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1. Brief description of GHOST 

The Generic Hydrologic Overland-Subsurface flow Toolkit (GHOST) is a physically-based, integrated model 

able to represent the hydrologic response at watershed scale over time periods on the order of decades. 

The main advantage of a physically-based model, based on physical laws and empirical correlations, is 

that parameters describing the characteristics of the catchment have physical interpretation. The model 

can thus be used for a wide range of applications and beyond the range of calibration. The model was 

developed as part of the Iowa Watershed Approach (IWA) to simulate watersheds with a large range of 

drainage areas, explicitly resolving Iowa’s varied topography, soils, and land use. The model can evaluate 

the effects of flood mitigation projects, including changes to infiltration in the watershed and increased 

storage on the landscape, to ultimately reduce flood damages. Best management practices can be 

resolved or modeled in GHOST depending on the scale of the flood structure. 

GHOST is based on the open-source hydrologic code MM-pihm (Qu and Duffy 2007, Yu et al. 

2013). MM-pihm was developed to simulate fully coupled surface and subsurface water systems to 

predict streamflow and groundwater recharge for normal and extreme rainfall and snowmelt events. The 

model incorporates spatial and temporal watershed heterogeneities. The watershed is conceptualized in 

two distinct zones: a ground surface and a region beneath the surface (subsurface) representing the soil 

(Kumar et al. 2009). The subsurface comprises two regions, unsaturated and saturated flow zones, with a 

moving interface representing the water table. The code uses a finite volume formulation using a 

Delaunay triangulation, and the subsurface is represented by vertical projection of each triangular 

element. Overland flow is represented with the diffusive wave approximation of the Saint Venant 

equations. Water depth at canals and streams is computed using a one-dimensional (1D) approximation. 

The unsaturated region is modeled considering that the dominant flow direction is vertical. The 

groundwater flow is solved with the non-linear Boussinesq equation.  

GHOST is a reformulation of MM-pihm designed to perform multi-year simulations in large basins. 

Modifications and modules specifically developed in GHOST were directed toward: 1) capturing main 

hydrological processes to predict observed multi-year hydrographs and annual water budgets, 2) 

increasing accuracy using a Voronoi-based discretization and 3) improving computational efficiency 

through multithread parallel computing.  
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In GHOST, the watershed domain is discretized using unstructured, polyhedral elements derived 

from Voronoi diagrams. Voronoi tessellations have the advantage of improving accuracy of gradient 

computations and in turn the accuracy of calculated fluxes. To improve performance on computer 

clusters, shared-memory parallelization with OpenMP is used. 

New models developed and implemented in GHOST include: 

a) Coupling fluxes between zones (infiltration, recharge and exfiltration)  

b) Retention basins  

c) Large water bodies, including multi-lakes system interconnected by bridges  

d) Reduced infiltration in frozen ground  

 

Figure 1 shows the hydrological processes modeled in GHOST. The model uses meteorological 

data and vegetation characteristics to compute evaporation and plant transpiration. The form of 

precipitation, rain or snow, is determined by air temperature. Accumulated snow melts at above-freezing 

temperatures contributing to net precipitation. The canopy can intercept rain, which then evaporates 

from the canopy or can reach the ground surface by canopy drip.  Water from net precipitation at the 

ground surface can infiltrate to the unsaturated region or contribute to surface runoff. Infiltrated water 

can evaporate from the soil surface, be transpired by plants, or drain to the groundwater. Water stored 

in the groundwater can evaporate or discharge to a stream.  

This report describes the main models and methods developed in GHOST.  
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Figure 1. Schematic representation of GHOST 

2. Mathematical model 

The watershed is represented with two coupled domains: surface and subsurface (soil). A moving 

interface tracking the location of the water table separates the unsaturated and saturated soil regions.   
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 Surface model  

Overland flow 

Surface flow in the plain (overland flow) is solved with Saint Venant equations, assuming negligible inertial 

terms compared to pressure and bed and frictional slopes (diffusive wave simplification). This 

simplification is a valid approximation for subcritical flows. Mass conservation yields: 

𝜕𝜕𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝜕𝜕𝜕𝜕
+ 𝛻𝛻. �𝑢𝑢�⃗ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠� = −𝑞𝑞𝑖𝑖𝑖𝑖𝑠𝑠 + 𝑞𝑞𝑒𝑒𝑒𝑒𝑠𝑠 + 𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠      (1) 

where 𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the water depth at the ground surface, 𝑞𝑞𝑖𝑖𝑖𝑖𝑠𝑠 is the flux of water from the surface to the 

soil (infiltration), 𝑞𝑞𝑒𝑒𝑒𝑒𝑠𝑠 is the water flux from the soil to the ground (exfiltration), and 𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠takes into 

account precipitation, evaporation, and point sources: 

𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑃𝑃(1 − 𝛼𝛼𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠)𝐶𝐶𝑖𝑖
𝜕𝜕𝑠𝑠 + 𝐷𝐷 +𝑀𝑀 − 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝜉𝜉      (2) 

where 𝑃𝑃 is precipitation, 𝛼𝛼𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠 is the fraction of precipitation converted to snow, 𝐷𝐷 is the net drainage 

rate from canopy, 𝑀𝑀 is the snow melting rate, 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠is the evaporation from surface water, 𝐶𝐶𝑖𝑖
𝜕𝜕𝑠𝑠is the 

throughfall coefficient and 𝜉𝜉 is a point source. 

Water velocity 𝑢𝑢�⃗ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠can be obtained from the momentum equation using the diffusive wave 

approximation and Manning formula: 

𝑢𝑢�⃗ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
�𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�

2/3

�𝛻𝛻�𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+𝑧𝑧��
1/2

𝑖𝑖
𝛻𝛻�𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑧𝑧�        (3) 

where 𝑧𝑧 is the bed elevation and 𝑛𝑛 is the Manning’s roughness coefficient.  

Snow depth 

The snow is modeled assuming that the main processes responsible for snow accumulation in the 

watershed are snowfall and melting: 

𝑑𝑑𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑑𝑑𝜕𝜕
= 𝑃𝑃 𝛼𝛼𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠 −𝑀𝑀         (4) 
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 Subsurface model 

Unsaturated soil 

Water depth at the unsaturated region is modeled assuming gravity dominated flow: 

𝑆𝑆 𝑑𝑑𝑦𝑦
𝑠𝑠𝑠𝑠𝑠𝑠

𝑑𝑑𝜕𝜕
= 𝑞𝑞𝑖𝑖𝑖𝑖𝑠𝑠 − 𝑞𝑞𝑠𝑠𝑒𝑒𝑟𝑟ℎ − 𝑋𝑋𝑒𝑒𝑒𝑒𝑠𝑠 𝑞𝑞𝑒𝑒𝑒𝑒𝑠𝑠 +  𝑞𝑞𝑖𝑖𝑖𝑖𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖 − 𝑋𝑋𝑒𝑒𝑒𝑒𝑠𝑠 𝑞𝑞𝑒𝑒𝑒𝑒𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖 − 𝐸𝐸𝑠𝑠𝑖𝑖𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑖𝑖𝑠𝑠  (5) 

where 𝑞𝑞𝑠𝑠𝑒𝑒𝑟𝑟ℎ is the flux from the unsaturated soil to the groundwater (recharge). 𝑋𝑋𝑒𝑒𝑒𝑒𝑠𝑠 is the ratio of 

exfiltrated water from the unsaturated region to total exfiltration. 𝑞𝑞𝑖𝑖𝑖𝑖𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖 and 𝑞𝑞𝑒𝑒𝑒𝑒𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖 are 

infiltration and exfiltration from/to the channel, respectively.  𝐸𝐸𝑠𝑠𝑖𝑖𝑠𝑠 and  𝑇𝑇𝑠𝑠𝑖𝑖𝑠𝑠 are water losses by 

evaporation and plant transpiration in the unsaturated region, respectively. 𝑆𝑆 is the storativity, which for 

an unconfined aquifer can approximated by the specific yield (or effective porosity) 𝑆𝑆𝑦𝑦: 

𝑆𝑆~𝑆𝑆𝑦𝑦 = 𝜙𝜙 + 𝑆𝑆𝑠𝑠           (6) 

where 𝜙𝜙 is the porosity and 𝑆𝑆𝑠𝑠 is the specific retention representing the amount of water retained by 

capillary forces during gravity drainage.  

