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Abstract 25 

Hydraulic activation of stomata (HAS) induced by hygroscopic salt films on leaf surfaces can create an 26 

additional liquid water loss pathway beyond conventional stomatal vapor diffusion. However, this process is 27 

not represented in current land surface and crop models. Using the practice-relevant example of hygroscopic 28 

urea ammonium nitrate (UAN) application to field crops, we developed a process-based parameterization of 29 

UAN-induced HAS in the ORCHIDEE-CROP model. The scheme represents event-based UAN retention, 30 

prognostic HAS storage, dry depletion, rainfall wash-off, and a relative humidity-dependent effective wet 31 

fraction, which is incorporated into the latent heat flux (LE) partitioning framework through an additional 32 

evaporative efficiency term. The parameterization was calibrated using event-scale transpiration anomalies 33 

from a winter wheat site and evaluated at three winter wheat sites and one maize site using eddy covariance 34 

(EC) observations and crop management records. The scheme produced transient post-UAN HAS responses, 35 

with declining HAS storage and event-specific wetting dynamics. Including HAS increased simulated mean 36 

LE during the 0–10 d post-UAN period by 2.0–4.0% across the four study sites, while soil water feedback 37 

reduced plant transpiration, partially offsetting the direct HAS water loss, with mean offset fractions ranging 38 

from 13.3% to 24.9% across sites. Comparison with EC observations showed that including HAS tended to 39 

reduce negative LE bias when the standard model underestimated observed LE. Simulated gross primary 40 

productivity remained nearly unchanged, whereas increased LE reduced simulated inherent water-use 41 

efficiency by 4.0–5.3% across the four study sites. These results demonstrate the feasibility of representing 42 

UAN-induced HAS as an event-driven, meteorologically regulated process and provide a basis for extending 43 

the framework to hygroscopic aerosol effects in land surface and crop models. 44 

Keywords: hydraulic activation of stomata; hygroscopic fertilizer salts; crop water use; ORCHIDEE-CROP; 45 

land surface model; latent heat flux; eddy covariance 46 

 47 

1 Introduction 48 

Plant transpiration is commonly represented in land surface and crop models as a stomatally regulated process, 49 

in which water vapor diffuses from the substomatal cavity to the atmosphere (Farquhar et al., 1980; Ball et 50 

al., 1987; Medlyn et al., 2011). This framework underlies the simulation of carbon–water exchange across 51 

scales (Krinner et al., 2005; Beer et al., 2009; Bonan, 2019). However, it implicitly assumes that leaf water 52 

loss is controlled by stomatal aperture and occurs primarily through vapor diffusion. This assumption may 53 

neglect an additional water loss pathway involving liquid water transfer associated with hygroscopic leaf 54 

surface material (HLSM; Burkhardt, 2010; Burkhardt et al., 2012; Grantz et al., 2018). 55 

The hydraulic activation of stomata (HAS) hypothesis proposes that HLSM, including deposited atmospheric 56 

aerosols and agricultural sprays, can form thin aqueous films through deliquescence; these films may 57 

penetrate stomatal pores and connect with internal apoplastic water, thereby extending the plant hydraulic 58 

system to the leaf surface (Burkhardt et al., 1995; Burkhardt and Pariyar, 2014; Burkhardt et al., 2018). Under 59 

such conditions, part of the internal plant water may be transported through thin liquid films and evaporate 60 

from the leaf surface (Burkhardt, 2010; Grantz et al., 2018). This pathway differs from conventional canopy 61 
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interception evaporation because it involves water loss that may remain hydraulically connected to the leaf 62 

interior. Experimental evidence has shown that hygroscopic salts and aerosols can promote leaf surface 63 

wetness and increase transpiration, consistent with HAS-related responses (Burkhardt and Pariyar, 2016; 64 

Burkhardt et al., 2023; Frank et al., 2025). More broadly, recent evidence shows that fine particulate pollution 65 

can reduce plant water-use efficiency primarily by suppressing photosynthesis rather than altering 66 

evapotranspiration, underscoring the broader ecological relevance of aerosol effects on plant carbon–water 67 

exchange (Wang et al., 2026). In agricultural systems, hygroscopic urea ammonium nitrate (UAN) fertilizers 68 

are widely used (Lu and Tian, 2017; Cao et al., 2018). During spray application, a fraction of UAN can be 69 

intercepted by the crop canopy, providing a practice-relevant source of HLSM. UAN can remain liquid even 70 

at 20% relative humidity (RH) (Weston et al., 2003), potentially facilitating the formation and persistence of 71 

hygroscopic films on treated leaf surfaces (Tredenick et al., 2022; Barlas et al., 2023). Consistent with this 72 

mechanism, Deng et al. (2026) provided field evidence for UAN-induced HAS in winter wheat and maize, 73 

where UAN application was associated with increased vegetation conductance and generally stronger 74 

responses in transpiration than in gross primary productivity (GPP). The magnitude and duration of UAN-75 

induced HAS are likely controlled by UAN retention and persistence, RH-dependent wetting, and rainfall 76 

wash-off, suggesting that the process should be represented as event-driven and meteorologically regulated. 77 

