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 ABSTRACT 

 

Escalating demands on freshwater resources coupled with decreasing supplies dictates the 

need for improved groundwater modeling techniques and a more direct linkage between 

groundwater and riparian vegetation.  This study describes the development and 

application of a new methodology and associated software model to simulate riparian and 

wetland evapotranspiration (RIP-ET).  Traditional groundwater modeling, based on a 

quasi-linear relationship between evapotranspiration (ET) rates and groundwater 

elevation, has been used to predict changes in regional groundwater levels, and thus 

riparian vegetation potential.  Our new approach uses multiple non-linear, segmented flux 

curves that more accurately reflect plant eco-physiology, thus simulating riparian and 

wetland ET in a manner that more realistically reflects the complexity inherent in these 

ecosystems.  By decoupling evaporation and transpiration, both processes are more 

accurately defined and quantified.  Plant functional groups (PFGs) based on water 

tolerance ranges and rooting depths are used to describe the interactive processes of plant 

transpiration with groundwater conditions.   ET flux rate curves set the extinction and 

saturation extinction depths and define the group’s ET flux rate as a function of water 

table depth.  For each group, the curve simulates transpiration declines that occur both as 

water levels decline below rooting depths and as waters rise to levels that produce anoxic 

soil conditions.  Each of the multiple transpiration curves reflects a particular plant 

functional group, thus reflecting the variability in vegetative conditions.   
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The RIP-ET model also improves accuracy by more effectively dealing with spatial 

issues of plant and water table distribution.  ET can now be calculated by delineating the 

area of all plant assemblages (or habitat types), assigning accurate elevations to the 

individual polygons and then applying multiple ET curves to a single model cell.  The 

ability to assign a unique surface elevation to each area, allows for a better representation 

of both ET and community/plant spatial relationships.  Detailed information on the 

distribution of plant functional groups across land surface elevations effectively captures 

the range of ET responses across the topographic-hydrologic gradients.   

 

Case studies demonstrate that RIP-ET produces significantly different ET estimates and thus 

ecosystem interpretation than the traditional method.  The development of physiologically based 

transpiration curves combined with the traditional linear curve for bare soil/open water results in 

more accurate determinations of riparian ET, improved basin scale water budgets and riparian 

vegetation water requirements.  When combined with vegetation mapping and a supporting 

software (RIP-GIS), RIP-ET enables predictions of riparian vegetation response to changing 

water availability.  The use of PFGs in combination with the new RIP-ET package provides an 

explicit link between groundwater and riparian/wetland habitat conditions and offers an 

opportunity to better manage and restore riparian and wetland systems.  
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 INTRODUCTION 

 

The southwest and intermountain-west regions of the United States are experiencing 

unprecedented population growth.  In rural Arizona alone, the population doubled to 

more than 1 million people over the last 25 years, and is projected to grow by an 

additional 500,000 in the next 25 years (McKinnon, 2005).  Rising population growth is 

increasing regional demands on water resources already in critically short supply.  Recent 

droughts through out the west have exposed just how finite water supplies are.   

 

Water in semi-arid and arid regions generally falls into one of three categories: surface 

water from streams or rivers, groundwater pumped from subsurface aquifers, and treated 

wastewater, or effluent.  In the southwest and intermountain-west, surface water 

resources are most often entirely appropriated by existing state, interstate, and 

international compacts and treaties.  To support rising population growth, the 

development of new water sources must increasingly involve the conjunctive use of 

surface water and groundwater, as groundwater is often the only new or untapped water 

resource (Cooper et al., 2003).  Groundwater is not a renewable resource and as 

groundwater extraction rates exceed recharge rates, groundwater aquifers are being 

depleted. 

 

High ecological costs are incurred with the development of both surface water and 

groundwater resources.  Generally not well understood, these costs are rarely factored 
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into decision making.  Conjointly, social and economic development generally follows 

water resource development, leaving few opportunities for the rehabilitation or 

restoration of the impacted freshwater ecosystems without major disruption to human 

communities (Kingsford, 2000).  In the coming century the ecological, social and 

economic benefits that freshwater systems provide, and the trade-offs between 

consumptive and instream benefits, will change substantially.  As the economic value of 

water increases and municipal, industrial, and agricultural uses are evaluated, the linkage 

between hydrological factors and riparian plant community function is becoming 

increasingly important (Busch et al., 1992).   

 

Vegetation in riparian zones commonly occurs within a diverse mosaic of landforms, 

communities and environments within the larger landscape.  Performing an array of 

important functions, riparian ecosystems are sensitive to changes within the surrounding 

environment.  As such they may provide early indications of environmental change and 

can be viewed as the focal point of watersheds (Lyon and Gross, 2005).  In arid parts of 

the western United States, riparian cottonwood (Populus spp.) forests represent the most 

extensive forest ecosystem.  As key components of river bottomland ecosystems, 

cottonwood trees influence floodplain processes such as nutrient cycling, light and water 

availability, rates of alluviation and river meandering, canopy structure, and habitat 

heterogeneity.   
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Over the past 50 years, riparian ecosystems in southwestern United States and northwest 

Mexico have undergone a remarkable change in plant community composition.  Perennial 

rivers were originally dominated by gallery forests of native trees including cottonwoods 

(Populus fremontii) and willows (Salix gooddingii) and mesophytic understory species 

such as mulefat or seep willow (Baccharis salicifolia) (Szaro, 1989; Vandersande et al., 

2001).  Altered water and sediment regimes have caused much of the degradation of 

these forests, regionally as well as nationwide (Levine and Stromberg, 2001; Shafroth et 

al., 2000).  Although cottonwood-willow woodlands have increased on some rivers, their 

distributions have decreased on many others.  Altered hydrologic conditions and 

agricultural/urban conversion remain serious threats to this ecosystem type (Lite and 

Stromberg, 2005).  

 

There is considerable interest in restoring and conserving cottonwood-willow forests as 

more people come to value these forest and their functions (Lite and Stromberg, 2005).  

The development of cottonwood forests are closely coupled with hydrologic and fluvial 

processes.  These processes are responsible for the creation of new sites for cottonwood 

seedling establishment, for providing hydrologic conditions necessary for seedling 

survival, and for the process of floodplain evolution that accompanies cottonwood stand 

development (Lytle and Merritt, 2004).  For restoration or conservation efforts to be 

successful the natural hydrologic processes (both surface water and groundwater) that 

govern ecosystem dynamics must be either conserved or restored (Henry et al., 2002).   
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Poor land management practices such as over-grazing and off-road vehicle use coupled 

with river damning and dewatering have led to the extensive spread of non-native plant 

species.  In the United States alone, it is estimated that plant invasions cause tens of 

billions of dollars in economic losses each year and can impose undesirable alterations to 

species, populations, community structure, and ecosystem functions (Shafroth et al., 

2005).  Saltcedar (Tamarix ramosissima) an invasive, salt-tolerant Eurasian shrub, has 

replaced much of the native riparian vegetation with negative effects on the riparian 

ecosystem (Cleverly et al., 1997).  Saltcedar now occupies an estimated 1 to 1.6 million 

acres from northern Mexico to central Montana and from central Kansas to central 

California (Shafroth et al., 2005).  In association with arrowweed (Pluchea sericea), 

saltcedar has replaced more than 90% of the original gallery forest vegetation in the 

riparian zone of the lower Colorado River, Mexico alone (Szaro, 1989).   

 

In the western United States, saltcedar (Tamarix spp.) has been the target of countless 

control and environmental restoration efforts since the beginning of the 1960’s.  Current 

programs direct millions of dollars each year to control saltcedar in an effort to increase 

water yield and enhance ecosystem health.  Legislation is currently being considered that 

would substantially expand control efforts (Sink 2004; Shafroth et al., 2005).  Variability 

in the degree of saltcedar invasion and the broad range of sites that it occupies complicate 

interpretations of impacts and the potential for successful control and restoration.  As a 

result, scientists and resource managers frequently disagree about issues surrounding 
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saltcedar control, including the key question: will saltcedar control result in significant 

and measurable increases in water yield? 

 

Conflicts over water are not limited to human versus environmental uses, but in many 

cases pit one human use against another (agriculture versus urban) or one group of people 

versus another (e.g. the states of New Mexico versus Texas).  Water conflicts appear at 

the national level as United States and Mexico battle with issues surrounding the 

Colorado and Rio Grande Rivers.  Proper management of water resources in arid and 

semi-arid areas is critical for both human populations and the environment.   

 

Ecologists, conservationists, lawmakers and regional water planners all require tools that 

allow them to make informed decisions regarding the effects of land use development 

and water allocation decisions on fresh-water ecosystems (Richter et al., 1997).  While a 

global perspective on water withdrawals may be important for ensuring sustainable water 

use, it is insufficient for regional and local stability.  The key to sustainable water 

management must focus on how fresh water is managed in particular basins and 

individual watersheds (Jackson et al., 2001).  To this end, groundwater models are being 

developed in regions throughout the west and southwest to guide water management 

activities.  As part of local water allocation decision-making process, regional 

groundwater models are used in estimating water budgets.  However, the accuracy and 

applicability of these groundwater models depends on accurate representations of the 

processes they simulate.   
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Evapotranspiration (ET) is one of the most poorly simulated processes in current 

groundwater modeling methods (Goodrich et al. 2000).  Yet evapotranspiration is 

considered to be a major source of groundwater depletion, particularly in areas dominated 

by phreatophytes or plants that obtain at least some water from a shallow groundwater 

source.  However, phreatophytes are not limited to the traditional riparian zones along 

river systems.  In the 1940’s Shreve (1942) estimated that the phreatophytic, shrub 

greasewood (Sarcobatus vermiculatus) occupied an area of at least 4.8 million hectares in 

western North America.   