Groundwater flow 

The groundwater equation can be written as: 

𝑆𝑆 𝑑𝑑𝐻𝐻
𝐺𝐺𝐺𝐺

𝑑𝑑𝜕𝜕
+ 𝛻𝛻. �𝑻𝑻𝛻𝛻𝐻𝐻𝐺𝐺𝐺𝐺� = 𝑞𝑞𝑠𝑠𝑒𝑒𝑟𝑟ℎ − �1 − 𝑋𝑋𝑒𝑒𝑒𝑒𝑠𝑠� 𝑞𝑞𝑒𝑒𝑒𝑒𝑠𝑠 − 𝐸𝐸𝐺𝐺𝐺𝐺 − 𝑇𝑇𝐺𝐺𝐺𝐺    (7) 

where 𝐻𝐻𝐺𝐺𝐺𝐺 is hydraulic head, the transmissivity of the aquifer is 𝑻𝑻 = 𝑲𝑲 𝑏𝑏, with 𝑲𝑲 representing the 

hydraulic conductivity tensor and 𝑏𝑏 the thickness of the aquifer. 𝐸𝐸𝐺𝐺𝐺𝐺 and 𝑇𝑇𝐺𝐺𝐺𝐺are water losses by 

evaporation and transpiration in the groundwater, respectively.  

At high infiltration rates, the water content in the unsaturated region increases and the 

unsaturated region can become fully saturated. At that point, if the pressure of water at the surface is 

higher than total head in the soil, surface water moves to the groundwater as recharge. When the water 

table reaches the ground surface, the unsaturated region is nonexistent. In order to avoid discontinuities, 

GHOST solves the total head in the subsurface (unsaturated plus groundwater), 𝑦𝑦𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠. The total subsurface 

head is obtained adding Eqs. (5) and (7): 
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𝑆𝑆 𝑑𝑑𝑦𝑦
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑑𝑑𝜕𝜕
+ 𝛻𝛻. �𝑻𝑻𝛻𝛻𝑦𝑦𝐺𝐺𝐺𝐺� = 𝑞𝑞𝑖𝑖𝑖𝑖𝑠𝑠 − 𝑞𝑞𝑒𝑒𝑒𝑒𝑠𝑠 +  𝑞𝑞𝑖𝑖𝑖𝑖𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖 − 𝑋𝑋𝑒𝑒𝑒𝑒𝑠𝑠 𝑞𝑞𝑒𝑒𝑒𝑒𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖 − 𝐸𝐸𝑠𝑠𝑖𝑖𝑠𝑠 − 𝑇𝑇𝑠𝑠𝑖𝑖𝑠𝑠 − 𝐸𝐸𝐺𝐺𝐺𝐺 − 𝑇𝑇𝐺𝐺𝐺𝐺 

            (8) 

3. Numerical model 

GHOST solves the conservation Eqs. (1), (7), and (8) using a finite volume method. Divergence terms in 

the equations are converted to surface integrals, which can be evaluated as surface fluxes, using the 

divergence theorem. The domain is discretized using Voronoi tessellations (Voronoi, 1907). Voronoi cells 

(also known as Thiessen polygons) have the advantage that edges are perpendicular to the line connecting 

cell centers increasing thus the accuracy of fluxes computations. Figure 2 shows a typical control volume 

i with vertical fluxes between regions representing infiltration, exfiltration and recharge, and lateral mass 

fluxes within the surface and groundwater regions.  

The surface region is represented with 2D elements and a 1D stream network. Channel flow is 

modeled using a 1D approach to capture the channel geometry and effect of flood mitigation structures 

without local grid refinement along the network. 
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Figure 2. Variables and fluxes in control volume i. Gray arrows represent lateral fluxes, and white arrows 

represent vertical fluxes.  

 Overland flow 

Discretizing Eq. (1) in control volume i results in: 

𝑑𝑑𝑦𝑦𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑑𝑑𝜕𝜕
= 1

𝐴𝐴𝑠𝑠
�∑ 𝑞𝑞𝑖𝑖𝑖𝑖

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑛𝑛2𝐷𝐷
𝑖𝑖=1 − ∑ 𝑞𝑞𝑖𝑖𝑖𝑖

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖𝑖𝑖𝑛𝑛1𝐷𝐷
𝑖𝑖=1 � − 𝑞𝑞𝑖𝑖

𝑖𝑖𝑖𝑖𝑠𝑠 + 𝑞𝑞𝑖𝑖
𝑒𝑒𝑒𝑒𝑠𝑠 + 𝑃𝑃𝑖𝑖(1 − 𝛼𝛼𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠)𝐶𝐶𝑖𝑖

𝜕𝜕𝑠𝑠 + 𝐷𝐷𝑖𝑖 + 𝑀𝑀𝑖𝑖 −

𝐸𝐸𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝜉𝜉 𝑖𝑖              

            (9)  
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the first two terms on the RHS represent water flow rate between control volume i and contiguous 2D 

elements and 1D channels, respectively. 𝑛𝑛𝑏𝑏2𝐷𝐷  and 𝑛𝑛𝑏𝑏1𝐷𝐷  represent the number of 2D elements and 

channel neighbors.  𝐴𝐴𝑖𝑖  is the surface area of control volume i. 

Water depth in a 1D stream segment, 𝑦𝑦𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖, is modeled as: 

𝑑𝑑𝑦𝑦𝑘𝑘
𝑐𝑐ℎ𝑎𝑎𝑠𝑠

𝑑𝑑𝜕𝜕
= 1

𝐴𝐴𝑘𝑘
�∑ 𝑞𝑞𝑖𝑖𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖2

𝑖𝑖=1 + ∑ 𝑞𝑞𝑖𝑖𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖2

𝑖𝑖=1 − ∑ 𝑞𝑞𝑖𝑖𝑖𝑖
𝑖𝑖𝑖𝑖𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖2

𝑖𝑖=1 + ∑ 𝑞𝑞𝑖𝑖𝑖𝑖
𝑒𝑒𝑒𝑒𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖2

𝑖𝑖=1 �  (10) 

where the first term on the RHS represents the flow rate between channel segments. 𝑞𝑞𝑖𝑖𝑖𝑖𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖 and 

 𝑞𝑞𝑒𝑒𝑒𝑒𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖 are the infiltration and exfiltration from a river segment to the contiguous subsurface element. 

The area of stream 𝑘𝑘 is 𝐴𝐴𝑖𝑖 = 2𝑊𝑊𝑖𝑖𝐿𝐿𝑖𝑖, with 2𝑊𝑊𝑖𝑖 representing the river segment width and 𝐿𝐿𝑖𝑖 denoting 

the river segment length. 

 Groundwater flow 

Discretizing Eq. (7) in control volume i results: 

𝑆𝑆𝑖𝑖
𝑑𝑑𝑦𝑦𝑠𝑠

𝐺𝐺𝐺𝐺

𝑑𝑑𝜕𝜕
= 1

𝐴𝐴𝑠𝑠
�∑ 𝑞𝑞𝑖𝑖𝑖𝑖𝐺𝐺𝐺𝐺 + ∑ �𝑞𝑞𝑖𝑖𝑖𝑖𝑠𝑠𝑒𝑒𝑟𝑟ℎ−𝑟𝑟ℎ𝑎𝑎𝑖𝑖 − �1 − 𝑋𝑋𝑒𝑒𝑒𝑒𝑠𝑠� 𝑞𝑞𝑖𝑖𝑖𝑖

𝑒𝑒𝑒𝑒𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖�𝑖𝑖𝑛𝑛1𝐷𝐷
𝑖𝑖=1

𝑖𝑖𝑛𝑛2𝐷𝐷
𝑖𝑖=1 � + 𝑞𝑞𝑖𝑖𝑠𝑠𝑒𝑒𝑟𝑟ℎ − �1 − 𝑋𝑋𝑒𝑒𝑒𝑒𝑠𝑠� 𝑞𝑞𝑖𝑖

𝑒𝑒𝑒𝑒𝑠𝑠 −

𝐸𝐸𝑖𝑖𝐺𝐺𝐺𝐺 − 𝑇𝑇𝑖𝑖𝐺𝐺𝐺𝐺           (11) 

where the first term on the RHS represents the groundwater flux from control volume i to contiguous 

elements. 

