, 

even soybean 

US-Br3 2005-2011 836.91 9.22 rainfed even maize, 

odd soybean 

US-Ne1 2003-2012 840.40 10.60 irrigated continuous 

maize 

US-Ne2 2003-2012 871.80 10.32 irrigated odd maize even 

soybean before 

2009, maize 

beginning 2009 

US-Ne3 2003-2012 712.15 10.42 rainfed odd maize, 

even soybean 

 279 

 280 

3. Results 281 

3.1 Incorporating plant hydraulic transport processes improves simulation of crop 282 

response to VPD stress 283 

In the numerical experiment of running the plant hydraulic model only, there is significant 284 

transpiration downregulation when 𝑇𝑁𝐻𝐿  is high even when SWC is sufficient (fig. 3). 285 

Mechanistically, high atmospheric dryness increases 𝑇𝑁𝐻𝐿 , and if the plant xylem hydraulic 286 

conductance is limited, low leaf water potential is required to create sufficient water potential 287 

gradient to drive xylem water transport. However, low leaf water potential also causes stomata to 288 

close and limit transpiration. Note although stomatal conductance responds to high VPD 289 

negatively in the stomatal conductance model, the NHL transpiration still increases.  290 

 291 

In the modeling experiments using flux tower data, for both maize and soybean, the NHL model 292 

significantly overestimates ET during relatively dry years compared with flux tower 293 

measurements. The overestimation mainly occurs when atmospheric dryness is high (𝑇𝑁𝐻𝐿  is 294 
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high) and increases when 𝑇𝑁𝐻𝐿  increases (fig. 3). Incorporating the limitation from plant 295 

hydraulic transport largely corrects the overestimation, which indicates that stomatal 296 

conductance models alone, though also responds to VPD, are insufficient to capture high VPD 297 

stress. As indicated in the flux tower measured data, root zone soil moisture in these corn belt 298 

sites rarely drops below 0.25, even in an extreme drought year like 2012; as a result, soil 299 

moisture is not a significant limiting factor for crop transpiration (fig. S1). In fact, even in the 300 

extreme drought year of 2012 where soil moisture stress does play a role, high VPD stress is still 301 

the dominant stress factor. Detailed time series analysis (fig. 4) reveals that the NHL 302 

transpiration has the largest overestimation compared to flux tower observation when VPD is 303 

high; during the entire peak growing season, soil moisture at 0.25 m depth, which covers the 304 

upper fraction of the root zone, is almost always above 0.25. 305 

 306 

Fig. 3. a, The numerical experiments of the transpiration responses; the dashed horizontal lines 307 

are the NHL transpiration (NHL does not respond to soil water stress and underestimate VPD 308 

stress) and the solid lines are the transpiration response of the PHM. b, The bias of the simulated 309 

ET by models without hydraulic limitation; and c, with plant hydraulic processes evaluated with 310 

flux tower data for maize. The joint distribution of 𝑇𝑁𝐻𝐿 and SWC is binned, and the square size 311 

represents the density of data in the binned region. Mean absolute errors (MAE) are given in the 312 

figure title. d-f, The same as a-c but for soybean. 313 
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 314 

 315 

Fig. 4. a, Time series of ET calculated with (PHM) and without (NHL) hydraulic transport 316 

limitation (NHL) compared with flux tower observed data (Obs.) for US-Ne3 in 2005; VPD is 317 

also shown. b, time series of precipitation and SWC at 0.25 m depth for the same period.  318 

 319 

3.2 The effectiveness and efficiency of Demand-side Hydraulic Limitation Factor 320 

In the numerical analysis, the DHLF formulation achieves nearly identical response as the 321 

original plant hydraulic model across realistic ranges of 𝑇𝑁𝐻𝐿  (from 0 to 1000 𝑊/𝑚2) and the 322 

six plant hydraulic parameters (fig. 5 and fig. S2). The effects on the actual transpiration 323 

response of changes in other parameters can be compensated by an appropriate change of 𝑔𝑥𝑙,𝑚𝑎𝑥 324 

alone in the DHLF formulation. This indicates that the six parameters related to VPD stress in 325 

the original PHM are largely redundant in terms of calculating the final response of actual 326 
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transpiration and the simplified DHLF formulation is effective and more efficient. Specifically, 327 

DHLF captures the effects of changing ℎ𝑐 and 𝜓𝑙,50 accurately, showing little difference between 328 

the two formulations. 𝜓𝑙,50 and ℎ𝑐 are also the most important parameters in addition to 𝑔𝑥𝑙,𝑚𝑎𝑥, 329 

which is preserved by DHLF. There are slight differences between DHLF and the original PHM 330 

when 𝜓𝑥,50,  𝑎1, or 𝑎2 are modified; however, the three parameters are relatively insignificant for 331 

capturing VPD response, and the two shape parameters are inherently empirical, and thus the 332 

differences can be considered minor. 333 

 334 

Modeling experiments using flux tower data confirms the effectiveness of the DHLF formulation. 335 

The calibrated DHLF and original PHM have similar performance evaluated against flux tower 336 

ET observation (fig. 6abde). The responses between the two formulations are also similar if 337 

compared against each other (fig. 6cf); the minor differences between them are mainly caused by 338 

the presence of the response to soil moisture stress in the PHM, which is insignificant in the 339 

study region. A typical time series similar to fig. 4 is provided in fig. S3. 340 

 341 

Fig. 5. The actual transpiration response of the DHLF formulation compared with the original 342 