 

Water table depth is often cited as the principal factor controlling ET rates in 

phreatophyte communities, however little is known about this interrelationship.  Thus, it 

is hard to predict changes in ET rates for any site or basin experiencing changes in the 

position of the water table.  The general observations that high ET rates are associated 

with high water tables and lower ET rates with lower groundwater levels has apparently 

led to the use of a single water table depth/ET function or suites of functions to estimate 

site ET from groundwater.  Such functions are attractive because they are intuitive, and 

simple to apply and allow estimation of annual groundwater ET from any site using a 

simple measurement of water table depth (Cooper et al., in review).  However, this 

relationship does not consider the suit of factors that can influence or control site ET 

rates, such as plant canopy cover, leaf area, community composition, soil salinity, and 

nutrient availability to name a few.   



 18

 

The hypothetical water table depth/ET relationship has been used to quantify water that 

could be salvaged by lowering the water table below the plant root zones of 

phreatophytes.  Based on data from the first 18 years of water table draw down in the San 

Luis Valley in southern Colorado, Cooper et al. (in review), found that existing models 

based on this simple relationship resulted in large errors in the estimation of ET.  

Consequently, to improve the ability to simulate evapotranspiration and increase the 

accuracy of regional water budgets a better method of simulating ET is required.   

 

Given the need for a better approach, can a widely applicable methodology be developed 

that builds upon existing groundwater modeling software and readily available 

geographic information systems?  Can this methodology be expanded to help predict 

riparian ecosystem response to changes in groundwater availability?  If such a 

methodology is developed, how can it be used to aid in conservation and restoration 

efforts?  
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 PRESENT STUDY  

 

The methods, results, and conclusions of this study are presented in the three documents 

appended to this dissertation.  This section provides a summary of the most pertinent 

findings for each.   

 

To improve the ability to determine evapotranspiration from groundwater, estimate 

phreatophytic vegetation water requirements, and aid in predicting vegetation response to 

changing water availability, a new method for estimating riparian/wetland ET was 

developed.  This approach is applied in a new seasonal ET package, A Riparian 

Evapotranspiration Package for MODFLOW-96 and MODFLOW-2000 (Maddock and 

Baird, 2003).  The package, contained in Appendix A, is referred to by the acronym RIP-

ET, and is designed to be coupled with MODFLOW (McDonald and Harbaugh 1988; 

1996), one of the most widely used groundwater flow models in the fields of consulting 

and research.  The report or manual describes how the ET package was conceptualized 

and provides input instructions, listings and explanations of the source code, as well as an 

example simulation.  The manual outlines the mathematical definition for the 

dimensionless ET curves, the formula for calculating volumetric ET and how 

MODFLOW uses this information in calculating cell by cell evapotranspiration. 

 

The second portion of the manual gives the reader detailed input instructions on entering 

the ET data in the format usable for MODFLOW and defines all required variables.  To 
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aid the user in running RIP-ET, an example model basin is given.  The complete set of 

required MODFLOW data files, including a sample set of ET curves are included.  The 

user is then guided through the steps of completing a groundwater model run using RIP-

ET.  The abridged results show the MODFLOW output associated with only the RIP-ET 

file and the water budgets for the valley.   

 

Simulating Riparian Evapotranspiration: A New Methodology and Application for 

Groundwater Models (Baird and Maddock, in press) is designed to introduce the new ET 

methodology to the hydrologic modeling community (Appendix B).  It focuses on the 

development of the method and the ways in which the new modeling method/package 

overcomes the limitations of traditional ET modeling approaches.  The paper introduces 

the concept of plant functional groups and discusses the ecological implications and 

applications of the model.  Linking Riparian Dynamics and Groundwater: An eco-

hydrologic approach to modeling groundwater and riparian vegetation (Baird et al., in 

press) focuses on introducing RIP-ET to ecologists, and land-use managers (Appendix 

C).  As such, the focus is shifted to explaining the broader aspects of groundwater 

modeling and how RIP-ET and the supporting pre-processor, PRE-RIP-ET, can aid in 

restoration and conservation of riparian and wetland ecosystems. The improvements, 

implications and applications discussed in the papers are highlighted below.   

 

In the present state of groundwater modeling, evapotranspiration (ET) is modeled as an 

annual source term although it is actually a boundary condition converted to a source 
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term.  This source term is head-dependent and in a piecewise linear fashion 

monotonically approaches a maximum ET rate.  Somewhat more representative of 

evaporation, this approach simply does not represent the process of plant transpiration.   

The first limitation in traditional approaches to modeling ET is the use of a single ET 

curve to represent both evaporation and transpiration regardless of the complexity found 

in the system being represented.  The new methodology in RIP-ET improves upon the 

traditional modeling approaches with five innovations.  The first improvement was to 

decouple the process of evaporation from transpiration, and then develop individual 

transpiration curves for the groups of species or vegetation types being modeled.   

 

In RIP-ET, the single quasi-linear ET flux curve is replaced by a set of segmented, non-

linear curves that reflect the eco-physiology of transpiring plants.  The traditional ET 

approach defines the maximum depth of ET as the extinction depth.  RIP-ET follows suit 

but introduces the concept of a saturated extinction depth (Hsxd).  At higher water table 

depths, water begins to fill all the available soil pore spaces causing the root systems of 

non-wetland plants to become oxygen deficient.  Subsequently, plant transpiration rates 

decline until the point where the plants die of anoxia or Hsxd.  In wetland plant species, 

there is a similar decline in ET rates with higher water levels related to a different set of 

environmental variables.  By comparison, the traditional approach assumes the ET rate 

levels off at some user-defined maximum value.  The methods used to ascertain the 

extinction and saturated extinction depths are explained.  
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Riparian biota in the southwestern United States encompasses a diverse group of species 

that differ widely in root depth and architecture, water use rate, tolerance to drought and 

declining and fluctuating water tables, and capacity to shift between seasonally varying 

water sources (Lite and Stromberg, 2005).  To better model this plethora of relationships, 

the program is designed to accommodate multiple ET curves within each cell.  The 

concept of plant functional groups is introduced to help reduce the vast complexities of 

individual species and populations within the ecosystems being simulated.  Furthermore, 

plant population traits such as health and age, community traits such as density and 

percent cover, and abiotic factors such as soil salinities can affect rooting depths, limits of 

water tolerance, and transpiration rates.  Any number of these or other factors may be 

used as modifiers to create plant functional subgroups (PFSG), further refining the 

model’s ability to simulate plant ET response to varying environmental conditions.   

 

ET flux curves defining the mathematical relationship between ET flux rate and 

groundwater depth need to be determined for each plant functional (sub)group used in the 

simulation.  The traditional ET curve is retained to simulate the evaporation portion of 

ET.  By decoupling the two different processes, evaporation and transpiration, both 

processes are more accurately defined and quantified.  The ET rates and the range of 

groundwater elevations over which the plant functional subgroups inhibit differ for each 

subgroup.  Thus, total ET is now a function of the PFSGs present, their spatial 

distribution and the existing groundwater levels.   
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The groundwater depths required to maintain particular tree species may vary among 

rivers because of variations in climate, historic hydrologic setting, and ecotypic species 

variation (Lite and Stromberg, 2005).  Our study defines a set of plant functional groups 

relevant for semi-arid riparian environments based on work from southern Arizona and 

central California.  To make the method/program universal, in RIP-ET the modeler must 

define the suite of plant functional (sub)groups and ET flux curves appropriate for their 

simulation and geographic region.  

 

Due to the linear, mosaic nature of riparian and wetland ecosystems and the large cell 

sizes used in regional groundwater modes, only a portion of the cell area will contribute 

to ET losses.  The concept of fractional coverages is introduced to allow for more 

accurate spatial representation of the active ET areas and the distribution of the plant 

functional groups within the area.  The means of determining the actual spatial area of 

each plant functional group within a cell is outlined.  The traditional ET approach has no 

direct method to deal with partial ecosystem coverage.  To compensate the modeler must 

determine the actual plant coverage in each cell and then reduce the ET rate assigned to 

each cell respectively.  There is no way to compensate for different extinction and 

saturated extinction depths of the plant species involved. 

 

The spatial representation of each plant functional group is further improved with the 

development of a method that allows a unique land surface elevation to be assigned to 

each plant functional group area.  Like the traditional approach, RIP-ET defines the ET 
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curve relative to the land surface.  If this relationship is not well represented, the ET 

calculations will be inaccurate.  Riparian and wetland systems are characterized by a high 

degree of variability in surface elevations.  Furthermore, seemingly minor changes in 

elevation (a single meter) can have a large effect, not only on the ET rate but in the 

community type or suit of species likely to be present.  The ability to assign a unique 

surface elevation to each small spatial area, allows for a better representation of both ET 

and community/plant spatial relationships.   

 

The quantity of groundwater lost to evapotranspiration, cell by cell and basin wide can 

now be calculated by delineating the area of all plant assemblages (or habitat types), 

assigning accurate elevations to the individual polygons and then applying multiple ET 

curves to a single model cell.  The use of plant functional groups based on water 

tolerance ranges and rooting depths in combination with the new RIP-ET package 

provides an explicit link between groundwater and riparian/wetland habitat conditions.  

Detailed information can now be incorporated on the distribution of plant functional 

groups across land surface elevations, effectively capturing the range of ET responses 

across the topographic-hydrologic gradients.   