Despite its potential relevance to managed agricultural systems, HAS remains largely overlooked in land 78 

surface and crop models. 79 

ORCHIDEE-CROP simulates crop phenology, carbon assimilation, transpiration, soil evaporation, and 80 

canopy interception processes (Wu et al., 2016; Müller et al., 2017; Wang et al., 2017; Yin et al., 2020; Fu et 81 

al., 2023). However, it does not explicitly represent hygroscopic UAN residues on canopy surfaces. This 82 

limitation constrains the simulation of short-term deviations in crop water fluxes following UAN application, 83 

which are not captured by standard transpiration and interception schemes. Such additional water loss may 84 

be particularly relevant during drought and other water-limited conditions, when short-term increases in crop 85 

water use could affect soil water availability and subsequent plant water use. In this study, we implement a 86 

process-based parameterization of UAN-induced HAS in ORCHIDEE-CROP. The new scheme represents 87 

event-based UAN retention, a prognostic HAS storage variable, dry depletion, rainfall wash-off, and an RH-88 

dependent effective wet fraction. This wet fraction is incorporated into the existing latent heat flux (LE) 89 

partitioning framework as an additional evaporative efficiency term. The parameterization is applied at three 90 

winter wheat sites and one maize site with UAN applications, using EC observations and crop management 91 

records. 92 

The objectives of this study are therefore to (1) develop a canopy-scale representation of UAN-induced HAS 93 

in ORCHIDEE-CROP; (2) calibrate the parameterization against event-scale transpiration anomalies and 94 

evaluate its performance using EC observations; and (3) assess the influence of key empirical parameters and 95 

soil water limitation on simulated HAS-related water loss. By incorporating this previously neglected HAS-96 

related water loss pathway into a process-based model, this study provides a first step toward representing 97 

UAN-induced HAS in land surface modeling and evaluating its implications for crop carbon–water exchange 98 
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under managed agricultural conditions. 99 

 100 

2 Data and methods 101 

The methodological framework comprises meteorological forcing and crop management data (Sect. 2.1), a 102 

description of the ORCHIDEE-CROP model (Sect. 2.2), the newly implemented HAS parameterization (Sect. 103 

2.3), parameter calibration and sensitivity analysis (Sect. 2.4), model simulations (Sect. 2.5), and model 104 

evaluation (Sect. 2.6). An overview of the workflow is provided in Fig. 1. 105 

 106 

Figure 1. Overview of the implementation, calibration, and evaluation of urea ammonium nitrate (UAN)-107 

induced hydraulic activation of stomata (HAS) in ORCHIDEE-CROP. Meteorological forcing and crop 108 

management data drive the event-based HAS parameterization, which represents canopy retention, HAS 109 

storage, depletion and wash-off, relative humidity-dependent wetting, and additional evaporative efficiency. 110 

The resulting additional HAS water loss is coupled to the soil water balance, allowing feedback on 111 

conventional transpiration. The framework includes calibration against eddy covariance observations, multi-112 

site evaluation of ORC-HAS against ORC-STD, and process diagnostics and sensitivity analyses. 113 

 114 

2.1 Forcing and crop management data 115 

Meteorological forcing data for ORCHIDEE-CROP were derived from eddy covariance (EC) observations 116 

at four temperate cropland sites with urea ammonium nitrate (UAN) liquid fertilizer application records. The 117 

dataset comprised half-hourly winter wheat observations from three ICOS sites (FR-Gri, BE-Lon, and FR-118 

EM2) and hourly maize observations from one AmeriFlux site (US-Ne1) (Table S1). The meteorological 119 

variables included incoming shortwave and longwave radiation (W m−2), surface pressure (Pa), rainfall rate 120 

(kg m−2 s−1), snowfall rate (kg m−2 s−1), near-surface air temperature (K), near-surface specific humidity (kg 121 

kg−1), and near-surface wind speed (m s−1). Available crop management information, including sowing and 122 

harvest dates and UAN application dates and rates, is summarized by site in Tables S2–S5. 123 

 124 

2.2 Overview of the ORCHIDEE-CROP model 125 

ORCHIDEE-CROP is a branch of the process-based land surface model ORCHIDEE (Krinner et al., 2005) 126 

that incorporates modules from the STICS crop model, including crop phenology, crop management, and a 127 

simplified nitrogen fertilization scheme (Brisson et al., 2003, 2009; Wu et al., 2016). ORCHIDEE-CROP has 128 
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subsequently been applied and evaluated in regional and global assessments of crop phenology, climate 129 

impacts, and water management (Müller et al., 2017, 2019; Wang et al., 2017, 2021; Yin et al., 2020; Fu et 130 

al., 2023). It simulates biophysical and biogeochemical processes in croplands, including carbon and water 131 

fluxes, crop growth, and yield. In this study, we used a version calibrated against leaf area index (LAI), 132 

flowering and harvest dates, crop yield, and crop residues for winter wheat and maize (Su et al., 2025; Yu et 133 

al., 2026). 134 

 135 

2.2.1 Crop growth and development 136 

Crop development in ORCHIDEE-CROP follows the STICS phenology scheme described by Wu et al. 137 

(2016). For winter wheat and maize, the crop module simulates crop development using stage-specific 138 

growing degree day (GDD) requirements derived from STICS, while the timing and duration of each stage 139 

are further modified by photoperiod, vernalization, and environmental limitations such as water stress. 140 

Phenological transitions occur when the corresponding GDD thresholds are reached. Maturity and harvest 141 

are determined based on accumulated GDD and grain water content. The harvest criterion was calibrated for 142 

wheat and maize using crop phenology observations from the Deutscher Wetterdienst (DWD) in Germany 143 

(Su et al., 2025). 144 

 145 

2.2.2 Surface energy budget 146 

As in most land surface models, the surface energy budget in ORCHIDEE-CROP is expressed as: 147 

 𝑅n = LE + 𝐻 + 𝐺 (1) 148 

where Rn is net radiation (W m−2), LE is latent heat flux (W m−2), H is sensible heat flux (W m−2), and G is 149 

ground heat flux (W m−2). The partitioning of LE follows a β-based framework (Wu et al., 2016; Yu et al., 150 