PHM under sufficient SWC with 𝑇𝑁𝐻𝐿  prescribed as input. a, change 𝜓𝑙,50  in the PHM and 343 

calibrate the only parameter (𝑔𝑥𝑙,𝑚𝑎𝑥) in  DHLF to match the response of PHM. b, change ℎ𝑐 in 344 

the PHM and calibrate DHLF to match the response. The parameters on the left are from the 345 

PHM (gray background denotes the parameter changed), and the parameter on the right is the 346 
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DHLF formulation. The solid black lines (PHM) and dashed red lines (DHLF) largely overlap. 347 

For changes of other parameters in the PHM, please see fig. S2.  348 

 349 

 350 

Fig. 6. The bias of the simulated ET by the original PHM (a) and the DHLF formulation (b) 351 

evaluated with flux tower data, and the bias of the simulated transpiration by the DHLF 352 

formulation evaluated against the original PHM for maize (c). The figure layout is the same as in 353 

fig. 6bcef. d-f, the same as a-c but for soybean. 354 

 355 

4. Discussion 356 

Our modeling experiments demonstrate that plant hydraulic processes are important in capturing 357 

high VPD stress in the U.S. Corn Belt. In the experiments, the NHL model configuration with 358 

the coupled photosynthesis-stomatal conductance model alone severely overestimates crop 359 

transpiration (underestimate VPD stress) under high VPD and incorporating plant hydraulic 360 

transport processes significantly improves the simulation of transpiration. Previous studies have 361 

shown that theoretically PHM accentuates the effect of VPD stress on transpiration regardless of 362 

soil water status (Liu et al., 2020). Our study indicates that in regions where VPD stress is high 363 

such as the Midwestern U.S., the widely used stomatal conductance model alone is insufficient 364 

for capturing VPD stress, and thus the representation of plant hydraulics is necessary. Notably, 365 
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as some empirical schemes to represent water transport limitations, such as the empirical soil 366 

water stress function (Feddes et al., 1976), do not respond to VPD, many land surface models 367 

configured with these schemes will also be insufficient for capturing VPD stress. Therefore, we 368 

argue that plant hydraulics would be beneficial to correctly simulating crop response to rising 369 

VPD especially under future climate scenarios. 370 

 371 

Our study also demonstrates that the PHM can be largely simplified for simulating transpiration 372 

response to VPD stress. One major downside of PHM preventing its wide adoption is its 373 

complexity and the large number of parameters. We here demonstrate that, specifically for the 374 

response to VPD stress, the parameter space can be compressed with little to no sacrifice of 375 

accuracy. The six parameters involved in the response to VPD stress can be simplified to one 376 

parameter. Numerical model experiments show that the effects of changing other parameters can 377 

be achieved by an appropriate change of the DHLF. Flux tower site testing further demonstrates 378 

that the performance of the simplified DHLF formulation is similar to the original PHM in terms 379 

of capturing the response to VPD stress. We envision that the DHLF method can be a useful tool 380 

in improving the simulation of plant response to VPD stress in many cases where 1) the final 381 

response is the main point of interest instead of detailed process understanding, 2) data 382 

availability is limited, and therefore model parsimony is preferred.  383 

 384 

Note that a few limitations exist in this analysis. First, there are two prerequisites to the 385 

conclusion that the coupled photosynthesis-stomatal conductance alone is insufficient for 386 

capturing high VPD stress in the U.S. Corn Belt: (1) the NHL model alone with parameters close 387 

to literature values underestimates high VPD stress, and (2) the NHL model structure and 388 

literature values of its parameters are largely correct. The second one is indispensable because 389 

with the flux tower data only (atmospheric forcing and evapotranspiration measurements), the 390 

coupled photosynthesis-stomatal conductance model alone can for certain match the flux tower 391 

data with appropriate functional form and parameters (even if the widely used Medlyn or Ball-392 

Berry models cannot, a new functional form can be developed to match the data). To support the 393 

conclusion without (2), more measurement data or experiments will be required, e.g., sap flow, 394 

leaf water status. Second, the two-step formulation of sequentially running the NHL model and 395 
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the PHM is only one way of setting up a land surface model with plant hydraulic processes. We 396 

choose this two-step formulation for its simplicity and ease of use, and we do not expect it to 397 

significantly interfere with the main points of this study. The first point regarding the inadequacy 398 

of the coupled photosynthesis-stomatal conductance for capturing VPD stress does not depend 399 

on how the PHM is incorporated in the full model. For the second point regarding the 400 

redundancy of PHM parameters, we do expect the exact results to be slightly different if a 401 

different coupling method is used for the PHM, but we still expect the effect of hydraulic 402 

constraint on transpiration to be similar on a first-order basis, and most importantly there is still 403 

sufficient room for simplification. 404 

 405 

 406 

5. Conclusion 407 

In this study, through numerical experiments and site testing, we demonstrate that the widely 408 

used coupled photosynthesis-stomatal conductance model alone is insufficient for simulating 409 

crop transpiration response to VPD stress in the U.S. Corn Belt. Plant hydraulic transport 410 

processes are required for correctly capturing crop response to VPD stress even under sufficient 411 

soil moisture. We then introduce a simplified DHLF formulation derived from the plant 412 

hydraulic model with only one parameter specifically for simulating the limitation of hydraulic 413 

transport on transpiration. The simplified formulation achieves nearly the same response as the 414 

original PHM and similar performance in flux tower site testing. We envision that the improved 415 

understanding of the role that plant hydraulics plays in crop response to VPD and the simplified 416 

modeling method would facilitate future research and applications in the management and 417 

adaptation of agricultural ecosystems to a changing climate.  418 

  419 
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