 Total head in soil 

Discretization of Eq. (8) yields: 

𝑆𝑆𝑖𝑖
𝑑𝑑𝑦𝑦𝑠𝑠

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑑𝑑𝜕𝜕
= 1

𝐴𝐴𝑠𝑠
∑ 𝑞𝑞𝑖𝑖𝑖𝑖𝐺𝐺𝐺𝐺𝑖𝑖𝑛𝑛2𝐷𝐷
𝑖𝑖=1 +𝑞𝑞𝑖𝑖

𝑖𝑖𝑖𝑖𝑠𝑠 − 𝑞𝑞𝑖𝑖
𝑒𝑒𝑒𝑒𝑠𝑠 +  1

𝐴𝐴𝑠𝑠
∑ 𝑞𝑞𝑖𝑖𝑖𝑖

𝑖𝑖𝑖𝑖𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖𝑖𝑖𝑛𝑛1𝐷𝐷
𝑖𝑖=1 − 1

𝐴𝐴𝑠𝑠
∑ 𝑞𝑞𝑖𝑖𝑖𝑖

𝑒𝑒𝑒𝑒𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖𝑖𝑖𝑛𝑛1𝐷𝐷
𝑖𝑖=1 − 𝐸𝐸𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠 − 𝑇𝑇𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠 −

𝐸𝐸𝑖𝑖𝐺𝐺𝐺𝐺 − 𝑇𝑇𝑖𝑖𝐺𝐺𝐺𝐺            

            (12) 

 Water saturation and water table 

Water saturation in the unsaturated zone 𝑆𝑆𝑠𝑠𝑖𝑖 can be obtained from: 

𝑆𝑆𝑠𝑠𝑖𝑖 = 𝑚𝑚𝑚𝑚𝑛𝑛 �𝑦𝑦𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑦𝑦𝑠𝑠

𝐺𝐺𝐺𝐺

𝐷𝐷𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑦𝑦𝑠𝑠

𝐺𝐺𝐺𝐺 , 1�         (13) 
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where 𝐷𝐷𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠  is the soil depth (see Figure 2). The location of the water table, 𝑦𝑦𝑖𝑖𝐺𝐺𝑊𝑊, can be estimated 

from: 

𝑦𝑦𝑖𝑖𝐺𝐺𝑊𝑊 = �
𝑦𝑦𝑖𝑖𝐺𝐺𝐺𝐺        𝑆𝑆𝑠𝑠𝑖𝑖 < 1     
𝑦𝑦𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠         𝑆𝑆𝑠𝑠𝑖𝑖 = 1        

         (14) 

 Vertical fluxes 

The driving force required for net water flux from the surface to the subsurface is modeled as: 

𝛥𝛥ℎ𝑖𝑖 = �𝑦𝑦𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑚𝑚𝑚𝑚𝑚𝑚�𝑦𝑦𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠 − 𝐷𝐷𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠 , 0�� − 𝜓𝜓𝑖𝑖       (15) 

Positive ih∆  represents infiltration, while negative values denote exfiltration. Eq. (15) results in 

zero driving force heads in the surface and subsurface at equilibrium. Groundwater only influences mass 

transfer in Eq. (15) if the water table reached the ground (𝑦𝑦𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠 ≥ 𝐷𝐷𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠). Exfiltration occurs when the soil 

is fully saturated and is modeled considering mass transfer from both the unsaturated region (at 𝑆𝑆𝑠𝑠𝑖𝑖 = 1) 

and groundwater to the surface. 𝜓𝜓𝑖𝑖 represents capillary head, which can be modeled as (van Genuchten, 

1980):   

𝜓𝜓𝑖𝑖 = −
�𝛩𝛩𝑠𝑠

−
𝛽𝛽𝑠𝑠

𝛽𝛽𝑠𝑠−1−1�

1
𝛽𝛽𝑠𝑠

𝛼𝛼𝑠𝑠
          (16) 

where 𝛼𝛼𝑖𝑖 and 𝛽𝛽𝑖𝑖 are the van Genuchten parameters and 𝛩𝛩𝑖𝑖 = 𝑆𝑆𝑠𝑠𝑠𝑠𝜙𝜙𝑠𝑠−𝜃𝜃𝑠𝑠
𝑠𝑠

𝜙𝜙𝑠𝑠−𝜃𝜃𝑠𝑠
𝑠𝑠  with 𝜃𝜃𝑖𝑖𝑠𝑠 is the residual water 

content.  

Infiltration and Exfiltration  

Water flux from the surface to the soil is modeled as 𝛤𝛤𝑖𝑖 = 𝑖𝑖𝑠𝑠
𝑣𝑣

𝑠𝑠𝑠𝑠
𝑒𝑒𝑒𝑒𝑐𝑐ℎ 𝑋𝑋𝑖𝑖

𝑠𝑠𝑠𝑠𝑠𝑠𝑧𝑧𝑒𝑒𝑖𝑖𝛥𝛥ℎ𝑖𝑖, where 𝑘𝑘𝑖𝑖𝑣𝑣 represents the 

vertical hydraulic conductivity, 𝑋𝑋𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑧𝑧𝑒𝑒𝑖𝑖 is a factor considering the reduction of infiltration in frozen soil, 

and 𝑙𝑙𝑖𝑖𝑒𝑒𝑒𝑒𝑟𝑟ℎ is the coupling length.  Δℎ𝑖𝑖 > 0 represents infiltration, and Δℎ𝑖𝑖 < 0 denotes exfiltration. The 

infiltration rate is: 

𝑞𝑞𝑖𝑖
𝑖𝑖𝑖𝑖𝑠𝑠 = 𝑚𝑚𝑚𝑚𝑛𝑛 �𝛧𝛧𝑖𝑖

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝛤𝛤𝑖𝑖,
𝑦𝑦𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

∆𝜕𝜕
�         (17) 
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where 𝛧𝛧𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is a sigmoid function to reduce infiltration when ponded water is comparable to the 

depression storage 𝐷𝐷𝑖𝑖
𝑠𝑠𝜕𝜕𝑠𝑠𝑠𝑠:  

𝛧𝛧𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = �

�𝑦𝑦𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�

3

�𝑦𝑦𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�

3
+�𝐷𝐷𝑠𝑠

𝑠𝑠𝑡𝑡𝑠𝑠𝑔𝑔�
3 �         (18) 

The exfiltration rate is given by: 

𝑞𝑞𝑖𝑖
𝑒𝑒𝑒𝑒𝑠𝑠 = − 𝛤𝛤𝑖𝑖            (19) 

With the approach used to model the subsurface, exfiltration may occur when the water table 

reaches the free surface or when the unsaturated region is fully saturated. In the last case, the model 

assumes that exfiltrated water can lower the water table and reduce the water content in the unsaturated 

region. The ratio of exfiltrated water from the unsaturated region is modeled assuming that the water 

flux from the unsaturated zone is proportional to the ratio of head in that region to total head in the soil: 

𝑋𝑋𝑒𝑒𝑒𝑒𝑠𝑠 =

⎩
⎪
⎨

⎪
⎧
𝑦𝑦𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠

𝑦𝑦𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠         if   �𝜙𝜙𝑖𝑖𝑦𝑦𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠 − 𝜃𝜃𝑖𝑖𝑠𝑠�𝐷𝐷𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠 − 𝑦𝑦𝑖𝑖𝐺𝐺𝐺𝐺�� < |𝛤𝛤𝑖𝑖|∆𝑡𝑡 

                                                              
 1             if   �𝜙𝜙𝑖𝑖𝑦𝑦𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠 − 𝜃𝜃𝑖𝑖𝑠𝑠�𝐷𝐷𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠 − 𝑦𝑦𝑖𝑖𝐺𝐺𝐺𝐺�� > |𝛤𝛤𝑖𝑖|∆𝑡𝑡                        

      (20) 

Recharge  

Recharge is modeled assuming that the fraction of water infiltrated going to recharge increases with the 

saturation: 

𝑞𝑞𝑖𝑖𝑠𝑠𝑒𝑒𝑟𝑟ℎ = 𝑚𝑚𝑚𝑚𝑚𝑚�𝑍𝑍𝑖𝑖𝑠𝑠𝑒𝑒𝑟𝑟ℎ𝑞𝑞𝑖𝑖
𝑖𝑖𝑖𝑖𝑠𝑠 , 0�         (21) 

with 𝑍𝑍𝑖𝑖𝑠𝑠𝑒𝑒𝑟𝑟ℎ representing a sigmoid function that reduces recharge at low water saturation: 

𝛧𝛧𝑖𝑖𝑠𝑠𝑒𝑒𝑟𝑟ℎ = � 𝑆𝑆𝑠𝑠𝑠𝑠
𝑚𝑚

𝑆𝑆𝑠𝑠𝑠𝑠
𝑚𝑚+𝑆𝑆𝑠𝑠∗𝑚𝑚

�          (22) 

with model parameters 𝑆𝑆𝑖𝑖∗  and 𝑚𝑚. Note that Eq. (22) predicts recharge only when infiltration occurs. 