 

To take full advantage of the improvements in RIP-ET, two supporting programs were 

developed to aid the user in data preparation and utilizing the output.  The first, RIP-GIS, 

is a geographic information system (GIS) pre and post processor that automates the steps 

required to complete a riparian coverage (Dragoo et al., 2004).  Riparian or wetland areas 
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are defined spatially within ArcView as polygons, and the percent coverage of all PFSG 

determined within each polygon.  RIP-GIS then calculates a weighted-average elevation 

for each PFSG polygon using data from any type of digital elevation grid such as a digital 

elevation model (DEM) creating a riparian polygon theme or shapefile.  The second pre-

processor, PRE-RIP-ET (Baird et al., 2004), sets up the desired ET curves, reads the 

fractional coverage information from RIP-GIS, and using the MODFLOW grid, writes 

the riparian ET file required by MODFLOW.  

 

The post-processor portion of RIP-GIS links the resulting head distribution from the 

MODFLOW simulation with surface elevations taken from a surface digital elevation 

model (DEM) to determine depth to groundwater throughout the basin.  These results can 

be mapped at the resolution required to identify potential PFSG distribution based on user 

defined water tolerance ranges.  By relating PFSG rooting depths, ET rates and 

groundwater levels within a spatially based model it is possible to predict vegetation and 

habitat response to changes in land or water use, or ascertain the level of plant stress that 

may arise from projected groundwater changes within the ecosystem.   

 

When RIP-ET was tested against the traditional method of estimating ET on two basins, 

one in California and one in Arizona, the resulting water budgets were significantly 

different.  Furthermore, these differences were substantial enough to alter interpretations 

of ecosystem dynamics and plant group distributions within the basins.  
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In addition to improving estimates of basin-scale ET and water budgets, distinct 

transpiration curves for the various plant functional groups, combined the use of detailed 

spatial information on their distribution and elevation, allows for the quantification of ET 

by plant functional groups.  This information can be used to determine riparian and 

wetland ecosystem water requirements and/or aid in analyzing the potential success of 

phreatophyte removal programs.  With water rights and allocation of water resources 

being debated in communities across the west, quantifying water needs of riparian 

species is a first step in conserving or restoring riparian and wetland ecosystems.  Using 

plant functional groups based on water tolerance ranges, also allows RIP-ET to be used in 

calibrating groundwater models and as interactive tools to help guide restoration plans.   

 

In an era of large scale water conflicts, improving the accuracy in determining the various 

components of the water budget is crucial.  RIP-ET should increase the accuracy of the 

calculated ET quantities, thus improving the overall water budget with several 

improvements over the traditional methods.  First, the single, monotonically increasing 

ET flux curve used in traditional modeling packages is replaced with a set of eco-

physiologically based curves.  Each of the multiple transpiration curves reflects a 

particular plant functional group, thus reflecting the variability in vegetative conditions 

present in the system.  By decoupling the two processes, transpiration and evaporation, 

with the traditional linear curve being retained to model evaporation better estimates can 

now be obtained for both.  Third, RIP-ET improves accuracy by more effectively dealing 

with spatial issues of plant and water table distribution.  It replaces the single-cell, single-
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ET-elevation value approach with multiple ET curves, and associated fractional 

coverages with variable surface elevations.  ET rates can now be calculated by 

determining the area and surface elevation of all habitat types present and then applying 

multiple ET curves to a single model cell.  
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Abstract 
 
A new evapotranspiration package for the U.S. Geological Survey’s groundwater-flow model, 

MODFLOW, is documented. The Riparian Evapotranspiration Package (RIP-ET), provides 

flexibility in simulating riparian and wetland evapotranspiration (ET) not provided by the 

MODFLOW-96 Evapotranspiration (EVT) Package, nor by the MODFLOW-2000 Segmented 

Function Evapotranspiration (ETS1) Package. This report describes how the package was 

conceptualized and provides input instructions, listings and explanations of the source code, and 

an example simulation. 

 

Traditional approaches to modeling ET processes assume a piecewise linear relationship 

between ET flux rate and hydraulic head.  The Riparian ET Package replaces this traditional 

relationship with a segmented, nonlinear dimensionless curve that reflects the eco-physiology of 

riparian and wetland ecosystems.  Evapotranspiration losses from these ecosystems are 

dependent not only on hydraulic head but on the plant types present.  User-defined plant 

functional groups (PFGs) are used to elucidate the interactive processes of plant ET with 

groundwater conditions.  Five generalized plant functional groups based on transpiration rates, 

plant rooting depth, and drought tolerance are presented: obligate wetland, shallow-rooted 

riparian, deep-rooted riparian, transitional riparian and bare ground/open water.  Plant functional 

groups can be further divided into subgroups (PFSG) based on plant size and/or density.  

 

The Riparian ET Package allows for partial habitat coverage and mixtures of plant functional 

subgroups to be present in a single model cell.  This requires a determination of fractional 

coverage for each of the plant functional subgroups present in a cell to simulate the mixture of 

coverage types and resulting ET.  The fractional cover within a cell has three components: 1) 

fraction of active habitat, 2) fraction of plant functional subgroup in a cell, and 3) fraction of plant 

canopy area.  The Riparian ET package determines the ET rate for each plant functional group in 

a cell, the total ET in the cell, and the total ET rate over the region of simulation. 
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Introduction 
 

The physical settings and dynamic processes of streams have changed dramatically over the 

past century (Stromberg, 2001).  In the southwestern United States, many of the characteristic 

desert riparian habitats of cottonwood-willow galleries, cienegas and mesquite bosques that once 

lined the rivers are degrading and disappearing or have disappeared (Glennon and Maddock, 

1994).  The dynamics of riparian and wetland ecosystems are closely tied to groundwater and 

streamflow hydrology (Busch et al., 1992; Grimm et al., 1997).  The pattern and quantity of 

surface and subsurface flows are the primary determinants of riparian ecosystem structure and 

function, while depth to groundwater and its rate of decline place important constraints on the 

distribution and vigor of different riparian vegetation types (Stromberg et al., 1996; Poff et al., 

1997; Shafroth et al., 2000).  Water is often the principle limiting resource for these critical 

systems, with surface water diversions and groundwater extractions greatly contributing to habitat 

degradation and loss (Stromberg, 1993).   

 

Riparian and wetland systems contain a disproportionate share of regional biodiversity and play a 

dominant role in the regional water and energy balance, especially in arid and semi-arid regions 

(Williams et al., 1998).  If these ecologically significant systems are to be preserved, the 

remaining systems and water resources must be carefully managed.  Reliable and accurate 

methods for preserving and restoring these systems are essential.  Regional groundwater models 

are a promising tool.  However, if regional groundwater models are to be used, accurate 

estimates of boundary conditions are required.  One of the most critical but poorly quantified 

groundwater boundary condition is seasonal riparian evapotranspiration (Goodrich et al., 2000).  

When modeling the flow in these systems, the method by which ET is simulated can affect 

calculated heads and thus the interpretations regarding system dynamics (Banta, 2000).   

 

In the present state of groundwater modeling, both the stream and evapotranspiration are 

modeled as annual source terms (but are actually boundary conditions that have been converted 

to source terms).  Traditionally, the ET source term is treated as head-dependent in a piecewise 

linear fashion that monotonically approaches a maximum ET rate.  While this quazi-linear 

relationship may hold true for evaporation, it does not accurately reflect the relationship between 

riparian transpiration and groundwater conditions.  Furthermore, ET processes generally vary 

seasonally and between plant types, making it necessary to determine seasonal variations and 

type.  To improve the ability to determine riparian evapotranspiration (ET) and predict ecosystem 
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response to changing environmental conditions, we developed Riparian ET (RIP-ET) packages 

for MODFLOW-96 (Harbough and McDonald, 1996) and MODFLOW-2000 (Harbaugh er al, 

2000), which attempts to simulate evapotranspiration from the water table that lies beneath 

riparian/wetland systems in a manner that reflects their ecology and physiology.  The 

MODFLOW-96 source codes are presented in the main body of this report and the conversion 

from MODFLOW-96 to MODFLOW-2000 is presented in an appendix.    

 

2.0 Plant Functional Groups 
 
Riparian and wetland ecosystems are composed of a variety of plant types and species.  The 

identification and use of plant functional groups can assist in reducing the enormous complexity 

of individual species and populations into a relatively small number of general recurrent patterns.  

This technique has emerged as a useful way to organize plant species that have similar impacts 

on ecosystem processes into manageable and meaningful categories (Leishman and Westoby, 

1992; Williams et al., 1998).  Plant functional groups are defined as non-phylogentic groupings of 

plant species that exhibit similar responses to environmental conditions and have similar effects 

on the dominant ecosystem processes (Lavorel et al., 1997).  In the Riparian ET package, we use 

plant functional groups to elucidate the interactive processes of plants (and plant ET) with 

groundwater conditions.  The model is designed to be flexible, with the user determining which 

sets of plant functional groups are appropriate for the simulation and geographic region of the 

riparian/wetland system to be modeled. 

 

In the development of the Riparian ET Package, we defined five basic functional groups based on 

transpiration rates and processes, plant rooting depth, and drought tolerance. While the groups 

presented here are for semi-arid environments, the methodology can be applied universally.  The 

generalized plant functional groups are: obligate wetland, shallow-rooted riparian, deep-rooted 

riparian, transitional riparian, and bare ground/open water.  The last category, while not a plant 

functional group, must be included to accurately model evapotranspiration from the cell or active 

modeling area.   

 

The obligate wetland plant functional group contains plants that require saturated soil conditions 

or standing water.  Throughout most of the U.S., species in this category are herbaceous and 

have generally shallow root systems.  In the southwestern U.S., species such as Typha spp. 