2026). Under non-snow and non-flooded conditions relevant to the present cropland simulations, LE is 151 

calculated as: 152 

 LE = 𝜆𝜌a𝐶d𝑢𝛽[𝑞sat(𝑇s) − 𝑞a] (2) 153 

where λ is the latent heat of vaporization (J kg−1), ρa is air density (kg m−3), Cd is the dimensionless 154 

aerodynamic exchange coefficient, u is wind speed (m s−1), qsat(Ts) is the saturation specific humidity (kg 155 

kg−1) at surface temperature (Ts), qa is near-surface air specific humidity (kg kg−1), and β is the dimensionless 156 

evaporative efficiency. In the standard model, β combines the contributions from canopy interception loss, 157 

transpiration, and bare soil evaporation: 158 

 𝛽 = 𝛽2 + 𝛽3 + 𝛽4 (3) 159 

where β2, β3, and β4 are dimensionless evaporative efficiency terms representing canopy interception loss, 160 

transpiration, and bare soil evaporation, respectively. Snow sublimation is treated separately through β1. The 161 

implementation of the original β terms is summarized in Table S6. 162 

 163 

https://doi.org/10.5194/egusphere-2026-6152
Preprint. Discussion started: 12 November 2026
c© Author(s) 2026. CC BY 4.0 License.



6 
 

2.3 New parameterization for HAS in ORCHIDEE-CROP 164 

2.3.1 Event-based UAN canopy retention 165 

To represent UAN-induced HAS on canopy surfaces, we introduced an event-based HAS storage scheme 166 

into ORCHIDEE-CROP. UAN was applied over the managed crop area according to the site-specific 167 

application dates and rates. ORCHIDEE-CROP uses a fixed annual fertilizer amount of 100 kg N ha−1 to 168 

calculate a static fertilizer limitation factor and does not explicitly simulate nitrogen dynamics. UAN 169 

applications were used only to drive canopy HAS storage and did not alter this background fertilizer setting. 170 

For each UAN application event, the initially retained UAN amount, Nret (kg N m−2), was calculated using 171 

the prescribed throughfall fraction: 172 

 𝑁ret = (1 − 𝑓tf)𝑁𝑖 (4) 173 

where ftf is the throughfall fraction of applied UAN, assumed constant at 0.7 based on EFSA (2017), and Ni 174 

is the applied UAN amount for event i (kg N m−2). Nret was then converted into a dimensionless increment, 175 

ΔSHAS, to update the normalized canopy HAS storage state SHAS (0–1): 176 

 ∆𝑆HAS = 1 − exp (−
𝑁ret

𝑁ref
) (5) 177 

where Nref is a reference UAN amount (kg N m−2) that controls the conversion from canopy UAN retention 178 

to normalized HAS storage and was calibrated as described in Sect. 2.4.1. When Nret = Nref, ΔSHAS = 1 − e−1 179 

≈ 0.63. At each UAN application event, the prognostic HAS storage was updated as: 180 

 𝑆HAS(𝑡) = min[1, 𝑆HAS(𝑡 − ∆𝑡) + ∆𝑆HAS] (6) 181 

where SHAS was initialized at 0, SHAS (t) denotes the HAS storage at the current time step, and Δt is the time-182 

step duration (d). 183 

 184 

2.3.2 Depletion and wash-off of HAS storage 185 

Following UAN application, SHAS decreases through first-order dry depletion and rainfall wash-off. The 186 

prognostic HAS storage was updated as: 187 

 𝑆HAS(𝑡) = 𝑆HAS(𝑡 − ∆𝑡)(1 − 𝑓wash)exp(−
∆𝑡

𝜏
) (7) 188 

where the dry-depletion timescale τ (d) represents canopy HAS storage persistence under rain-free conditions 189 

and was set to 5 d for the reference simulation (Table 1). fwash is the fraction of SHAS removed by rainfall wash-190 

off. The wash-off fraction was parameterized as a function of canopy interception overflow: 191 

 𝑓wash = 1 − exp(−𝑘wash𝑞overflow) (8) 192 

where qoverflow is the canopy interception overflow during the time step (kg m−2), and kwash is the wash-off 193 

coefficient (m2 kg−1) controlling wash-off sensitivity to canopy interception overflow, with a reference value 194 

of 0.30 m2 kg−1 (Table 1). When no canopy overflow occurs, fwash = 0, and SHAS decreases only through dry 195 

depletion. 196 

 197 

2.3.3 Effective wet fraction and evaporative contribution of HAS 198 

The effective HAS wet fraction, fwet,HAS, representing the modeled canopy wetting available for HAS-related 199 
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evaporation, was controlled by relative humidity (RH) and SHAS. The RH response followed the empirical 200 

relationship reported by Burkhardt et al. (2009), which relates normalized leaf wetness to RH based on leaf 201 

wetness observations and Brunauer–Emmett–Teller (BET) theory (Brunauer et al., 1938): 202 

 LW = 3.68 × 10−4exp(7.9RH) (9) 203 

where LW is the dimensionless normalized leaf wetness signal and RH is expressed as a dimensionless 204 

fraction (0–1). Since LW represents leaf-level wetness rather than a directly observed canopy wet fraction, it 205 

was scaled by an empirical RH scaling coefficient, cRH, and modulated by SHAS to calculate fwet,HAS: 206 