Future model improvement involves including a water content profile for the unsaturated zone to better 

predict the recharge.  
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 Lateral fluxes 

Overland flow 

Using Eq. (3), the flow rate between control volumes i and j can be written as: 

𝑞𝑞𝑖𝑖𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  𝑢𝑢�⃗ 𝑠𝑠𝑢𝑢𝑠𝑠

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 .𝐴𝐴𝑖𝑖𝑖𝑖 = 𝛿𝛿𝑖𝑖𝑖𝑖
�𝑦𝑦𝑠𝑠𝑢𝑢𝑠𝑠

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝐷𝐷𝑠𝑠𝑢𝑢𝑠𝑠
𝑠𝑠𝑡𝑡𝑠𝑠𝑔𝑔�

2/3

𝑖𝑖𝚤𝚤𝚤𝚤����
𝑠𝑠𝑚𝑚𝑠𝑠𝑛𝑛�𝐺𝐺𝑖𝑖𝑖𝑖

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠��𝐺𝐺𝑖𝑖𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�

1/2
𝑦𝑦𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐿𝐿𝑖𝑖𝑖𝑖   (23) 

where 𝑢𝑢�⃗ 𝑠𝑠𝑢𝑢𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the upstream velocity, 𝐷𝐷𝑠𝑠𝑢𝑢𝑠𝑠

𝑠𝑠𝜕𝜕𝑠𝑠𝑠𝑠 is depression storage of the upstream element, 𝐴𝐴𝑖𝑖𝑖𝑖  is the 

cross-sectional area, 𝑦𝑦𝑠𝑠𝑢𝑢𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠is the water depth upstream, 𝑛𝑛𝑖𝑖𝑖𝑖 = 𝑖𝑖𝑠𝑠+𝑖𝑖𝑗𝑗

2
 is average roughness, and 𝑦𝑦𝑠𝑠

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =

�𝑦𝑦𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+𝑦𝑦𝑗𝑗

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�

2
 is the water depth at the face between elements and 𝐿𝐿𝑖𝑖𝑖𝑖 is the element edge length. The 

gradient of the total head is modeled as 𝐺𝐺𝑖𝑖𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =

�𝑦𝑦𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+𝑧𝑧𝑠𝑠�−�𝑦𝑦𝑗𝑗

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+𝑧𝑧𝑗𝑗�

𝑑𝑑𝑠𝑠𝑗𝑗
, with 𝑑𝑑𝑖𝑖𝑖𝑖  representing the distance 

between element centers  𝛿𝛿𝑖𝑖𝑖𝑖 �
1    if  element 𝑗𝑗 contiguos to element 𝑚𝑚
0   otherwise

. 

Groundwater flow 

The groundwater flow rate between control volumes i and j  can be written as: 

𝑞𝑞𝑖𝑖𝑖𝑖𝐺𝐺𝐺𝐺 = 𝒌𝒌 𝛻𝛻𝐻𝐻𝐺𝐺𝐺𝐺.𝐴𝐴𝑖𝑖𝑖𝑖 = 𝑘𝑘𝚤𝚤𝚤𝚤𝑠𝑠𝑎𝑎𝜕𝜕������𝐺𝐺𝑖𝑖𝑖𝑖𝐺𝐺𝐺𝐺𝑦𝑦𝑠𝑠𝑢𝑢𝑠𝑠𝐺𝐺𝐺𝐺 𝐿𝐿𝑖𝑖𝑖𝑖       (24) 

where 𝑦𝑦𝑠𝑠𝑢𝑢𝑠𝑠𝐺𝐺𝐺𝐺 is the groundwater depth upstream and the average saturated hydraulic conductivity is 

𝑘𝑘𝚤𝚤𝚤𝚤𝑠𝑠𝑎𝑎𝜕𝜕������ =
�𝑖𝑖𝑠𝑠

𝑠𝑠𝑎𝑎𝑡𝑡+𝑖𝑖𝑗𝑗
𝑠𝑠𝑎𝑎𝑡𝑡�

2
. The gradient of the total head modeled is 𝐺𝐺𝑖𝑖𝑖𝑖𝐺𝐺𝐺𝐺 =

�𝑦𝑦𝑠𝑠
𝐺𝐺𝐺𝐺+𝑧𝑧𝑠𝑠

𝑏𝑏𝑒𝑒𝑏𝑏�−�𝑦𝑦𝑗𝑗
𝐺𝐺𝐺𝐺+𝑧𝑧𝑗𝑗

𝑏𝑏𝑒𝑒𝑏𝑏�

𝑑𝑑𝑠𝑠𝑗𝑗
, where 𝑧𝑧 is 

the bottom elevation of the unconfined aquifer. 

 Coupling between overland flow and channel 

Following Panday and Huyakorn (2004), the surface flux from the control volume i  to the stream segment 

Sk , 𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖, is modeled using the equation for a broad crested weir.  Figure 3 shows variable definition 

for free-flow conditions (Figs. 3a and 3c) and submerged-flow conditions (Figs. 3b and 3d). 
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𝑞𝑞𝑖𝑖𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖

⎩
⎪⎪
⎨

⎪⎪
⎧0                                                                                             𝑌𝑌𝑠𝑠𝑢𝑢𝑠𝑠 < 𝑌𝑌𝑖𝑖𝑠𝑠𝑒𝑒𝑖𝑖𝑠𝑠      

2
3

𝐶𝐶𝑠𝑠
𝑏𝑏�2|𝑠𝑠|𝐿𝐿𝑠𝑠𝑘𝑘�𝑌𝑌

𝑠𝑠𝑢𝑢𝑠𝑠−𝑌𝑌𝑠𝑠
𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠�

3/2

𝑠𝑠𝑖𝑖𝑠𝑠𝑖𝑖��𝑦𝑦𝑠𝑠
𝑒𝑒𝑠𝑠𝑒𝑒+𝑧𝑧𝑠𝑠

𝑒𝑒𝑠𝑠𝑒𝑒�−�𝑦𝑦𝑘𝑘
𝑐𝑐ℎ𝑎𝑎𝑠𝑠+𝑧𝑧𝑘𝑘

𝑐𝑐ℎ𝑎𝑎𝑠𝑠��
                                     𝑌𝑌𝑠𝑠𝑢𝑢𝑠𝑠 > 𝑌𝑌𝑖𝑖𝑠𝑠𝑒𝑒𝑖𝑖𝑠𝑠  and 

�𝑌𝑌𝑏𝑏𝑠𝑠𝑠𝑠𝑠𝑠−𝑌𝑌𝑠𝑠
𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠�

�𝑌𝑌𝑠𝑠𝑢𝑢𝑠𝑠−𝑌𝑌𝑠𝑠
𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠�

< 2
3

   

2
3

𝐶𝐶𝑠𝑠
𝑏𝑏�2|𝑠𝑠|𝐿𝐿𝑠𝑠𝑘𝑘�𝑌𝑌

𝑠𝑠𝑢𝑢𝑠𝑠−𝑌𝑌𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠�
3/2

𝑠𝑠𝑖𝑖𝑠𝑠𝑖𝑖��𝑦𝑦𝑠𝑠
𝑒𝑒𝑠𝑠𝑒𝑒+𝑧𝑧𝑠𝑠

𝑒𝑒𝑠𝑠𝑒𝑒�−�𝑦𝑦𝑘𝑘
𝑐𝑐ℎ𝑎𝑎𝑠𝑠+𝑧𝑧𝑘𝑘

𝑐𝑐ℎ𝑎𝑎𝑠𝑠��
�
𝑌𝑌𝑠𝑠𝑢𝑢𝑠𝑠−𝑌𝑌𝑏𝑏𝑠𝑠𝑠𝑠𝑠𝑠

𝑌𝑌𝑠𝑠𝑢𝑢𝑠𝑠−𝑌𝑌𝑠𝑠
𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠 �

1/2
        𝑌𝑌𝑠𝑠𝑢𝑢𝑠𝑠 > 𝑌𝑌𝑖𝑖𝑠𝑠𝑒𝑒𝑖𝑖𝑠𝑠   and 

�𝑌𝑌𝑏𝑏𝑠𝑠𝑠𝑠𝑠𝑠−𝑌𝑌𝑠𝑠
𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠�

�𝑌𝑌𝑠𝑠𝑢𝑢𝑠𝑠−𝑌𝑌𝑠𝑠
𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠�

> 2
3

 

            (25) 

where upstream and downstream heads are: 

 �
𝑌𝑌𝑠𝑠𝑢𝑢𝑠𝑠 = 𝑦𝑦𝑖𝑖

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑧𝑧𝑖𝑖𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒;𝑌𝑌𝑑𝑑𝑠𝑠𝑠𝑠𝑖𝑖 = 𝑦𝑦𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖 + 𝑧𝑧𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖               𝑦𝑦𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑧𝑧𝑖𝑖𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒 > 𝑦𝑦𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖 + 𝑧𝑧𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖

𝑌𝑌𝑠𝑠𝑢𝑢𝑠𝑠 = 𝑦𝑦𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖 + 𝑧𝑧𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖;𝑌𝑌𝑑𝑑𝑠𝑠𝑠𝑠𝑖𝑖 = 𝑦𝑦𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑧𝑧𝑖𝑖𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒               𝑦𝑦𝑖𝑖

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑧𝑧𝑖𝑖𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒 < 𝑦𝑦𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖 + 𝑧𝑧𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖
 (26) 

where 𝑌𝑌𝑖𝑖𝑠𝑠𝑒𝑒𝑖𝑖𝑠𝑠 = 𝑧𝑧𝑖𝑖𝑠𝑠𝑒𝑒𝑖𝑖𝑠𝑠 + 𝑧𝑧𝑖𝑖𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒 represents the weir head, with weir coefficient and weir elevation, 𝐶𝐶𝑖𝑖𝑑𝑑 and 

𝑍𝑍𝑖𝑖𝑠𝑠𝑒𝑒𝑖𝑖𝑠𝑠, are model parameters. 