(cattail), Scirpus spp. (bulrush) and Juncus spp. (rushes) typify this group.   
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Riparian forests are composed of drought-intolerant phreatophytes that rely on shallow 

groundwater for establishment, growth and transpiration (Busch et al., 1992; Stromberg, 1993; 

Snyder et al., 2000).  Due to the difference in rooting depths and transpiration rates, shallow-

rooted and largely herbaceous riparian species (such as Xanthium sp. [cocklebur] and Rumex 

crispus [curly dock]) are categorized separately from and deep-rooted riparian plants such as 

Populus spp. (cottonwoods), and Salix spp. (willows).  In some cases, multiple deep-rooted 

categories may be useful, depending upon the species present.  For example, this refinement 

allows the distinction of Prosopis velutina  (bosque mesquite trees) from cottonwood and willows.  

Neither the shallow nor the deep-rooted riparian group tolerates saturated conditions for extended 

periods of time.  

 

The last plant functional group, transitional (or facultative) riparian, consists of species that while 

not strictly dependent upon a high water table, have water requirements that generally exceed the 

surrounding environment.  These species generally exist along the outer edges of riparian 

systems and include Sporobolus Wrightii (sacaton), Sambucus sp. (elderberry), Juglans spp. 

(walnut), Celtis sp. (hackberry) and Platanus sp. (sycamore).  The evapotranspiration rates and 

range of groundwater elevations over which these groups exist differ for each plant functional 

group.   

 

3.0 Plant Functional Subgroups 
 

Plant size and density also play roles in determining evapotranspiration rates.  Large woody 

plants have different maximum rooting depths, hydraulic architecture and transpiration rates than 

smaller trees (Meinzer et al., 1997).  Furthermore, areas with dense configurations of both woody 

and herbaceous plants may show increased transpiration rates compared to sparse 

configurations.  Taken together, the plant functional group and plant size or density comprise a 

plant functional subgroup  (PFSG).  Examples of possible plant functional subgroups are: 

transitional riparian-large or wetlands-medium density.  Table 1 presents the possible plant 

functional subgroups for this example.  This table is by no means exhaustive and is meant to be 

illustrative.  
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Table 1. Illustrative subgroupings for plant functional groups, by size and density. 

Plant Group Size Densities Species Examples  
Obligate  
Wetland 

N/A Low, medium, high Cattail, Bulrush 

Shallow-rooted 
Riparian 

N/A Low, medium, high Curly dock, Cocklebur, Deer 
grass 

Deep-rooted 
Riparian 

Small, medium, 
large 

Low, medium, high Cottonwood, Willow,  
Mesquite (bosque) 

Transitional 
Riparian 

Small, medium, 
large 

Low, medium, high Walnut, Hackberry, Sacaton, 
Sycamore 

 

Evapotranspiration rates and the range of groundwater elevations over which these groups exist 

differ for each plant functional group (Fig. 1).  Streamside riparian corridors typically consist of 

multiple plant functional subgroups, each reacting differently to the hydrologic conditions.  A 

deeper water table may be ideal for a transitional riparian group, but near fatal to a wetland or 

herbaceous, shallow-rooted group.  Similarly, a high water table conducive to a wetland group 

may drown out the trans-riparian.  Even so, it is quite likely that a MODFLOW cell covering a 

riparian system will comprise a number of compatible plant functional groups.  Thus, the 

evapotranspiration loss from a riparian/wetland system is dependent on the plant functional 

subgroups present and on the groundwater depth.  Furthermore, as the region near the riparian 

system is urbanized, results of that development (such as increased groundwater pumping) may 

affect each group differently.   
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Figure 1: Average ET flux rate curves for four plant functional groups: obligate 
wetland, shallow rooted (S-R) riparian, deep-rooted (D-R) riparian and 
transitional (Trans) riparian. 
 

 
4.0 ET Flux Rate Curves 
 

The ET rate per area is called the ET flux rate.  Due to differences in sensitivity to water 

availability and rooting depth, ET flux rates in plant species and thus in the subgroups vary with 

groundwater depths.  Based on a literature review, field measurements and researcher input, 

preliminary ET flux rate curves were developed for the basic set of plant functional groups (Fig. 

1), and for three deep-rooted riparian subgroups (Fig. 11)  (Baird and Maddock, in preparation).  

These curves provide the ET flux rate as a function of water table conditions (or hydraulic head).   

 

Figure 2 illustrates a representative ET flux rate curve.  For each plant functional subgroup there 

is a water table elevation or extinction depth elevation (Hxd in Fig. 2) below which the roots can 

not obtain water and ET is nonexistent.  When the water table rises and water becomes available 

to the root system, the ET rates rise until they reach an average maximum ET flux (Rmax).  At 

higher water table elevations, the root systems become oxygen deficient and ET rates decline 

until the plants die of anoxia. The water table elevation associated with plant death is the 

saturated extinction depth elevation (Hsxd in Fig. 2).  The decrease in ET flux rates resulting from 
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high water tables has not been considered in previous MODFLOW Evapotranspiration Packages 

(McDonald and Harbough, 1988; Harbough and McDonald, 1996; Banta, 2000).  Although Figure 

2 shows Hsxd below the land surface elevation, it need not be; it can be at, or above the land 

surface elevation for some subgroups.  For example, some wetland species may tolerate as 

much as a meter of standing water above the land surface. 

 

 
Figure 2: Generic ET flux rate curve 

 
The distance between the two extinction depths is called the active root zone depth (Ard).  The 

saturated extinction depth (Sxd) is measured with respect to the land surface elevation, HSURF.  

If Hsxd is below the land surface elevation, Sxd is positive; if it is above, Sxd is negative.  Since 

everything is relative to the land surface elevation, HSURF, the following relations hold:  

Hsxd = HSURF − Sxd 
and 

Hxd = Hsxd − Ard 
 

 
The user of the Rip package inputs the name (RIPNM) and the values of Sxd and Ard for each 

plant functional subgroup.  The user also inputs the maximum ET flux rate (Rmax) and the ET 

flux rate at Hsxd (Rsxd) for each plant functional subgroup. These values must be in units 

consistent with the MODFLOW simulation.  The maximum ET flux rate (Rmax) is the measured 
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average head-dependent ET rate, not a measured peak ET rate.  For plants that have a saturated 

extinction depth, Rsxd = 0.  For bare ground or open water, Rsxd equals the evaporation rates, 

and a shallow, more appropriate, extinction depth should be applied.  

 

5.0 ET Flux Rate Curve Linear Interpolation 
 

The Riparian ET Package does not use the continuous curve of Fig. 2, but instead uses an 

approximation based on linear segments as illustrated in Fig. 3.  The ET flux rates reported in the 

literature are in various sets of units (e.g. cm/sec, feet/day, liters/day, kg/(m2-sec); the latter units 

need to be adjusted by the density of water to be dimensionally correct).  To help alleviate 

problems that might occur with a particular choice of units, the curve segments are read into the 

RIP as dimensionless.  They are converted during the simulation to units consistent with other 

MODFLOW packages based on the units of Rmax and Ard.  The Rmax (L/T) and Ard (L) units 

must match the length and time units used elsewhere in the simulation.   

 

 

   Figure 3: Hypothetical segmented ET flux curve. 
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Figure 4: Linear interpolation of ET flux: d’s Figure 5: Linear interpolation of ET flux: dR’s 

 
 

The process for producing the dimensionless segmented curves is conducted externally 

to the RIP package by the user, and proceeds as follows.  Figures 4 and 5 present the 

hypothetic, segmented ET flux rate curve.  Segments are defined by vertices h(k), and 

R(k) and are determined by the shape of the curve. In Fig. 4, d(1), d(2)…d(n), are in 

length units and represent the change in head over a segment, while in Fig. 5, dR(1), 

dR(2)… dR(n) are in flux rate units and represent the change in flux over a segment. The 

indices and segments must start at the extinction depth.  If h(1) and R(1) are the head 

and the ET flux rate at the extinction depth; and h(2) and R(2) are the head and ET flux 

rate at the end of the first segment, then the d’s and dR’s are defined as,  

 

 (1) (2) (1)d h h= −  

and 

 (1) (2) (1)dR R R= −  
 
In general, for N segments and 1 ≤ k ≤ N, where the numbering of k moves upward 

toward the saturated extinction depth, 

 

( ) ( 1) ( )d k h k h k= + −  

and 

( ) ( 1) ( )dR k R k R k= + −  
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For a functional subgroup, one must define the following dimensionless segment 

variables, 

 

=
( )( ) d kfdh k

Ard
    

and 

=
( )( )

max
dR kfdR k
R

 

 

 

Note that for the N segments, 

=

=∑
1

( ) 1
N

i
fdh i  

and     

=

=∑
1

( )
max

N

i

RsxdfdR i
R

 

 

In Fig. 4, = 0Rsxd , but, as previously mentioned, Rsxd can be non-zero for other curves such 

as the curve for open water.  Within a simulation, fdh(k) and fdR(k) are known constants for each 

plant functional subgroup, and when multiplied by Ard and Rmax in their appropriate units, the 

segment variables d(k) and dR(k) are recovered.   

 

The number of segments (NuSeg) for each plant functional subgroup, and the dimensionless 

segment variables (fdh(k) and fdR(k)) are input for each segment and each plant functional 

subgroup by the RIP package user.  Values for NuSeg, fdh(k) and fdR(k)for four of the plant 

functional groups and three deep-rooted riparian size classes can be found in Appendix 1. 