 𝑓wet,HAS = min(1 − 𝑓int,  𝑐RH𝑆HASLW) (10) 207 

where cRH is dimensionless and was set to 10 for the reference simulation (Table 1), and fint is the fraction of 208 

canopy area occupied by intercepted rainfall. The term (1 − fint) prevents double counting with intercepted 209 

rainfall already represented in the canopy water storage scheme. 210 

To represent UAN-induced HAS within the LE partitioning framework, βHAS was added to Eq. (3) and 211 

calculated as: 212 

 𝛽HAS = 𝑓wet,HAS𝑓crop𝑓res (11) 213 

where fcrop is the LAI-dependent crop cover fraction within the grid cell, and fres is the dimensionless canopy 214 

exchange limitation factor. βHAS = 0 when either fwet,HAS = 0 or fcrop = 0. fres follows the resistance-based 215 

formulation already implemented in ORCHIDEE-CROP (Krinner et al., 2005; Wu et al., 2016): 216 

 𝑓res =
1

1+𝐶d𝑢(𝑟veget+𝑟struct)
 (12) 217 

where rveget and rstruct are the vegetation and structural resistances (s m−1), respectively. The HAS flux was 218 

included in the soil water balance, so that HAS-induced changes in soil moisture could indirectly affect soil 219 

water stress, conventional transpiration, and gross primary productivity (GPP) through the existing model 220 

formulations. The reference HAS parameter values and sensitivity settings are summarized in Table 1. 221 

Table 1. Reference HAS parameter values and sensitivity settings. 222 

Parameter Description Unit 
Reference 

value 

Sensitivity 

values 
Basis 

ftf 
Throughfall fraction 

of applied UAN 
- 0.7 Not varied 

Prescribed fraction used to derive 

canopy UAN retention (EFSA, 

2017) 

Nref 

Reference retained 

UAN amount 

controlling 

conversion to 

normalized HAS 

storage 

kg N 

m–2 
0.001 Not varied 

Calibrated at FR-Gri; fitted 

retained UAN amount = 0.00091 

kg N m–2, rounded to 0.001 kg N 

m–2 
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Parameter Description Unit 
Reference 

value 

Sensitivity 

values 
Basis 

cRH 

Scaling coefficient 

for RH-dependent 

canopy HAS wet 

fraction 

- 10 5, 10, 15 

Empirical canopy-scale scaling; 

reference value gives near-

saturation at RH ≈ 0.7 

τ 

Characteristic dry 

depletion timescale 

of canopy HAS 

storage 

d 5 3, 5, 7 

Based on the 2.88 d e-folding 

timescale used in previous 

ammonia exchange 

parameterizations, increased to 

represent longer persistence of 

UAN-derived hygroscopic material 

kwash 

Wash-off coefficient 

for HAS storage 

removal by canopy 

interception 

overflow 

m2 

kg–1 
0.3 

0.1, 0.3, 

1.0 

Weak, reference, and strong wash-

off scenarios 

 223 

2.4 Parameter calibration and sensitivity analysis 224 

2.4.1 Calibration of the reference UAN amount 225 

Nref controls the conversion from retained UAN to normalized HAS storage (Eq. 5), but cannot be directly 226 

constrained because canopy UAN retention was not measured. We therefore calibrated an applied-UAN 227 

equivalent, Nref,app, against EC-derived event-scale additional water loss and subsequently converted it to Nref 228 

using the prescribed retention fraction. Event-scale additional water loss was estimated from EC-derived (TEC) 229 

and simulated (Tsim) transpiration rates (kg m−2 s−1). TEC was inferred using the LE partitioning approach 230 

described in Deng et al. (2026) and subjected to the same data-quality and rainfall filtering, while Tsim was 231 

obtained from the standard ORCHIDEE-CROP model without the HAS parameterization. For each UAN 232 

event, 10 d pre- and post-event windows were used for baseline estimation and anomaly accumulation, 233 

respectively. A linear relationship between hourly TEC and Tsim was fitted using the pre-event data: 234 

 𝑇EC(𝑡) = 𝑘1𝑇sim(𝑡) + 𝑘2, 𝑡 ∈ pre (13) 235 

where k1 and k2 are event-specific regression coefficients, with k1 dimensionless and k2 expressed in kg m−2 236 

s−1. The fitted relationship was then applied to Tsim during the 10 d post-event period to estimate the baseline 237 

transpiration, Tbase (kg m−2 s−1): 238 

 𝑇base(𝑡) = 𝑘1𝑇sim(𝑡) + 𝑘2, 𝑡 ∈ post (14) 239 

The relationship was fitted separately for each event to account for differences in phenology, meteorological 240 

forcing, and structural model bias. Post-event transpiration anomalies, ΔTHAS (kg m−2 s−1), were calculated 241 
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as: 242 

 Δ𝑇HAS(𝑡) = 𝑇EC(𝑡) − 𝑇base(𝑡), 𝑡 ∈ post (15) 243 

Event-scale additional water loss potentially attributable to HAS, WHAS,i, was estimated by accumulating only 244 

positive anomalies: 245 

 𝑊HAS,𝑖 = ∑ max𝑡∈post (Δ𝑇HAS(𝑡), 0)Δ𝑡 (16) 246 

where WHAS,i is given in kg m−2 for event i. The resulting WHAS,i estimates were fitted against the applied UAN 247 

amount Ni using a bounded saturating dose–response function: 248 

 𝑊HAS,𝑖 = 𝑊max(1 − 𝑒
(−𝑁𝑖 𝑁ref,app⁄ )) (17) 249 

where Wmax represents the effective upper bound of event-scale additional water loss (kg m−2), and Nref,app is 250 

the reference applied UAN amount controlling the saturation of the dose–response function. The parameters 251 

were fitted to wheat UAN events at FR-Gri using bounded nonlinear least squares, with Nref,app constrained 252 

between 0.0001 and 0.015 kg N m−2 (1–150 kg N ha−1). The fitted Nref,app was 0.00303 kg N m−2. Parameter 253 

uncertainty was assessed using 1000 bootstrap replicates and an Akaike information criterion (AIC) profile 254 

across the constrained range of Nref,app (Fig. S1). Pooling winter wheat UAN events across FR-Gri, BE-Lon, 255 

and FR-EM2 as a cross-site robustness check yielded an Nref,app of 0.00209 kg N m−2. The FR-Gri estimate 256 

was used for the reference parameterization. Because Eq. (5) is formulated in terms of retained rather than 257 

applied UAN, the Nref,app fitted at FR-Gri was converted to Nref using the retained fraction 1 − ftf (ftf = 0.7; 258 