 

Figure 3. Schematic representation of coupling between 2D elements and channel. (a) and (c) free 
flowing condition and (b) and (d) submerged flow condition. 
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 Coupling between subsurface and channel 

The flux from a stream segment to the contiguous subsurface elements is modeled following the 

approach presented in section 3.5. Figure 4 shows flows between a river segment 𝑘𝑘 and contiguous 

elements i and j.  

 

Figure 4. Schematic representation of coupling between 2D subsurface elements and channel: (a) water 
table beneath bottom of river segment; and (b) water table above bottom of river segment. 

 

The driving force required for net flux from the channel to the subsurface of a contiguous element  

𝑚𝑚 is: 
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𝛥𝛥ℎ𝑖𝑖𝑖𝑖 = �𝑦𝑦𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖 − 𝑚𝑚𝑚𝑚𝑚𝑚�𝑦𝑦𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠 − 𝐷𝐷𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖, 0�� − 𝜓𝜓𝑖𝑖       (27) 

where 𝐷𝐷𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖 is the soil depth beneath the channel. 

Infiltration from the channel to the unsaturated region is computed from: 

𝑞𝑞𝑖𝑖𝑖𝑖
𝑖𝑖𝑖𝑖𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖 = 𝑚𝑚𝑚𝑚𝑛𝑛 �𝛧𝛧𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖𝛤𝛤𝑖𝑖𝑖𝑖 �𝑊𝑊𝑖𝑖 + 𝑚𝑚𝑚𝑚𝑛𝑛 �𝑦𝑦𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖, 𝑧𝑧𝑖𝑖𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒 − 𝑧𝑧𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖�� , 𝑦𝑦𝑘𝑘

𝑐𝑐ℎ𝑎𝑎𝑠𝑠

∆𝜕𝜕
� 𝐿𝐿𝑖𝑖   (28) 

where 𝐿𝐿𝑖𝑖  is the channel length. The model computes 𝛧𝛧𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖 from Eq. (18), replacing the water depth at 

the surface by the water depth at the channel. 𝛤𝛤𝑖𝑖𝑖𝑖 = 𝛿𝛿𝑖𝑖𝑖𝑖
𝑖𝑖𝑘𝑘
𝑒𝑒𝑠𝑠𝑠𝑠

𝑠𝑠𝑠𝑠𝑒𝑒𝑏𝑏
𝛥𝛥ℎ𝑖𝑖𝑖𝑖 , with 𝑘𝑘𝑖𝑖

𝑒𝑒𝑠𝑠𝑠𝑠 representing the effective 

conductivity of channel sediments and 𝑙𝑙𝑠𝑠𝑒𝑒𝑑𝑑 denoting the effective thickness of sediments.   

 Exfiltration from the soil to the channel is modeled as: 

𝑞𝑞𝑖𝑖𝑖𝑖
𝑒𝑒𝑒𝑒𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖 = 𝛤𝛤𝑖𝑖𝑖𝑖�𝑊𝑊𝑖𝑖 +𝑚𝑚𝑚𝑚𝑚𝑚�𝑦𝑦𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠 − 𝐷𝐷𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖, 0��𝐿𝐿𝑖𝑖      (29) 

Recharge or mass flux from the unsaturated region to groundwater due to channel infiltration is 

computed using Eq. (21) with infiltrated water from Eq. (28). 

 Evapotranspiration 

GHOST can use potential evapotranspiration data as an input or compute the potential 

evapotranspiration using FAO56 (Allen et al. 1998, Allen et al. 2006). Figure 5 shows processes included 

in the GHOST evapotranspiration model. The model first uses available energy to evaporate water 

intercepted by plant canopy. If not depleted, it then uses available energy for plant evapotranspiration, 

surface water, and then soil evaporation. Interception and evapotranspiration are modeled following 

Panday and Huyakorn (2004). 
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Figure 5. Schematic representation of evapotranspiration model. 

Potential evapotranspiration  

Potential evapotranspiration 𝐸𝐸𝑢𝑢 is computed using the Penman-Monteith equation following 

(Allen et al. 1998, Allen et al. 2006): 

𝐸𝐸𝑖𝑖
𝑢𝑢 =

�𝑅𝑅𝑠𝑠
𝑠𝑠(1−𝛢𝛢𝑠𝑠)−𝐺𝐺𝑠𝑠�𝛥𝛥𝑠𝑠+

𝐶𝐶𝑢𝑢𝜌𝜌𝑎𝑎
𝑠𝑠𝑠𝑠
𝑎𝑎  �𝑒𝑒𝑠𝑠

∗−𝑒𝑒𝑠𝑠�

𝜌𝜌𝑠𝑠𝜆𝜆𝑠𝑠�𝛾𝛾𝑠𝑠�1+
𝑠𝑠𝑠𝑠
𝑠𝑠

𝑠𝑠𝑠𝑠
𝑎𝑎� +𝛥𝛥𝑠𝑠�

        (30)  

where 𝑅𝑅𝑖𝑖𝑠𝑠 is the net incoming radiation, 𝛢𝛢𝑖𝑖   the albedo, 𝐺𝐺𝑖𝑖  is the ground heat flux, 𝐶𝐶𝑢𝑢 is the specific heat 

at constant pressure, 𝜌𝜌 is the density, 𝑟𝑟𝑖𝑖𝑎𝑎 is the aerodynamic resistance, 𝑒𝑒𝑖𝑖 is the vapor pressure, and 𝜆𝜆𝑖𝑖 is 

the latent evaporation heat. Subscripts w and a denote water and air, respectively. The surface (stomata) 

resistance 𝑟𝑟𝑖𝑖𝑠𝑠 is zero for surface water evaporation and evaporation from canopy. 

Closure relations are needed for thermodynamic variables in Eq. (30).  The saturated pressure 

vapor at equilibrium can be modeled as:  

𝑒𝑒𝑖𝑖∗[𝑃𝑃𝑚𝑚] = 610.94 𝑒𝑒𝑚𝑚𝑒𝑒 � 17.625 𝑊𝑊𝑠𝑠
(243.04+𝑊𝑊𝑠𝑠)

�         (31) 
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where 𝑇𝑇𝑖𝑖 is temperature in o𝐶𝐶. The actual pressure vapor is given by:  

𝑒𝑒𝑎𝑎 = 𝑒𝑒𝑎𝑎𝑠𝑠 𝐻𝐻           (32) 

with 𝐻𝐻 representing the relative humidity.  Latent evaporation heat is:  

𝜆𝜆𝑖𝑖[𝐽𝐽 𝐾𝐾𝑠𝑠−1] = 2.501 106 − 2370 𝑇𝑇𝑖𝑖        (33) 

𝛥𝛥𝑖𝑖 �
𝑃𝑃𝑎𝑎
𝑠𝑠𝐶𝐶
� = 𝑑𝑑𝑒𝑒𝑠𝑠

∗

𝑑𝑑𝑊𝑊𝑠𝑠
= 𝑒𝑒𝑖𝑖∗

243.04⋅17.625
(243.04+𝑊𝑊𝑠𝑠)2

         (34) 

The psychrometric constant can be obtained from: 

 𝛾𝛾𝑖𝑖[𝑃𝑃𝑚𝑚 𝐾𝐾−1] = 𝐶𝐶𝑢𝑢𝑃𝑃𝑠𝑠
𝜆𝜆𝑠𝑠 𝑀𝑀𝑠𝑠

= 106𝑃𝑃𝑠𝑠
𝜆𝜆𝑠𝑠 0.622

         (35) 

with 𝑀𝑀𝑠𝑠 representing the molecular water vapor-air ratio. Pressure can be corrected by elevation using:  

𝑃𝑃𝑖𝑖[𝑃𝑃𝑚𝑚] = 101325.0 𝑒𝑒𝑚𝑚𝑒𝑒−� 𝑧𝑧𝑠𝑠
�7991+29.33(𝑊𝑊𝑠𝑠+273)�

�       (36) 

with 𝑧𝑧𝑖𝑖[𝑚𝑚] the height above sea level. Considering that air behaves as an ideal gas, the air density as: 