 

6.0 Plant Coverage 
 
The use of this package requires having information about the distribution of the plant functional 

subgroups within the active modeling areas.  Not all of the MODFLOW cell is likely to contain 

active riparian or wetland habitat, nor is a cell likely to contain all of the possible plant functional 

subgroups.  Furthermore, the amount of canopy coverage (or coverage of flux area) may change 

from cell to cell.  The Riparian ET Package requires a fractional coverage for each of the plant 

functional subgroups present for a cell to simulate the mixture.  For bare areas not supported by 



 45

shallow water tables, ET rates can be excluded from the cell area or assigned flux rates of zero 

(e.g. the non-habitat area in Fig. 6).  The fractional cover within a cell has three components: 1) 

fraction of active habitat, 2) fraction of plant functional subgroup, and 3) fraction of plant canopy 

or flux area. 

 

6.1 Fraction of active habitat  
 
The fraction of active habitat refers to the fraction of the cell that contains wetland or riparian 

habitat.  Since cell sizes in MODFLOW may be quite large (e.g., square kilometer), only a fraction 

of cell will contain the habitat (see Fig. 6).  The fraction of active habitat (fAH) is defined as 

 

=
area of active habitatfAH

area of cell
 

 

 

Figure 6: Area of active habitat in a cell 

 
6.2 Fraction of a subgroup in the cell 
 

The active habitat area in a cell may be composed of a variety of plant functional subgroups (see 

Fig. 7).  The fraction of ith plant functional subgroup is defined as 

 

=( ) area subgroup ifSG i
area of active habitat

 

 



 46

 
Figure 7: Area associated with plant functional subgroups 

 
 
6.3 Fraction of plant canopy or flux area 
 
Within any habitat, plant functional subgroup canopy or plant cover rarely equals 100 percent 

(Fig. 8).  Percent canopy or plant cover may vary, depending on habitat type and resource 

availability.  To accurately determine ET the area of canopy cover or plant cover is required, as 

most flux rates are evaluated on canopy or plant cover.  Note that for open water areas the 

fraction of plant coverage is equal to one.  The fraction of plant coverage is defined as 

 

=( ) canopy area for subgroup ifPC i
area subgroup i

 

 

 
Figure 8: Area associated with canopy 
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7.0 Fractional Coverage 
 

The fractional coverage of the ith plant functional subgroup in a cell (fCov(i)) is given by the 

equation, 

= × ×( ) ( ) ( )fCov i fAH fSG i fPC i  

 

The components of fractional cover can be determined using a combination of GIS techniques, 

aerial photography and ground verification.  Along with the RIP package, a GIS preprocessor has 

been developed to guide the user through the process of quantifying these components for those 

with ARC-VIEW capabilities (Dragoo, Maddock, and Baird, in preparation).  The fractional covers 

(fCov) are input into the RIP package for each plant functional subgroup for each cell.  If a plant 

functional subgroup is not present in a cell, its fraction is entered as zero. Fractional cover has 

not been included as a variable in previous MODFLOW Evapotranspiration packages. 

 
8.0 Alternative approaches 
 

Woody plant transpiration (deep-rooted riparian and transitional riparian trees) can be estimated 

from measured xylem sap flux of individual trees, based on a variety of scaling approaches.  A 

common approach to scale flux measurements to stand-level water use, relies on obtaining mean 

flux and a mean canopy-to-sapwood area ratio at the population level (Oren et al., 1999; Granier 

et al., 2000),   

 

Xylem flux Xylem areaCanopy flux
Canopy area

×
=  

 

The approach described in the previous analysis is based on canopy area and canopy flux.   

 

A similar approach relies on the relationship of sapwood to tree diameter at breast height (DBH) 

or tree basal area.  In this instance, the head dependent flux is multiplied by the fraction of basal 

area per subgroup area.  If ET flux rates are measured as a flux per tree or tree within a size 

class, then the scaling factor should be density (i.e., number of trees) per unit area rather than 

coverage area.  The RIP package can accommodate multiple approaches.  The user is free to 

apply any approach as long as Rmax and subsequent flux curves match the applied scaling 

factor.   
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9.0 Land Surface Elevations 
 

Within the model area, the land surface elevation (HSURF) will vary from cell to cell.  It may also 

vary within a cell.  The magnitude of this change is important.  If HSURF varies on the same 

order of magnitude as the extinction depths within the cell, the ET calculations will be affected.  

The user has an option of either assigning a single HSURF for the average surface elevation of 

the cell, or assigning an HSURF value for each plant functional group within a cell.  If a single 

value of HSURF is used, the average surface elevation of the cell is used to calculate Hxd (see 

Fig. 9).  If HSURF is assigned for each plant functional subgroup, the actual surface elevation of 

the habitat within the cell is used to calculate Hxd.  If the terrain relief is small, the user is advised 

to set HSURF to the single average surface elevation value.  Furthermore, where there is 

considerable terrain relief within cells (as in Fig. 9), the user should consider a denser 

MODFLOW grid. It should be noted that the MODFLOW model assumes that the water table 

elevation is constant within the cell boundary. 

 
 
 

 
Figure 9: Average surface elevation and actual habitat surface elevation 

 
 
10.0 ET Calculations 
 
Consider a plant functional subgroup present in a cell.  If (h(k),R(k)) and (h(k+1),R(k+1)) are the 

coordinates of consecutive vertices that define the kth segment for that plant functional subgroup, 

and if H is the hydraulic head in the cell, then the ET flux rate for the subgroup, R(H) is given by  
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( )( ) ( ) ( ( 1) ( ))
( 1) ( )

H h kR H R k R k R k
h k h k

−
= + + −

+ −
for ( ) ( 1)h k H h k≤ ≤ + , 

 

(Hadley, 1964). The initial values are the extinction depth values (Hxd in Fig. 3), 

 

h(1) = Hxd = HSURF − Sxd − Ard    

and 

R(1)  = 0 

 

The higher k valued vertices are given by 

 

+ = + ×( 1) ( ) ( )h k h k fdh k Ard      

and 

+ = + ×( 1) ( ) ( ) maxR k R k fdR k R . 

 

To calculate the volumetric ET rate, R(H) is multiplied by the cell area [DELC×DELR] and the 

fractional coverage, fCov, that is 

 

( ) ( ) [ ]ET H R H DELC DELR fCov= × × ×  

R(H) can be rewritten, 

 

 
( 1) ( ) ( ) ( 1) ( 1) (, )( )
( 1) ( ) ( 1) ( ))

R k R k R k h k R k h kR H H
h k h k h k h k

+ − + − +
= +

+ − + −
for ( ) ( 1)h k H h k≤ ≤ + .  

 

A portion of R(H) is dependent on the hydraulic head, H (first term), while the other portion is 

independent of hydraulic head (second term).  Define C1 as the head dependent term adjusted 

for area, and C2 as the head independent term, also adjusted for area, 

 

( 1) ( )1 [ ]
( ( 1) ( )
R k R kC DELC DELR fCov
h k h k

+ −
= × × ×

+ −
 

 

( ) ( 1) 1) ( )2 [ ]
( 1) ( )

R k h k Rk h kC DELC DELR fCov
h k h k

+ − +
= × × ×

+ −
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both for ≤ ≤ +(, ) ( 1)h k h h k .  In the RIP package module RIP2FM, the variable C1 is loaded into 

the MODFLOW HCOF array, and −C2 (negative value) is loaded into the MODFLOW RHS array.  

  

The above calculations are repeated in the formulation module, RIP2FM, for each plant functional 

subgroup present in a cell, and for each cell designated as containing habitat.  The budget 

module RIP2BD, calculates, prints and stores the volumetric ET rate for a plant functional 

subgroup as 

 

 = × +( ) 1 2ET h C h C  

 

The volumetric ET rate can be summed over plant functional subgroups to give the total 

volumetric ET rate within a cell, and further summed over the cells to give a global value of the 

volumetric ET rate within the modeled region. 

 
11.0 Summary 
 

Traditional approaches to modeling ET processes within a groundwater model assume a 

piecewise linear relationship between the ET flux rate and hydraulic head (McDonald and 

Harbaugh, 1988; Harbaugh and McDonald, 1996a and 1996b; Banta 2000).  These approaches 

are problematic in several ways.  First, ET flux rates in plant species or PFSG vary with 

groundwater depths due to differences in rooting depths and plant physiology.  Second, no 

allowance is made for a reduction in ET due to prolonged anoxic conditions.  The methodology 

and Riparian ET Package presented here replaces the traditional linear relationship with a 

nonlinear dimensionless curve that reflects the ecophysiology of riparian and wetland plants.    

 

The complex structure of wetland and riparian plant communities are simplified into a workable 

set of plant functional groups.  While the groups presented here are for semi-arid environments, 

the methodology can be applied universally.  The five plant functional groups presented in this 

report are: obligate wetlands, shallow-rooted riparian, deep-rooted riparian, transitional riparian 

and bare soil/open water.  The groups can be further divided into subgroups based on plant size 

or density.  Each subgroup has an ET flux curve that relates ET flux to water table elevation.  A 

key characteristic of these flux curves is the existence of a saturated extinction depth along with 

the more traditional MODFLOW extinction depth, with the distance between them referred to as 

the active root depth.  The ET flux curves are represented by a series of dimensionless, linear 

segments based on measured or approximated ET values. 
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RIP ET requires a fractional coverage for each of the plant functional subgroups present within 

the groundwater model cell.  A MODFLOW cell from the finite difference formulation may contain 

several plant functional subgroups within its boundaries.  Typically, not all of a cell contains 

habitat and only a portion of the habitat area has canopy or flux coverage.  The fraction of habitat 

area within the cell, the fraction of PFSG area within the habitat, and the canopy or flux area 

within the PFSG constitute the fractional plant coverage within a cell.  The product of PFSG’s ET 

flux rate times the plant coverage times the surface area of the cell gives the PFSG’s ET rate for 

the cell.  Summing over the PFSG in the cell gives the ET rate for that cell; summing over all the 

riparian cells gives the global ET rate for the modeled region.  The combination of physically 

based ET curves and plant coverage estimates provides more accurate estimates of riparian 

evapotranspiration and improves the modeling results.  Directly linking groundwater conditions 

and plant functional groups offers the opportunity to better manage and restore these important 

ecosystems. 