EFSA, 2017). This yielded Nref = 0.00091 kg N m−2, which was rounded to 0.001 kg N m−2 for the reference 259 

simulations. This value was applied to BE-Lon and FR-EM2 to test transferability across wheat sites, and to 260 

US-Ne1 maize as an exploratory application because the available maize UAN events did not support robust 261 

crop-specific calibration. 262 

 263 

2.4.2 Sensitivity analysis of cRH, τ, and kwash 264 

Sensitivity analyses were conducted for the three empirical HAS parameters cRH, τ, and kwash. The reference 265 

value cRH = 10 was selected empirically to allow fwet,HAS to approach its upper bound at approximately RH = 266 

0.7 when SHAS = 1 and fint = 0. Sensitivity simulations used cRH = 5, 10, and 15 to assess the sensitivity of 267 

RH-dependent wetting. 268 

The reference value τ = 5 d was based on the 2.88 d e-folding time (i.e., the time required for a first-order 269 

reservoir to decline to approximately 37% of its initial value) used in previous ammonia exchange 270 

parameterizations (Massad et al., 2010; Flechard et al., 2013), with an expert-based increase to account for 271 

the expected longer persistence of UAN-derived hygroscopic material on canopy surfaces. Sensitivity 272 

simulations used τ = 3, 5, and 7 d. 273 

The reference value kwash = 0.3 m2 kg−1 was selected as an intermediate wash-off setting due to the lack of 274 

direct observational constraints. Sensitivity simulations used kwash = 0.1, 0.3, and 1.0 m2 kg−1 to represent 275 

weak, reference, and strong wash-off removal, respectively. 276 

 277 
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2.5 Model simulations 278 

Model simulations were conducted for the selected winter wheat and maize growing seasons with UAN 279 

applications (Tables S2–S5). For each site–crop combination, ORCHIDEE-CROP was forced by site-specific 280 

meteorological observations and prescribed crop management records. We compared two model 281 

configurations: the standard ORCHIDEE-CROP simulation without HAS (ORC-STD) and the simulation 282 

including the HAS parameterization (ORC-HAS). UAN application dates and rates were used to drive the 283 

HAS parameterization in ORC-HAS. ORC-HAS used the reference parameter values and sensitivity settings 284 

for cRH, τ, and kwash summarized in Table 1. To assess whether water limitation modulated the simulated HAS 285 

effect, an additional water-deficit sensitivity experiment was conducted by prescribing the dimensionless soil 286 

moisture stress factor humrel = 0.5 in both ORC-STD and ORC-HAS. 287 

 288 

2.6 Model evaluation 289 

The main evaluation window covered 0–10 d after each UAN application and was truncated when necessary 290 

to avoid overlap with subsequent applications. Window-length sensitivity was assessed using 0–7 d and 0–291 

14 d windows for the comparison of LE performance between ORC-STD and ORC-HAS, while parameter 292 

sensitivity simulations were evaluated using the 0–10 d window. All model outputs and EC observations used 293 

for event-scale evaluation were aggregated from the original forcing time step to a daily time step. Event-294 

composite LE dynamics were compared among EC observations, ORC-STD, and ORC-HAS. Event-scale 295 

LE performance was quantified using root mean square error (RMSE), mean absolute error (MAE), absolute 296 

bias, and R2, and changes in model performance were calculated as ORC-HAS minus ORC-STD. 297 

The internal HAS response was diagnosed using simulated SHAS, fwet,HAS, and βHAS. To diagnose the effect of 298 

coupling HAS water loss to the soil water balance, the transpiration response was decomposed into direct 299 

HAS water loss, the net transpiration difference between ORC-HAS and ORC-STD, and the indirect soil 300 

water feedback defined as the net difference minus the direct HAS flux. For each UAN event, the fraction of 301 

direct HAS water loss offset by soil water feedback was quantified over the 0–10 d post-UAN period as the 302 

cumulative soil water feedback relative to the cumulative direct HAS water loss. Additional diagnostics 303 

included simulated H, Ts, surface relative humidity (RHs; dimensionless), surface vapor pressure deficit 304 

(VPDs; kPa), and humrel to characterize the surface energy, microclimatic, and soil water responses. Inherent 305 

water-use efficiency (IWUE; g C kPa kg−1 H2O) was calculated as GPP × VPD / ET, where GPP is expressed 306 

in g C m−2 d−1 and ET denotes evapotranspiration (kg H2O m−2 d−1). Observed IWUE was calculated using 307 

VPD from the EC dataset, whereas simulated IWUE was calculated using simulated VPDs. IWUE was used 308 

as a diagnostic of carbon gain relative to water loss under atmospheric demand (Beer et al., 2009). Detailed 309 

diagnostics were presented for FR-Gri and BE-Lon, the two winter wheat sites with the largest numbers of 310 

UAN events, while all four sites were included in the multi-site evaluation of post-UAN LE responses and 311 

associated changes in IWUE. 312 

 313 
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3 Results 314 

3.1 Simulated HAS dynamics and soil water feedback 315 

The simulated HAS variables showed transient responses following UAN application at both FR-Gri and BE-316 

Lon (Fig. 2a–c). Median SHAS peaked around day 1 and subsequently declined throughout the 0–10 d post-317 