𝜌𝜌𝑎𝑎[𝑘𝑘𝑠𝑠 𝑚𝑚−3] = 29𝑃𝑃𝑠𝑠[𝑃𝑃𝑎𝑎]
8314 (𝑊𝑊𝑠𝑠+273)         (37) 

The ground heat flux can be computed from: 

 𝐺𝐺𝑖𝑖 = 𝐶𝐶𝑖𝑖𝑅𝑅𝑅𝑅𝑖𝑖𝑠𝑠(1 − 𝛢𝛢𝑖𝑖)           (38) 

with 𝐶𝐶𝑖𝑖𝑅𝑅  given by: 

𝐶𝐶𝑖𝑖𝑅𝑅 = (0.3 − 0.03𝐿𝐿𝐴𝐴𝐼𝐼𝑖𝑖)          (39) 

The aerodynamic resistance according to FAO56 (Allen et al. 1998) is:  

𝑟𝑟𝑖𝑖𝑎𝑎 =
𝑠𝑠𝑖𝑖��𝑧𝑧𝑠𝑠−𝑧𝑧𝑏𝑏�𝑧𝑧0𝑚𝑚

� 𝑠𝑠𝑖𝑖��𝑧𝑧𝑠𝑠−𝑧𝑧𝑏𝑏�
𝑧𝑧0ℎ

�

𝑖𝑖2𝐺𝐺𝑠𝑠
         (40) 

where 𝑊𝑊 is the wind velocity, roughness length is 𝑧𝑧0𝑒𝑒~0.123ℎ𝑣𝑣, 𝑧𝑧0ℎ~0.1𝑧𝑧0𝑒𝑒, and zero plane 

displacement is 𝑧𝑧𝑖𝑖𝑑𝑑~ 2
3
ℎ𝑖𝑖𝑣𝑣, with ℎ𝑖𝑖𝑣𝑣 representing the vegetation height. The surface resistance or stomata 

diffusion resistance can be obtained from (Allen et al. 1998): 
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𝑟𝑟𝑖𝑖𝑠𝑠 = 𝑠𝑠𝑠𝑠
𝐿𝐿𝐴𝐴𝐼𝐼𝑠𝑠

𝑎𝑎𝑐𝑐𝑡𝑡           (41) 

with stomatal resistance of well-illuminated leaf under well-watered conditions represented by 𝑟𝑟𝑠𝑠~100 s 

m−1 and 𝐿𝐿𝐴𝐴𝐼𝐼𝑖𝑖𝑎𝑎𝑟𝑟𝜕𝜕~0.5 𝐿𝐿𝐴𝐴𝐼𝐼𝑖𝑖. 

Actual evapotranspiration 

The crop potential evapotranspiration 𝐸𝐸𝑖𝑖𝑎𝑎 is calculated using a reference evapotranspiration:  

𝐸𝐸𝑖𝑖𝑎𝑎 = 𝐾𝐾𝑖𝑖
𝑟𝑟𝑠𝑠𝑠𝑠𝑢𝑢𝐸𝐸𝑖𝑖𝑅𝑅            (42) 

With 𝐾𝐾𝑖𝑖
𝑟𝑟𝑠𝑠𝑠𝑠𝑢𝑢(𝑡𝑡) the empirical crop coefficient, which is function of the plant growing stage. The alfalfa-

based reference evapotranspiration is the most commonly used in the Midwest. 𝐸𝐸𝑖𝑖𝑅𝑅 is calculated assuming 

a dense actively growing alfalfa, 20 inches tall in well-watered conditions.  The aerodynamic resistance 

using Eq. (40) results in: 

𝑟𝑟𝑖𝑖𝑎𝑎 = 108.95
𝐺𝐺𝑠𝑠

           (43) 

The reference evapotranspiration using Eqs. (30), (41), and (43), with the leaf area index 

modeled as 𝐿𝐿𝐴𝐴𝐼𝐼𝑖𝑖 = 5.5 + 1.5 𝑙𝑙𝑛𝑛(ℎ𝑖𝑖𝑣𝑣) = 4.484, is: 

𝐸𝐸𝑖𝑖𝑅𝑅 = 𝐸𝐸𝑖𝑖
𝑢𝑢 (𝛾𝛾𝑠𝑠 +𝛥𝛥𝑠𝑠)

(𝛾𝛾𝑠𝑠 (1+𝐺𝐺𝑠𝑠0.409)+𝛥𝛥𝑠𝑠)
          (44) 

Interception and evaporation from canopy  

The interception storage 𝜗𝜗𝑖𝑖 and evaporation from canopy 𝐸𝐸𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖 are modeled following Kristensen 

and Jensen (1975). The maximum interception storage is written as:  

𝜗𝜗𝑖𝑖𝑒𝑒𝑎𝑎𝑒𝑒 = 𝐶𝐶𝜗𝜗𝐿𝐿𝐴𝐴𝐼𝐼(𝑡𝑡)          (45) 

where  𝐶𝐶𝜗𝜗 is the interception storage constant, a model parameter. The throughfall coefficient is: 

𝐶𝐶𝑖𝑖
𝜕𝜕𝑠𝑠 = 𝑒𝑒𝑚𝑚𝑒𝑒(−0.7 𝐿𝐿𝐴𝐴𝐼𝐼)          (46)  

The interception storage is calculated from: 

𝜗𝜗𝑖𝑖 = 𝑚𝑚𝑚𝑚𝑚𝑚�𝜗𝜗𝑖𝑖𝑒𝑒𝑎𝑎𝑒𝑒,𝜗𝜗𝑖𝑖𝜕𝜕−𝛥𝛥𝜕𝜕 + ��1 − 𝐶𝐶𝑖𝑖
𝜕𝜕𝑠𝑠�(1− 𝛼𝛼𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠)𝑃𝑃𝑖𝑖 − 𝐷𝐷𝑖𝑖 − 𝐸𝐸𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖�∆𝑡𝑡�    (47) 

The canopy evaporation is given by: 
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𝐸𝐸𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖 = 𝛧𝛧𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖 𝐸𝐸𝑖𝑖𝑎𝑎          (48) 

The reduction of the evaporation with the interception storage is taking into account with 𝛧𝛧𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖 =

min �3 �𝜗𝜗𝑖𝑖 103�
2
− 2 �𝜗𝜗𝑖𝑖 103�

3
 ,1�. 

Crop/plant evapotranspiration 

Following Panday and Huyakorn (2004) and assuming that transpiration occurs if the actual 

evapotranspiration was not depleted by canopy, the transpiration 𝑇𝑇 can be modeled as: 

𝑇𝑇𝑖𝑖 = 𝑚𝑚𝑚𝑚𝑚𝑚(𝑓𝑓1(𝐿𝐿𝐴𝐴𝐼𝐼𝑖𝑖)𝑓𝑓2(𝜃𝜃𝑖𝑖)𝑓𝑓𝑅𝑅(𝐸𝐸𝑇𝑇𝑖𝑖𝑎𝑎 − 𝐸𝐸𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖), 0)       (49)  

Considering that the transpiration rate is proportional to the fraction of incident radiation 

absorbed by the canopy and using the Beer Lambert law:  

𝑓𝑓1(𝐿𝐿𝐴𝐴𝐼𝐼𝑖𝑖) = �1 − 𝑒𝑒−𝑖𝑖𝑠𝑠
𝑒𝑒𝑒𝑒𝑡𝑡𝐿𝐿𝐴𝐴𝐼𝐼𝑠𝑠�         (50) 

where 𝑘𝑘𝑖𝑖𝑒𝑒𝑒𝑒𝜕𝜕 is the canopy extinction coefficient. The effect of the water content on the transpiration rate 

is modeled as (Panday and Huyakorn, 2004): 

𝑓𝑓2(𝑆𝑆𝑠𝑠𝑖𝑖)