 
12.0 Input Instructions for Riparian Package 
 
Input to the Riparian (RIP) Package is read from the file that has type “RIP” in the name file. The 

optional variable is shown in brackets.  All variables are free format if the option “FREE” is 

specified in the BASIC Package input file; otherwise, variables have 10-character fields, or are 

specified. 

 

FOR EACH SIMULATION 

 
1. MAXRIP IRIPCB IRIPCB1 IHSURF     [Option] 

2. MAXTS MXSEG 

Variables 3 are read for each plant functional subgroup. 

3. RIPNM Sxd Ard Rmax Rsxd NuSeg  

The following sets of variables (4, and 5) are read for each plant functional subgroup 

4. fdh(MAXTS,1)     fdh(MAXTS,2)     …    

 fdh(MAXTS,MXSEG) 

5.  fdR(MAXTS,1) fdR(MAXTS,3)  …

 fdR(MAXTS,MXSEG)   

FOR EACH STRESS PERIOD 

6. ITMP  

7. The following data are read for each riparian cell. 
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 If IHSURF = 0, 

 Layer   Row   Column   HSURF   fCov(1)   fCov(2) …  fCov(MAXTS) 

 If IHSURF ≠ 0 

 Layer   Row   Column   HSURF(1)   fCov(1)   HSURF(2)   fCov(2) … HSURF(MAXTS)   

fCov(MAXTS) 

 
13.0 Explanation of Variables Read by the RIP Package 
 

MAXRIP is the maximum number of riparian cells over all stress periods 

IRIPCB is a cell-by-cell flow flag and unit number. 

 IRIPCB>0, unit number to which the total ET rate for each cell will be written when SAVE 

BUDGET or a non-zero value of ICBC is specified in output control. 

 IRIPCB=0, cell-by-cell terms not written 

IRIPCB<0, the ET rate for each plant functional subgroup will be written to the LIST file by cell 

when SAVE BUDGET or a non-zero value of ICBCFL is specified in output control. 

IRIPCB1 is a flag and unit number. 

 IRIPCB1>0, unit number to which the location, land surface elevation, ET rates for each plant 

functional subgroup and cell are saved. 

 IRIPCB1≤0, the values are not saved. 

IHSURF is a flag to indicate that a single value of HSURF is read for a cell or multivalues (one for 

each active plant functional subgroups) are read for a cell. 

[Option] is an optional character set, “CBCALLOCATE” or “CBC”, that indicates memory should be 

allocated to store the total ET rate for each riparian cell. 

MAXTS is the total number of plant functional subgroups. At present, MAXTS is maxed at 20. 

MXSEG is the maximum number of segments in any plant functional subgroup for the interpolation of 

ET canopy flux rate as a function of hydraulic head. 

RIPNM are the plant functional subgroup names, such as: 

 Obligate wetland: low, medium or high density 

 Shallow-rooted riparian: low, medium, or high density 

 Deep-rooted riparian: small, medium, or large size 

      Transitional-riparian: small, medium, or large size. 

 RIPNM is character*24 array and is dimensioned [20] (i.e., up to 20 plant functional subgroup 

names are allowed and a name can consist of up to 24 characters).  

Sxd is the saturated extinction depth with respect to the surface elevation, and is dimensioned 

[MAXTS]. 

Ard is the active root depth, and is dimensioned [MAXTS]. 
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Rmax is the maximum ET flux rate, and is dimensioned [MAXTS]. 

Rsxd is the ET canopy flux rate at the saturated extinction depth, and is dimensioned [MAXTS]. 

NuSeg is the number of active segments to perform a linear interpolation for a plant functional 

subgroup, and is dimensioned [MAXTS]. 

Fdh is the active root depth segment factor, and is dimensioned [MAXTS,MXSEG]. 

fdR is the ET flux rate segment factor, and is dimensioned [MAXTS,MXSEG]. 

Layer is the layer number of the riparian cell. 

Row is the row number of the riparian cell. 

Column is the column number of the riparian cell. 

HSURF is the land surface elevation of the riparian cell. 

fCov is the fraction of land coverage of a plant functional subgroup for a cell; for each cell there is one 

value for each plant functional subgroup.  

The values of Layer, Row, Column, and HSURF and the values of fCov are contained in the RIP 

array.  If the CBC option is taken, the riparian cell aggregated ET rate is also stored in RIP. 

 
ITMP is a flag or the number of riparian cells. 

 
  ≥ 0, number of riparian cells active during the current stress period. 
 
  < 0, same riparian cells active during last stress period will be active during the 
   current stress period. 
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14.0 Example 
 

Dry Alkaline Valley extends over 200 square miles and is bounded to the north and south by 

mountain ranges that act as no-flow boundaries.  The basin is underlain by a single unconfined 

aquifer with the hydraulic conductivity distribution and pertinent geometry given in Exmpl.bcf.  A 

large lake to the northwest behaves hydrologically as a prescribed head boundary, and is the 

source of the river that transects the basin from west to east.  The basin and the river both 

discharge to the east.  Riparian habitats flourish along portions of the river (see Fig. 10).  Dry 

Alkaline Valley has two seasons:  a growing season from April to September and a dormant 

season from October to March. The stream inflow from the lake is assumed to be the same in 

both seasons.  Stream data is given in Exmpl.str.  The outflow from the eastern boundary is 

simulated as wells and is assumed to be the same for both seasons;  its data is given in 

Exmpl.wel.  Output control and the SIP solution packages are specified in Exmpl.oc and 

Exmpl.sip, respectively. The riparian evapotranspiration data set is called Exmpl1.rip. 

 

 

 

Figure 10: Aerial view of Dry Alkaline Valley 

 
 
The Dry Alkaline Valley riparian habitat consists of a mixture of small, medium, and large deep-

rooted riparian subgroups.  A field survey of the Valley indicates that the active habitat area is 

composed of approximately 20% small, 30% medium, and 50% large trees.  The model grid cells 

are 1 mile by 1 mile, and the fraction of active habitat in all cells is 0.125 on each side next to the 
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river (.25 for the cell). The fraction of plant canopy for all three sizes was found to be 0.60.  The 

deciduous trees are active for 6 months and dormant for 6 months.  Bare ground or open water 

occupy the remaining 85% of surface area.  The resulting coverage breakdown for each plant 

functional group is listed in Table 2.  During the dormant season, the entire cell is modeled as 

bare ground. The average land surface elevation will be used for HSURF in each cell. 

 

Table 2. Fractional coverage for plant functional subgroups per model cell 
PFSG Type Habitat 

area/cell 
PFSG 

coverage 
Canopy 
cover 

Total Cover 

Deep-rooted: Small 0.25 0.20 0.60 0.25*0.2*0.6 = 0.030 
Deep-rooted: Medium 0.25 0.30 0.60 0.25*0.3*0.6 = 0.045 
Deep-rooted: Large 0.25 0.50 0.60 0.25*0.5*0.6 = 0.075 
Total PFSG coverage    0.15 
Bare ground    0.85 

 
 

During the first season (April to September), the habitat is active.  Table 3 indicates that the 

maximum ET flux rates (Rmax) are 0.2003 cm/day (7.61×10-8 ft/sec) for small trees, 0.2615 

cm/day (9.91×10-8 ft/sec) for medium trees, and 0.2944 cm/day (1.12×10-7 ft/sec) for large trees.  

The active root depths (Ard) are 500 cm (16.40 ft) for the medium and large trees, and 400 cm 

(13.12 ft) for small trees (Fig. 11).  The saturated extinction depth (Sxd) is at land surface for all 

the subgroups and is thus zero.  The ET flux rate at the saturated extinction depth (Rsxd) is zero 

for all subgroups.  Note that the ET flux rate in Table 3 is reported in cm/day, and the depth is in 

centimeters. Table 4 presents the fdh and fdR values calculated for the above curves.  Recall that 

the fdh and fdR are dimensionless.  Because the other MODFLOW data have units of length and 

time in feet and seconds, the values of Ard, Sxd, and Rmax must also be in feet and feet/sec 

(given in parentheses above).  
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Figure 11: Seasonal canopy-area ET curves for the three size classes  
of deep-rooted riparian subgroups (cottonwood and willow).  