UAN event window. fwet,HAS generally decreased over the event window, with higher values at BE-Lon. βHAS 318 

followed a temporal pattern similar to that of fwet,HAS, with greater contributions during the early post-319 

application period. 320 

Including HAS water loss in the soil water balance produced a consistent transpiration response at both sites 321 

(Fig. 2d–e). Direct HAS water loss remained positive throughout the post-UAN period, while reduced humrel 322 

(Fig. S2) constrained conventional transpiration, resulting in negative soil water feedback that partially offset 323 

direct HAS water loss (Fig. 2d–f). These changes were accompanied by increased LE and RHs, together with 324 

decreased H, Ts, and VPDs in ORC-HAS relative to ORC-STD (Fig. S2). 325 

 326 

Figure 2. Simulated HAS dynamics and transpiration responses following UAN application at FR-Gri and 327 

BE-Lon. Panels (a–c) show event-composite responses of SHAS, fwet,HAS, and βHAS over the 0–10 d post-UAN 328 

period. Panels (d–e) show the decomposition of the transpiration response at FR-Gri and BE-Lon, 329 

respectively. Lines indicate event medians and shaded ribbons indicate interquartile ranges across UAN 330 

events. Panel (f) shows the event-scale fraction of direct HAS water loss offset by soil water feedback over 331 

the 0–10 d post-UAN period. Points represent individual UAN events, and boxplots show the median and 332 

interquartile range. SHAS represents prognostic canopy HAS storage, fwet,HAS the RH-dependent effective HAS 333 

wet fraction, and βHAS the additional HAS evaporative efficiency term. Direct HAS water loss represents the 334 

simulated HAS flux, and the net effect on total transpiration represents the difference between ORC-HAS 335 
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and ORC-STD. The soil water feedback represents the net transpiration difference minus the direct HAS 336 

water loss. 337 

 338 

3.2 Magnitude of simulated HAS effects and LE performance 339 

ORC-HAS increased mean daily LE during the 0–10 d post-UAN period by 1.41–2.15 W m−2 (2.0–4.0%) 340 

relative to ORC-STD across the four sites, while the mean fraction of direct HAS water loss offset by soil 341 

water feedback ranged from 13.3% to 24.9% (Table S7). Median ΔRMSELE ranged from −0.64 to −0.11 W 342 

m−2 across the four sites, with lower RMSE under ORC-HAS in 61–100% of UAN events. At FR-Gri, LE 343 

was consistently underestimated, with smaller negative biases under ORC-HAS, whereas biases at BE-Lon 344 

remained closer to zero (Fig. 3a, d). ΔRMSELE was generally negative at FR-Gri but centered near zero at 345 

BE-Lon (Fig. 3b, e). Relative to ORC-STD, ORC-HAS improved RMSE, MAE, and absolute bias for LE 346 

across most UAN events at both sites, with less frequent improvements in R2 (Fig. 3c, f). Window-length 347 

sensitivity analysis showed consistent ΔRMSELE across the 0–7 d, 0–10 d, and 0–14 d post-UAN windows 348 

(Fig. S3). 349 

 350 

Figure 3. LE bias and event-scale performance after UAN application at FR-Gri (a–c) and BE-Lon (d–f). (a, 351 

d) Event-composite LE bias over 0–10 d after UAN application for ORC-STD and ORC-HAS, calculated 352 

relative to EC observations. Lines indicate event medians, and shaded ribbons indicate interquartile ranges 353 

across UAN events. (b, e) Event-scale change in RMSELE, calculated as ORC-HAS minus ORC-STD. 354 

Negative ΔRMSELE values indicate improved LE performance under ORC-HAS. Boxplots show the 355 

distribution across UAN events, with points representing individual events. (c, f) Percentage of UAN events 356 

in which ORC-HAS improved RMSE, MAE, absolute bias, and R2 relative to ORC-STD. 357 

 358 
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3.3 Parameter sensitivity and process controls on simulated HAS responses 359 

Sensitivity analyses showed consistent responses to cRH, τ, and kwash at FR-Gri and BE-Lon (Fig. 4). 360 

Increasing cRH and τ increased fwet,HAS, βHAS, and ΔLEHAS, whereas increasing kwash reduced these responses. 361 

cRH produced the largest relative variation, with ΔLEHAS changing by −42.6% to +35.3% at FR-Gri and 362 

−43.7% to +36.0% at BE-Lon relative to the reference simulation. The corresponding changes in LE 363 

performance were modest and did not alter the overall site-level patterns in ΔRMSELE (Fig. S4). 364 

Diagnostic analyses further characterized the environmental and process controls on simulated HAS 365 

responses (Fig. S5). On non-overflow days, both RH and SHAS were positively associated with fwet,HAS, with 366 

a stronger standardized effect of SHAS than RH at both sites. RH and SHAS jointly explained variation in fwet,HAS 367 

(R2 = 0.76 and 0.64 at FR-Gri and BE-Lon, respectively). SHAS loss after accounting for dry depletion differed 368 

significantly among overflow classes at both sites (Kruskal–Wallis p < 0.001) and increased from non-369 

overflow to high-overflow conditions, consistent with additional wash-off of canopy HAS storage. Event-370 

mean fwet,HAS showed negative, non-significant correlations with ΔRMSELE at both sites. Under the prescribed 371 

water-deficit simulation (humrel = 0.5), the HAS-induced LE response remained positive but was reduced 372 

by 5.4% at FR-Gri and 12.0% at BE-Lon relative to the reference simulations (Fig. S6). 373 

 374 

Figure 4. Sensitivity of simulated HAS responses to HAS parameters at FR-Gri (a–c) and BE-Lon (d–f). 375 