⎩
⎪⎪
⎪
⎨

⎪⎪
⎪
⎧0                                          if 0<𝑆𝑆𝑠𝑠𝑖𝑖 ≤ 𝑆𝑆𝑠𝑠𝑖𝑖𝐺𝐺𝑃𝑃 

1- � 𝑆𝑆𝑠𝑠𝑠𝑠
𝐹𝐹𝐶𝐶−𝑆𝑆𝑠𝑠𝑠𝑠

𝑆𝑆𝑠𝑠𝑠𝑠
𝐹𝐹𝐶𝐶−𝑆𝑆𝑠𝑠𝑠𝑠

𝐺𝐺𝑊𝑊�
𝐶𝐶3
𝐸𝐸𝑇𝑇𝑎𝑎              if 𝑆𝑆𝑠𝑠𝑖𝑖𝐺𝐺𝑃𝑃 < 𝑆𝑆𝑠𝑠𝑖𝑖 ≤ 𝑆𝑆𝑠𝑠𝑖𝑖𝐹𝐹𝐶𝐶

1                                          if 𝑆𝑆𝑠𝑠𝑖𝑖𝐹𝐹𝐶𝐶 < 𝑆𝑆𝑠𝑠𝑖𝑖 ≤ 𝑆𝑆𝑠𝑠𝑖𝑖𝑂𝑂

�𝑆𝑆𝑠𝑠𝑤𝑤𝑤𝑤−𝑆𝑆𝑠𝑠𝑠𝑠
𝑆𝑆𝑠𝑠𝑤𝑤𝑤𝑤−𝑆𝑆𝑠𝑠𝑠𝑠

𝑂𝑂 �
𝐶𝐶3
𝐸𝐸𝑇𝑇𝑎𝑎                   if 𝑆𝑆𝑠𝑠𝑖𝑖𝑂𝑂 < 𝑆𝑆𝑠𝑠𝑖𝑖 ≤ 𝑆𝑆𝑠𝑠𝐴𝐴𝑤𝑤

0                                           if 𝑆𝑆𝑠𝑠𝐴𝐴𝑤𝑤 < 𝑆𝑆𝑠𝑠𝑖𝑖

      (51) 

where 𝑆𝑆𝑠𝑠𝑖𝑖𝐺𝐺𝑃𝑃, 𝑆𝑆𝑠𝑠𝑖𝑖𝐹𝐹𝐶𝐶, 𝑆𝑆𝑠𝑠𝑖𝑖𝑂𝑂 , and 𝑆𝑆𝑠𝑠𝐴𝐴𝑤𝑤 are water saturation at the wilting point, field capacity, oxic limit and 

anoxic limit, respectively, and 3C  is a model parameter. Following Panday and Huyakorn (2004), the 

transpiration in the unsaturated region is inversely proportional to the root depth 𝑅𝑅𝑖𝑖(𝑡𝑡): 

𝑇𝑇𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠 = 𝑇𝑇𝑖𝑖 𝑚𝑚𝑚𝑚𝑛𝑛 �1,𝐷𝐷𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑦𝑦𝑠𝑠

𝐺𝐺𝐺𝐺

𝑅𝑅𝑠𝑠
�         (52) 
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Transpiration in the groundwater region is zero since the anoxic limit is exceeded there. However, 

transpiration not used in the unsaturated region is imposed to the groundwater to take into account 

transpiration by plants whose roots tap the capillary fringe. 

Evaporation from surface water  

 Following the model proposed by Panday and Huyakorn (2004) and assuming evaporation occurs 

if the actual evapotranspiration has not been removed by canopy evaporation and plant transpiration, 

the evaporation rate from the water surface is: 

𝐸𝐸𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

⎩
⎪
⎨

⎪
⎧𝑚𝑚𝑚𝑚𝑛𝑛 �𝑦𝑦𝑠𝑠

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝛥𝛥𝜕𝜕
, �𝐸𝐸𝑖𝑖𝑎𝑎 − 𝐸𝐸𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖 − 𝑇𝑇𝑖𝑖 ��           𝐿𝐿𝐴𝐴𝐼𝐼 > 0

𝑚𝑚𝑚𝑚𝑛𝑛 �𝑦𝑦𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝛥𝛥𝜕𝜕
,𝐸𝐸𝑖𝑖

𝑢𝑢�                                           𝐿𝐿𝐴𝐴𝐼𝐼 = 0

      (53) 

Soil Evaporation 

 Following the model proposed by Panday and Huyakorn (2004) and assuming evaporation occurs 

if the actual evapotranspiration has not been removed by the other processes, the evaporation rate from 

the soil is written as: 

𝐸𝐸𝑖𝑖 �
𝑚𝑚𝑚𝑚𝑚𝑚�𝑓𝑓3(𝜃𝜃𝑖𝑖)𝑓𝑓𝐸𝐸�𝐸𝐸𝑇𝑇𝑖𝑖𝑎𝑎 − 𝐸𝐸𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖 − 𝑇𝑇𝑖𝑖 − 𝐸𝐸𝑖𝑖

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�, 0�        𝐿𝐿𝐴𝐴𝐼𝐼 > 0

𝑚𝑚𝑚𝑚𝑚𝑚 ��𝐸𝐸𝑇𝑇𝑖𝑖
𝑢𝑢−𝐸𝐸𝑖𝑖

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�, 0�                                                   𝐿𝐿𝐴𝐴𝐼𝐼 = 0
     (54) 

with the wetness factor modeled as (Panday and Huyakorn, 2004): 

𝑓𝑓3(𝑆𝑆𝑠𝑠𝑖𝑖)

⎩
⎨

⎧0                                                    𝑆𝑆𝑠𝑠𝑖𝑖 < 𝑆𝑆𝑠𝑠𝑖𝑖𝑒𝑒2 

�𝑆𝑆𝑠𝑠𝑠𝑠−𝑆𝑆𝑠𝑠𝑠𝑠
𝑒𝑒2

𝑆𝑆𝑠𝑠𝑠𝑠
𝑒𝑒1−𝑆𝑆𝑠𝑠𝑠𝑠

𝑒𝑒2�                          𝑆𝑆𝑠𝑠𝑖𝑖𝑒𝑒2 < 𝑆𝑆𝑠𝑠𝑖𝑖 ≤ 𝑆𝑆𝑠𝑠𝑖𝑖𝑒𝑒1

1                                          𝑆𝑆𝑠𝑠𝑖𝑖𝑒𝑒1 < 𝑆𝑆𝑠𝑠𝑖𝑖

      (55) 

where 𝑆𝑆𝑠𝑠𝑖𝑖𝑒𝑒1 and 𝑆𝑆𝑠𝑠𝑖𝑖𝑒𝑒2 are water saturation at the end of the energy-limiting stage and the limiting water 

saturation below which evaporation is zero, respectively. The evaporation distribution function, 𝑓𝑓𝐸𝐸, is 

modeled assuming evaporation occurs from the land surface to a prescribed extinction depth 𝐵𝐵𝑖𝑖. The 

evaporation in the unsaturated and groundwater regions are modeled as (Panday and Huyakorn, 2004): 

𝐸𝐸𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠 = 𝐸𝐸𝑖𝑖 𝑚𝑚𝑚𝑚𝑛𝑛 �1,𝐷𝐷𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑦𝑦𝑠𝑠

𝐺𝐺𝐺𝐺

𝐵𝐵𝑠𝑠
�         (56) 
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𝐸𝐸𝑖𝑖𝐺𝐺𝐺𝐺 = 𝐸𝐸𝑖𝑖 − 𝐸𝐸𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠          (57) 

 Fraction of precipitation converted to snow and snowmelt 

The fraction of precipitation converted to snow can be modeled as: 

𝛼𝛼𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠 = �

0                                               T>𝑇𝑇𝑠𝑠𝑎𝑎𝑖𝑖𝑖𝑖
𝑊𝑊𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠−𝑊𝑊

𝑊𝑊𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠−𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
             𝑇𝑇𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠 < T<𝑇𝑇𝑠𝑠𝑎𝑎𝑖𝑖𝑖𝑖

1                                                T<𝑇𝑇𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠

       (58) 

with 𝑇𝑇𝑠𝑠𝑎𝑎𝑖𝑖𝑖𝑖 = 1𝑠𝑠𝐶𝐶  and 𝑇𝑇𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠 = −3 oC. The snow melting rate is modeled using the degree-day method 

as: 

𝑀𝑀𝑖𝑖 = 𝑚𝑚𝑚𝑚𝑚𝑚 ��𝑇𝑇𝑖𝑖
𝑑𝑑𝑎𝑎𝑦𝑦 − 𝑇𝑇𝑠𝑠�𝐶𝐶𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠 𝛧𝛧𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠, 0�       (59) 

where 𝑇𝑇𝑑𝑑𝑎𝑎𝑦𝑦 is the mean daily temperature, 𝑇𝑇𝑠𝑠 = 0 oC and 𝐶𝐶𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠(𝑡𝑡) is the snow melt coefficient. The 

reduction of the meting rate with the snow depth is taking into account with 𝛧𝛧𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠 =

min (3 (𝑦𝑦𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠)2 − 2 (𝑦𝑦𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠)3 ,1).  