 
 

Table 3. Vertices for the ET rate flux functions (cm/day) for the deep-rooted riparian 
subgroups (see Appendix 1) 

Size (cm/day) Depth(cm) Small Medium Large 
0.00 0.0000 0.0000 0.0000 

-75.00 0.1742 0.1506 0.1400 
-100.00 0.2003 0.2357 0.2653 
-150.00 0.1602 0.2615 0.2944 
-200.00 0.1001 0.2450 0.2759 
-300.00 0.0501 0.1650 0.2064 
-400.00 0.0000 0.0838 0.1032 
-500.00 0.0000 0.0000 0.0000 

 
  

Table 4. Dimensionless fdh and fdR for deep-rooted riparian subgroups (counting 
starts at extinction depth and proceeds toward land surface) 

Small Medium Large 
fdh fdR fdh fdR fdh fdR 
0.25 0.2501 0.20 0.3218 0.20 0.3505 
0.25 0.2496 0.20 0.3104 0.20 0.3505 
0.125 0.3001 0.20 0.3065 0.20 0.2361 
0.125 0.2002 0.10 0.0613 0.10 0.0629 

0.0625 -0.1303 0.10 -0.0958 0.10 -0.0989 
0.1875 -0.8697 0.05 -0.3257 0.05 -0.4256 

  0.15 -0.5785 0.15 -0.4755 
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The ET flux curve for the bare ground/open water area during the first season and for the entire 

cell area the second season, follows the traditional MODFLOW form as shown in Fig. 12. The 

maximum ET flux rate (Rmax) is assumed to be 0.325 cm/day (1.234×10-7 ft/sec), with an 

extinction depth of 100 cm (3.28 ft).  The maximum ET surface coincides with the head at 

saturated extinction depth (Hsxd) and is assumed to be the land surface.  The fdh and the fdR 

values for the traditional ET flux curves are both equal to 1.0.   

 

 
Figure 12: Traditional MODFLOW flux curve for evaporation 

 

 
14.1 Data Sets For Example 
 
The following data sets for MODFLOW-96 all use the FREE format.  The length unit is feet, and 

the time unit is seconds. 

 
Name File: Exmpl.nam 
LIST   6   Exmpl.lst 
BAS    1   Exmpl.ba1  
BCF   11   Exmpl.bcf 
WEL   12   Exmpl.wel 
STR   14   Exmpl.str 
SIP   16   Exmpl.sip 

OC    17   Exmpl.oc 
RIP   20   Exmpl1.rip 
DATA  30   Exmpl.hed 
DATA  40   Initial.hed 
DATA  50   Exmpl.ret 
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BAS File: Exmpl.bas 
Riparian ET Test Model 
2 Season Model 
         1        12        20         2         1 
  FREE  
         1         0 
INTERNAL   1              (20I3)         3 
 -1  1  1  1  1  0  0  0  0  0  1  1  1  1  1  1  1  1  0  0 
 -1  1  1  1  1  0  0  0  0  0  1  1  1  1  1  1  1  1  0  0 
 -1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  0  0 
  0  0  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  0  0 
  0  0  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1 
  0  0  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1 
  0  0  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1 
  0  0  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1 
  0  0  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1 
  0  0  0  0  0  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1 
  0  0  0  0  0  1  1  1  1  1  1  1  1  1  0  0  0  0  0  0 
  0  0  0  0  0  1  1  1  1  1  1  1  1  1  0  0  0  0  0  0 
 -999.0000 
 EXTERNAL  40   1.0   (10F8.1)   3 
 15778800.         1 1.0000000 
 15778800.         1 1.0000000 
 
BCF File: Exmpl.bcf 
         0       -1    1.0E+30   0    0.0   0   0 
 1   
 CONSTANT  1.0000000                        TRPY 
 CONSTANT  5280.0000                        DELR 
 CONSTANT  5280.0000                        DELC   
 CONSTANT  0.01                             Specific yield 
 CONSTANT  0.001050                         Hydraulic conductivity 
 CONSTANT  3500.0000                        Bottom 
  
STR File: Exmpl.str 
        25        1         0         0         1     1.486        -1         0 
        25        0         0 
    1    2    2    1    1           100.     3796.     .0924     3776.     3786. 
    1    2    3    1    2             0.        0.     .0924     3773.     3783. 
    1    2    4    1    3             0.        0.     .0924     3769.     3779. 
    1    3    4    1    4             0.        0.     .0924     3768.     3778. 
    1    4    4    1    5             0.        0.     .0924     3767.     3777. 
    1    4    5    1    6             0.        0.     .0924     3765.     3775. 
    1    4    6    1    7             0.        0.     .0924     3763.     3773. 
    1    4    7    1    8             0.        0.     .0924     3758.     3768. 
    1    4    8    1    9             0.        0.     .0924     3754.     3764. 
    1    4    9    1   10             0.        0.     .0924     3750.     3760. 
    1    4   10    1   11             0.        0.     .0924     3747.     3757. 
    1    4   11    1   12             0.        0.     .0924     3743.     3753. 
    1    3   11    1   13             0.        0.     .0924     3742.     3752. 
    1    3   12    1   14             0.        0.     .0924     3739.     3749. 
    1    3   13    1   15             0.        0.     .0924     3736.     3746. 
    1    3   14    1   16             0.        0.     .0924     3732.     3742. 
    1    3   15    1   17             0.        0.     .0924     3728.     3738. 
    1    3   16    1   18             0.        0.     .0924     3727.     3737. 
    1    4   16    1   19             0.        0.     .0924     3726.     3736. 
    1    5   16    1   20             0.        0.     .0924     3725.     3735. 
    1    6   16    1   21             0.        0.     .0924     3724.     3734. 
    1    6   17    1   22             0.        0.     .0924     3721.     3731. 
    1    6   18    1   23             0.        0.     .0924     3717.     3727. 
    1    6   19    1   24             0.        0.     .0924     3714.     3724. 
    1    6   20    1   25             0.        0.     .0924     3710.     3720. 
      100.   .000568       .03                                                    
      100.   .000758       .03                                                    
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      100.   .000189       .03                                                    
      100.   .000189       .03                                                    
      100.   .000379       .03                                                    
      100.   .000379       .03                                                    
      100.   .000947       .03                                                    
      100.   .000758       .03                                                    
      100.   .000758       .03                                                    
      100.   .000568       .03                                                    
      100.   .000758       .03                                                    
      100.   .000189       .03                                                    
      100.   .000189       .03 
      100.   .000568       .03                                                    
      100.   .000568       .03                                                    
      100.   .000758       .03                                                    
      100.   .000758       .03                                                    
      100.   .000189       .03                                                    
      100.   .000189       .03                                                    
      100.   .000189       .03                                                    
      100.   .000189       .03                                                    
      100.   .000568       .03                                                    
      100.   .000758       .03                                                    
      100.   .000568       .03                                                    
      100.   .000758       .03                                                    
        -1         0         0 
         
WEL File: Exmpl.wel 
         6       -1 
         6 
         1         5        20 -1.0 
         1         6        20 -1.0 
         1         7        20 -1.0 
         1         8        20 -1.0 
         1         9        20 -1.0 
         1        10        20 -1.0 
        -1 
          
SIP File: Exmpl.sip 
       100         5 
 1.0000000 0.0001000         1       0.0         0 
 
OC File: Exmpl.oc 
HEAD   PRINT  FORMAT 7 
HEAD   SAVE   FORMAT (10F8.1) 
HEAD   SAVE   UNIT 30 
PERIOD 1 STEP 1 
PRINT HEAD 
PRINT BUDGET 
SAVE BUDGET 
SAVE HEAD 
PERIOD 2 STEP 1 
PRINT HEAD 
PRINT BUDGET 
SAVE BUDGET 
SAVE HEAD 
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Initial Head File: Initial.hed 
3800.0  3793.2  3787.5  3783.1  3780.8  -999.0  -999.0  -999.0  -999.0  -999.0 