Panels show responses to the RH-scaling coefficient cRH (a, d), the dry depletion timescale τ (b, e), and the 376 

wash-off coefficient kwash (c, f). The relative responses of fwet,HAS, βHAS, and ΔLEHAS are expressed as 377 

percentages of the reference simulation (cRH = 10, τ = 5 d, and kwash = 0.3 m2 kg−1). The horizontal dotted line 378 

indicates the reference level (100%). ΔLEHAS denotes the mean difference between LE_ORC-HAS and 379 

LE_ORC-STD over the 0–10 d post-UAN event windows. 380 

 381 
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3.4 Diagnostic evaluation of IWUE responses 382 

Simulated GPP was generally underestimated relative to EC observations during the post-UAN period at both 383 

FR-Gri and BE-Lon (Fig. 5a, d) and remained nearly identical between ORC-HAS and ORC-STD (R2 ≈ 1.0). 384 

Temporally, GPP differences remained near zero over the 10 d before and after UAN application, whereas 385 

the LE response emerged after application and generally declined (Fig. 5b, e). 386 

Simulated IWUE was generally consistent with observed IWUE under both ORC-STD and ORC-HAS, 387 

although residual discrepancies remained (Fig. 5c, f). ORC-HAS showed modestly better agreement with 388 

observed IWUE than ORC-STD. Across the four study sites, simulated IWUE decreased by 4.0–5.3% relative 389 

to ORC-STD (Table S7). 390 

 391 

Figure 5. Diagnostic evaluation of GPP, LE, and IWUE during UAN event windows at FR-Gri (a–c) and 392 

BE-Lon (d–f). (a, d) Event-mean comparison of observed and simulated GPP during the 0–10 d post-UAN 393 

period. The dashed line indicates the 1:1 relationship. The inset shows the event-scale differences in 394 

simulated GPP between ORC-HAS and ORC-STD; R2 indicates the agreement between the two simulations. 395 

(b, e) Temporal effect of ORC-HAS on simulated GPP and LE over the 10 d before and after UAN application, 396 

calculated as (ORC-HAS − ORC-STD) / ORC-STD × 100 for each event day. The vertical dashed line 397 

indicates the day of UAN application. Lines show event-composite means, and shaded ribbons indicate ±1 398 

standard error across UAN events. (c, f) Event-mean comparison of observed and simulated IWUE during 399 

the 0–10 d post-UAN period for ORC-STD and ORC-HAS. The dashed line indicates the 1:1 relationship, 400 

and the inset shows the event-scale relative change in IWUE between ORC-HAS and ORC-STD. 401 

 402 
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4 Discussion 403 

4.1 Process-based representation of UAN-induced HAS in ORCHIDEE-CROP 404 

The HAS parameterization represents UAN-induced water loss as an event-driven, meteorologically 405 

regulated process and couples the resulting HAS flux to the soil water balance, allowing feedback on 406 

conventional transpiration. The calibrated reference UAN amount (Nref) is an effective parameter controlling 407 

the conversion of retained UAN to HAS storage (SHAS), whereas cRH, τ, and kwash represent unresolved canopy-408 

scale variability in surface wetting, UAN residue persistence, and rainfall wash-off. These empirical 409 

parameters are required because the underlying canopy-scale processes cannot be directly constrained from 410 

available observations. The effective HAS wet fraction (fwet,HAS) is particularly uncertain because leaf surface 411 

wetting and liquid water pathways through stomatal pores are spatially heterogeneous (Eichert et al., 2008; 412 

Katata and Held, 2021; Burkhardt et al., 2023), while hygroscopic residues vary in their spatial distribution, 413 

deliquescence relative humidity, and hygroscopic water uptake (Grantz, 1990; Burkhardt et al., 2012; 414 

Burkhardt and Pariyar, 2014). These uncertainties reflect the broader difficulty of isolating HAS-related 415 

water loss from EC observations (Deng et al., 2026). 416 

The reference value τ = 5 d represents canopy HAS storage persistence under rain-free conditions. Its lower 417 

sensitivity bound (τ = 3 d) is close to the 2.88 d e-folding timescale used in previous ammonia exchange 418 

parameterizations (Massad et al., 2010; Flechard et al., 2013), while the 5–7 d settings allow for potentially 419 

longer persistence of UAN-derived hygroscopic residues. UAN residue persistence is likely to vary with 420 

environmental conditions, canopy properties, and residue composition. The sensitivity to τ, cRH, and kwash 421 

therefore highlights the need for better observational constraints on these empirical parameters (Fig. 4). 422 

 423 

4.2 Event-dependent effects of HAS on simulated LE 424 

ORC-HAS increased mean daily LE by 1.41–2.15 W m−2 relative to ORC-STD during the 0–10 d post-UAN 425 

period across the four sites (Table S7). ORC-STD generally underestimated post-UAN LE, and the additional 426 

HAS flux reduced the negative bias, although underestimation remained. Whether this increase in LE 427 

improves agreement with EC observations depends on the ORC-STD bias and is also subject to EC 428 

measurement uncertainty. Temporal variations in LE additionally reflect meteorological forcing, vegetation 429 

phenology, canopy conductance, and surface energy partitioning (Wilson et al., 2002; Schulz and Jarvis, 430 

2004; Bonan et al., 2014). At FR-Gri and BE-Lon, the additional HAS water loss reduced the soil moisture 431 

stress factor humrel (Fig. S2), thereby constraining conventional transpiration and partially offsetting the 432 

direct HAS contribution (Fig. 2d–e). 433 

 434 

4.3 Process controls on simulated HAS responses 435 

The stronger association of fwet,HAS with SHAS than with RH is consistent with the proposed role of hygroscopic 436 

leaf surface material in maintaining surface wetness (Fig. S5a, d; Burkhardt, 2010; Burkhardt and Pariyar, 437 