 Rate of drainage from canopy 

The rate of drainage from canopy assuming a “bucket model” is: 

𝐷𝐷𝑖𝑖 = �
0                                                      𝜗𝜗𝑖𝑖 < 𝜗𝜗𝑖𝑖𝑒𝑒𝑎𝑎𝑒𝑒

�1 − 𝐶𝐶𝑖𝑖
𝜕𝜕𝑠𝑠�(1− 𝛼𝛼𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠)𝑃𝑃𝑖𝑖          𝜗𝜗𝑖𝑖 > 𝜗𝜗𝑖𝑖𝑒𝑒𝑎𝑎𝑒𝑒       (60) 

 Soil temperature and reduction of infiltration in frozen soil  

The soil temperature is estimated using the model proposed by Rankinen et al. (2004):  

𝑑𝑑𝑊𝑊𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑑𝑑𝜕𝜕
= 𝐾𝐾𝑇𝑇

𝐶𝐶𝑤𝑤(2𝑍𝑍)2 �𝑇𝑇𝑖𝑖
𝑎𝑎𝑖𝑖𝑠𝑠 − 𝑇𝑇𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠�𝑒𝑒−𝑠𝑠𝑦𝑦𝑠𝑠

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
        (61) 

where 𝐾𝐾𝑊𝑊 is the soil thermal conductivity, 𝐶𝐶𝐴𝐴 is the volumetric specific heat, 𝑓𝑓 is an empirical damping 
parameter, and 𝑍𝑍 is the soil thickness where the temperature is of interest. The soil temperature at 𝑍𝑍=0.1 
m is used to compute reduction of infiltration rate according to: 

𝑘𝑘𝑖𝑖𝑣𝑣 = �

10−9                                                                          𝑇𝑇𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠<𝑇𝑇0

10−9 + �
�𝑊𝑊𝑠𝑠

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑊𝑊0�
𝑠𝑠

�𝑊𝑊𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑊𝑊0�

𝑠𝑠
+�𝐶𝐶𝑇𝑇�𝑊𝑊1 −𝑊𝑊0��

𝑠𝑠 � 𝑘𝑘𝑖𝑖𝑣𝑣               𝑇𝑇𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠>𝑇𝑇0
      (62) 
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where 𝐶𝐶𝑊𝑊,  𝑇𝑇1  and 𝑇𝑇0 are experimental model parameters. Note that at temperatures below 𝑇𝑇0, the 
hydraulic conductivity is reduced to 10−9, and at  𝑇𝑇𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠 = 𝐶𝐶𝑊𝑊�𝑇𝑇1 − 𝑇𝑇0� the hydraulic conductivity is 
𝑘𝑘𝑖𝑖𝑣𝑣/2. 

 Numerical method 

Conservation Eqs. (9), (11), (12) and (10) can be written as a system of ordinary differential equations 

(ODE): 

𝜙𝜙 𝑑𝑑𝑦𝑦�⃗
𝑑𝑑𝜕𝜕

= 𝑓𝑓(𝑡𝑡, �⃗�𝑦)           (63) 

where the dependent variable is �⃗�𝑦 = ��𝑦𝑦1
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 …𝑦𝑦𝑖𝑖𝑒𝑒

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠��𝑦𝑦1𝐺𝐺𝐺𝐺 …𝑦𝑦𝑖𝑖𝑒𝑒𝐺𝐺𝐺𝐺��𝑦𝑦1𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠 …𝑦𝑦𝑖𝑖𝑒𝑒𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠��𝑦𝑦1𝑟𝑟ℎ𝑎𝑎𝑖𝑖 …𝑦𝑦𝑖𝑖𝑟𝑟𝑟𝑟ℎ𝑎𝑎𝑖𝑖��, 

with 𝑛𝑛𝑒𝑒  and 𝑛𝑛𝑛𝑛 representing the number of 2D elements and 1D segments, respectively. The RHS of Eq. 

(63) represents lateral and vertical fluxes and source terms. Eq. (63) is solved using the library CVODE of 

SUNDIALS (SUite of Nonlinear and DIfferential/ALgebraic Equation Solvers) developed at the Lawrence 

Livermore National Laboratory (Hindmarsh & Serban, 2016). The Backward Differentiation Formulas 

(BDFs) with Newton iterations recommended for stiffs problems are used in GHOST. A scaled 

preconditioned GMRES (Generalized Minimal Residual method) solver is used for the solution of the linear 

system within the Newton corrections.  

 Boundary conditions 

2D elements  

Zero flux is imposed in edges of surface and subsurface 2D elements at the watershed boundary.  

1D streams  

Outflow boundaries in a stream segment k include: 1) a Neumann condition with a prescribed flux 

𝑞𝑞𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖 = 𝐶𝐶𝑖𝑖(𝑡𝑡) and 2) a mixed condition for critical depth: 

  𝑞𝑞𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖 = 𝑍𝑍𝑖𝑖�𝑠𝑠�𝑦𝑦𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖 − 𝐷𝐷𝑖𝑖
𝑠𝑠𝜕𝜕𝑠𝑠𝑠𝑠�

3
𝑦𝑦𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖        (64) 

where 𝐷𝐷𝑖𝑖
𝑠𝑠𝜕𝜕𝑠𝑠𝑠𝑠 takes into account immobile water below the depression storage and 𝑍𝑍𝑖𝑖 =

𝑚𝑚𝑚𝑚𝑛𝑛 �3 �𝑦𝑦𝑘𝑘
𝑐𝑐ℎ𝑎𝑎𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠

𝐷𝐷𝑘𝑘
𝑠𝑠𝑡𝑡𝑠𝑠𝑔𝑔 �

2
− 2 �𝑦𝑦𝑘𝑘

𝑐𝑐ℎ𝑎𝑎𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠

𝐷𝐷𝑘𝑘
𝑠𝑠𝑡𝑡𝑠𝑠𝑔𝑔 �

3
, 1� is a smooth function limiting the flowrate for water depth less 

than the depression storage.  
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 Retention basins 

Retention basins are implemented in 1D streams. Flux through a retention basin located between 

segments k and l is computed from: 

  𝑞𝑞𝑖𝑖𝑠𝑠𝑟𝑟ℎ𝑎𝑎𝑖𝑖 = 𝑓𝑓�𝑆𝑆𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖�          (65) 

where 𝑓𝑓�𝑆𝑆𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖𝑖𝑖𝑒𝑒𝑠𝑠� is the project rating curve. The project storage, 𝑆𝑆𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖, is computed using an explicit 

scheme: 

𝑆𝑆𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖 = �𝑆𝑆𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖�
𝜕𝜕−𝛥𝛥𝜕𝜕 + �∑ 𝑞𝑞𝑖𝑖𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖2

𝑖𝑖=1 +∑ 𝑞𝑞𝑖𝑖𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑟𝑟ℎ𝑎𝑎𝑖𝑖2

𝑖𝑖=1 �
𝜕𝜕−𝛥𝛥𝜕𝜕

𝛥𝛥𝑡𝑡     (66) 

 Lakes 

Lakes are modeled as another domain in GHOST. Elements occupied by a lake are deactivated and 

are not solved with the system of ordinary differential equations (Eq. (63)). Mass conservation in a lake 

yields: 

𝑆𝑆𝑠𝑠 = ∑ 𝑞𝑞𝑠𝑠𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟
𝑖𝑖=1 + ∑ 𝑞𝑞𝑠𝑠𝑖𝑖

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑒𝑒
𝑖𝑖=1 − 𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠𝜕𝜕 + �𝑃𝑃𝑠𝑠 − 𝐸𝐸𝑠𝑠

𝑢𝑢�𝐴𝐴𝑠𝑠 + ∑ 𝑞𝑞𝑠𝑠𝑖𝑖𝐺𝐺𝐺𝐺𝑖𝑖𝑒𝑒
𝑖𝑖=1 + 𝑞𝑞𝑠𝑠−𝑠𝑠    

 (67) 

where 𝑆𝑆𝑠𝑠 and 𝐴𝐴𝑠𝑠  are lake storage and area, respectively.  𝑞𝑞𝑠𝑠𝑖𝑖𝑟𝑟ℎ𝑎𝑎𝑖𝑖 and 𝑞𝑞𝑠𝑠𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 are discharge from streams and 

overland flux from/to 2D elements and 𝑞𝑞𝑠𝑠𝑖𝑖𝐺𝐺𝐺𝐺 is the groundwater lateral flux from/to the lake. 𝑃𝑃𝑠𝑠  is the 

precipitation on the lake and 𝐸𝐸𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the lake evaporation calculated from Eq. (30) affected by a efficiency 

coefficient determined during the model calibration.  𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠𝜕𝜕 is the outflow computed using the rating curve 

of the hydraulic structure at the lake outlet (Eq. (65)). 𝑞𝑞𝑠𝑠−𝑠𝑠 is the flux between lakes, which can be obtained 

from HEC-RAS simulations or calculated in GHOST using the energy equation considering losses by friction 

and expansion/contraction. The lake storage-depth relationship is used to compute the lake depth and 

area. 

 Implementation 

The code is implemented in C using a modular approach. Code development performed on 

Windows and Linux using openMP to improve performance on computer clusters.  
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