2014; Burkhardt et al., 2023). Increased SHAS loss with canopy overflow is consistent with additional removal 438 

by rainfall wash-off beyond dry depletion (Fig. S5b, e). This process limits UAN residue persistence after 439 
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rainfall events and may contribute to variation in HAS responses, as comparable UAN inputs can produce 440 

different LE responses depending on post-application RH and canopy overflow. 441 

The negative relationship between event-mean fwet,HAS and ΔRMSELE is consistent with the proposed HAS 442 

mechanism, whereby hygroscopic surface wetting may enhance the continuity of liquid water pathways 443 

through stomatal pores and facilitate HAS-related water loss (Fig. S5c, f; Burkhardt, 2010; Burkhardt et al., 444 

2012; Grantz et al., 2018; Koch et al., 2025). 445 

The reduced HAS-induced LE response under the prescribed water-deficit simulation indicates that soil water 446 

limitation can constrain the simulated HAS effect (Fig. S6). Lower humrel constrained conventional 447 

transpiration and also limited additional water loss through the HAS pathway, consistent with reduced canopy 448 

water exchange under water-limited conditions (Fang et al., 2021; Green et al., 2024). 449 

 450 

4.4 IWUE interpretation and parameterization limitations 451 

The decrease in simulated IWUE primarily reflected increased water loss rather than changes in carbon 452 

assimilation (Fig. 5; Table S7). This is consistent with the proposed HAS mechanism, whereby HAS 453 

introduces an additional liquid water-loss pathway that is distinct from conventional stomatal vapor diffusion 454 

and therefore not directly coupled to CO2 uptake. HAS-induced water loss can nevertheless affect GPP 455 

indirectly through changes in soil water availability and associated water stress. humrel was generally above 456 

0.9 during the 0–10 d post-UAN period, which also limited indirect effects of HAS water loss on GPP. 457 

In addition to these water-mediated effects, UAN application may affect crop carbon assimilation through 458 

changes in nitrogen status and photosynthetic capacity. These effects are not represented in the current 459 

parameterization, in which event-based UAN inputs drive canopy HAS storage without altering the 460 

background fertilizer setting. Leaf surface traits may also influence film formation and HAS activation but 461 

are not explicitly represented in the current scheme (Fernández et al., 2017; Frank et al., 2025). The current 462 

framework may also be relevant to HAS associated with ambient hygroscopic aerosol deposition, but 463 

extending it beyond UAN would require parameterization based on aerosol properties. The scheme should 464 

therefore be interpreted as a process-based representation of an additional water-loss pathway rather than as 465 

a fully constrained description of leaf-scale HAS processes. 466 

 467 

5 Conclusion 468 

This study developed the first process-based representation of UAN-induced HAS in ORCHIDEE-CROP. 469 

The parameterization represents event-driven canopy retention, RH-dependent wetting, dry depletion, and 470 

rainfall wash-off of hygroscopic UAN residues and quantifies the resulting HAS-related water loss. The 471 

scheme produced transient post-UAN HAS responses and increased post-UAN LE across four temperate 472 

cropland sites. Process diagnostics and sensitivity analyses at FR-Gri and BE-Lon showed that the simulated 473 

response was controlled by retained UAN residues, RH, rainfall wash-off, and soil water limitation. Coupling 474 

HAS water loss to the soil water balance further showed that the direct HAS contribution was partially offset 475 
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by reduced conventional transpiration at both sites. Simulated GPP remained nearly unchanged, whereas 476 

increased water loss reduced simulated IWUE by approximately 5%. Overall, the study provides a framework 477 

for representing UAN-induced surface wetness and the associated water loss through HAS in land surface 478 

and crop models. More broadly, incorporating this process may help assess how hygroscopic fertilizer 479 

applications influence crop water use and soil water availability across agroecosystems. Future work should 480 

evaluate the scheme across other vegetation types, extend it to conditions of widespread hygroscopic aerosol 481 

deposition, and improve the representation of HAS in plant–atmosphere interactions. 482 

 483 

Code and data availability 484 

The ORCHIDEE-CROP model code (v2.2), including the HAS parameterization, is archived on Zenodo at 485 

https://doi.org/10.5281/zenodo.23941910 (Deng, 2026c). The meteorological forcing data, crop management 486 

data, model experiment configurations, and scripts for data preprocessing, model output processing, 487 

parameter calibration, statistical analysis, and figure generation are archived on Zenodo at 488 

https://doi.org/10.5281/zenodo.23942703 (Deng, 2026a). The original ecosystem flux and meteorological 489 

data for FR-Gri, BE-Lon, and FR-EM2 are available from the Integrated Carbon Observation System (ICOS) 490 

Data Portal at https://hdl.handle.net/11676/XSI0ETkKyVVydpJuL7ro3_rQ (Buysse et al., 2026), 491 

https://hdl.handle.net/11676/1u2xQ5XcQoX0j2wJiZcyDP3M (Dumont et al., 2026), and 492 

https://hdl.handle.net/11676/tqY53lt1dCh3HZXtN-rLGEp5 (Leonard et al., 2026), respectively. The original 493 

ecosystem flux and meteorological data for US-Ne1 are available from the AmeriFlux FLUXNET data 494 

product at https://doi.org/10.17190/AMF/1871140 (Suyker, 2026). The eddy covariance and meteorological 495 

datasets used in this study have also been archived on Zenodo at https://doi.org/10.5281/zenodo.24085324 496 

(Deng, 2026b) to support long-term accessibility and reproducibility. 497 
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