  3743.6  3742.7  3741.3  3739.7  3738.1  3736.4  3734.9  3734.1  -999.0  -999.0 
  3800.0  3792.3  3785.9  3781.2  3778.6  -999.0  -999.0  -999.0  -999.0  -999.0 
  3744.7  3743.3  3741.6  3739.8  3737.9  3736.0  3734.5  3733.7  -999.0  -999.0 
  3800.0  3791.7  3782.7  3777.7  3773.5  3767.5  3762.8  3758.8  3754.9  3751.3 
  3747.5  3744.6  3742.2  3739.9  3737.6  3735.5  3733.7  3732.7  -999.0  -999.0 
  -999.0  -999.0  3775.3  3773.2  3770.1  3766.1  3762.2  3758.5  3754.9  3751.5 
  3748.2  3744.7  3742.0  3739.5  3737.1  3734.7  3732.5  3730.9  -999.0  -999.0 
  -999.0  -999.0  3770.3  3768.9  3766.6  3763.6  3760.4  3757.2  3753.9  3750.8 
  3747.8  3744.5  3741.7  3739.0  3736.2  3733.6  3730.8  3727.5  3722.3  3717.8 
  -999.0  -999.0  3766.6  3765.5  3763.7  3761.3  3758.6  3755.7  3752.9  3750.1 
  3747.3  3744.2  3741.4  3738.6  3735.5  3732.7  3729.5  3725.8  3721.7  3717.4 
  -999.0  -999.0  3763.8  3763.0  3761.5  3759.4  3757.0  3754.4  3751.9  3749.5 
  3746.8  3743.9  3741.1  3738.2  3735.0  3731.9  3728.6  3724.7  3720.7  3716.5 
  -999.0  -999.0  3762.1  3761.3  3759.8  3757.7  3755.4  3753.2  3751.1  3748.9 
  3746.5  3743.7  3741.0  3738.1  3734.7  3731.4  3727.9  3724.0  3720.0  3715.6 
  -999.0  -999.0  3761.2  3760.5  3758.8  3756.1  3754.0  3752.2  3750.4  3748.4 
  3746.2  3743.6  3741.1  3738.2  3734.7  3731.2  3727.6  3723.5  3719.5  3715.0 
  -999.0  -999.0  -999.0  -999.0  -999.0  3753.6  3752.6  3751.3  3749.8  3748.1 
  3746.1  3743.7  3741.4  3738.9  3734.8  3731.1  3727.4  3723.4  3719.2  3714.7 
  -999.0  -999.0  -999.0  -999.0  -999.0  3752.2  3751.6  3750.7  3749.4  3747.9 
  3746.1  3744.0  3742.2  3740.9  -999.0  -999.0  -999.0  -999.0  -999.0  -999.0 
  -999.0  -999.0  -999.0  -999.0  -999.0  3751.7  3751.2  3750.3  3749.2  3747.8 
  3746.1  3744.1  3742.6  3741.7  -999.0  -999.0  -999.0  -999.0  -999.0  -999.0 
  3800.0  3793.4  3787.8  3783.6  3781.4  -999.0  -999.0  -999.0  -999.0  -999.0 
  3745.4  3744.4  3742.9  3741.1  3739.3  3737.8  3736.6  3736.0  -999.0  -999.0 
  3800.0  3792.5  3786.2  3781.7  3779.2  -999.0  -999.0  -999.0  -999.0  -999.0 
  3746.5  3745.1  3743.2  3741.1  3739.2  3737.5  3736.2  3735.5  -999.0  -999.0 
  3800.0  3792.0  3783.3  3778.5  3774.5  3768.9  3764.4  3760.4  3756.7  3753.0 
  3749.2  3746.3  3743.8  3741.2  3738.8  3736.9  3735.3  3734.3  -999.0  -999.0 
  -999.0  -999.0  3776.4  3774.3  3771.4  3767.7  3763.9  3760.2  3756.7  3753.3 
  3749.8  3746.4  3743.5  3740.8  3738.3  3736.1  3733.9  3732.3  -999.0  -999.0 
  -999.0  -999.0  3771.4  3770.1  3767.9  3765.0  3761.9  3758.7  3755.5  3752.3 
  3749.2  3746.1  3743.2  3740.4  3737.6  3735.0  3732.1  3728.8  3723.5  3718.8 
  -999.0  -999.0  3767.7  3766.7  3765.0  3762.6  3759.9  3757.1  3754.3  3751.4 
  3748.5  3745.6  3742.7  3739.9  3737.0  3734.0  3730.8  3727.1  3722.9  3718.6 
  -999.0  -999.0  3765.0  3764.2  3762.7  3760.6  3758.2  3755.7  3753.2  3750.6 
  3747.9  3745.1  3742.3  3739.5  3736.4  3733.2  3729.8  3726.1  3722.0  3717.7 
  -999.0  -999.0  3763.3  3762.5  3760.9  3758.8  3756.6  3754.4  3752.2  3749.8 
  3747.4  3744.8  3742.1  3739.2  3736.1  3732.7  3729.2  3725.4  3721.3  3717.1 
  -999.0  -999.0  3762.4  3761.6  3759.9  3757.1  3755.2  3753.3  3751.3  3749.2 
  3747.0  3744.7  3742.1  3739.3  3736.0  3732.5  3728.8  3724.9  3720.9  3716.6 
  -999.0  -999.0  -999.0  -999.0  -999.0  3754.7  3753.7  3752.3  3750.6  3748.8 
  3746.8  3744.7  3742.5  3740.0  3736.1  3732.4  3728.6  3724.7  3720.7  3716.4 
  -999.0  -999.0  -999.0  -999.0  -999.0  3753.3  3752.7  3751.5  3750.1  3748.5 
  3746.7  3744.9  3743.3  3742.0  -999.0  -999.0  -999.0  -999.0  -999.0  -999.0 
  -999.0  -999.0  -999.0  -999.0  -999.0  3752.7  3752.2  3751.2  3749.9  3748.3 
  3746.7  3745.1  3743.7  3742.8  -999.0  -999.0  -999.0  -999.0  -999.0  -999.0 
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14.2  Riparian Data Set 
 
The data set for Exmpl1.rip is as follows, 
        25        -1        50         1           
         4         7 
“D.R. Riparian Small   “      0.00     13.12 0.761E-07 0.000E+00         6 
“D.R. Riparian Medium  “      0.00     16.40 0.991E-07 0.000E+00         7 
“D.R. Riparian Large   “      0.00     16.40 0.112E-06 0.000E+00         7 
“Evaporation           “      0.00      3.28 0.123E-06 0.123E-06         1 
   0.25000   0.25000   0.12500   0.12500   0.06250   0.18750 
   0.25012   0.24963   0.30005   0.20020  -0.13030  -0.86970 
   0.20000   0.20000   0.20000   0.10000   0.10000   0.05000   0.15000 
   0.32184   0.31034   0.30651   0.06130  -0.09579  -0.32567  -0.57854 
   0.20000   0.20000   0.20000   0.10000   0.10000   0.05000   0.15000 
   0.35054   0.35054   0.23607   0.06284  -0.09885  -0.42561  -0.47554 
   1.00000 
   1.00000 
        25 
         1         2         2   3793.00   0.03000   3793.00   0.04500   3793.00   
0.07500   3793.00   0.85000 
         1         2         3   3786.00   0.03000   3786.00   0.04500   3786.00   
0.07500   3786.00   0.85000 
         1         2         4   3782.00   0.03000   3782.00   0.04500   3782.00   
0.07500   3782.00   0.85000 
         1         3         4   3781.00   0.03000   3781.00   0.04500   3781.00   
0.07500   3781.00   0.85000 
         1         4         4   3780.00   0.03000   3780.00   0.04500   3780.00   
0.07500   3780.00   0.85000 
         1         4         5   3778.00   0.03000   3778.00   0.04500   3778.00   
0.07500   3778.00   0.85000 
         1         4         6   3776.00   0.03000   3776.00   0.04500   3776.00   
0.07500   3776.00   0.85000 
         1         4         7   3771.00   0.03000   3771.00   0.04500   3771.00   
0.07500   3771.00   0.85000 
         1         4         8   3767.00   0.03000   3767.00   0.04500   3767.00   
0.07500   3767.00   0.85000 
         1         4         9   3763.00   0.03000   3763.00   0.04500   3763.00   
0.07500   3763.00   0.85000 
         1         4        10   3760.00   0.03000   3760.00   0.04500   3760.00   
0.07500   3760.00   0.85000 
         1         4        11   3756.00   0.03000   3756.00   0.04500   3756.00   
0.07500   3756.00   0.85000 
         1         3        11   3755.00   0.03000   3755.00   0.04500   3755.00   
0.07500   3755.00   0.85000 
         1         3        12   3752.00   0.03000   3752.00   0.04500   3752.00   
0.07500   3752.00   0.85000 
         1         3        13   3749.00   0.03000   3749.00   0.04500   3749.00   
0.07500   3749.00   0.85000 
         1         3        14   3745.00   0.03000   3745.00   0.04500   3745.00   
0.07500   3745.00   0.85000 
         1         3        15   3741.00   0.03000   3741.00   0.04500   3741.00   
0.07500   3741.00   0.85000 
         1         3        16   3740.00   0.03000   3740.00   0.04500   3740.00   
0.07500   3740.00   0.85000 
         1         4        16   3739.00   0.03000   3739.00   0.04500   3739.00   
0.07500   3739.00   0.85000 
         1         5        16   3738.00   0.03000   3738.00   0.04500   3738.00   
0.07500   3738.00   0.85000 
         1         6        16   3737.00   0.03000   3737.00   0.04500   3737.00   
0.07500   3737.00   0.85000 
         1         6        17   3734.00   0.03000   3734.00   0.04500   3734.00   
0.07500   3734.00   0.85000 
         1         6        18   3730.00   0.03000   3730.00   0.04500   3730.00   
0.07500   3730.00   0.85000 
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         1         6        19   3727.00   0.03000   3727.00   0.04500   3727.00   
0.07500   3727.00   0.85000 
         1         6        20   3723.00   0.03000   3723.00   0.04500   3723.00   
0.07500   3723.00   0.85000 
        25 
         1         2         2   3793.00   0.00000   3793.00   0.00000   3793.00   
0.00000   3793.00   1.00000 
         1         2         3   3786.00   0.00000   3786.00   0.00000   3786.00   
0.00000   3786.00   1.00000 
         1         2         4   3782.00   0.00000   3782.00   0.00000   3782.00   
0.00000   3782.00   1.00000 
         1         3         4   3781.00   0.00000   3781.00   0.00000   3781.00   
0.00000   3781.00   1.00000 
         1         4         4   3780.00   0.00000   3780.00   0.00000   3780.00   
0.00000   3780.00   1.00000 
         1         4         5   3778.00   0.00000   3778.00   0.00000   3778.00   
0.00000   3778.00   1.00000 
         1         4         6   3776.00   0.00000   3776.00   0.00000   3776.00   
0.00000   3776.00   1.00000 
         1         4         7   3771.00   0.00000   3771.00   0.00000   3771.00   
0.00000   3771.00   1.00000 
         1         4         8   3767.00   0.00000   3767.00   0.00000   3767.00   
0.00000   3767.00   1.00000 
         1         4         9   3763.00   0.00000   3763.00   0.00000   3763.00   
0.00000   3763.00   1.00000 
         1         4        10   3760.00   0.00000   3760.00   0.00000   3760.00   
0.00000   3760.00   1.00000 
         1         4        11   3756.00   0.00000   3756.00   0.00000   3756.00   
0.00000   3756.00   1.00000 
         1         3        11   3755.00   0.00000   3755.00   0.00000   3755.00   
0.00000   3755.00   1.00000 
         1         3        12   3752.00   0.00000   3752.00   0.00000   3752.00   
0.00000   3752.00   1.00000 
         1         3        13   3749.00   0.00000   3749.00   0.00000   3749.00   
0.00000   3749.00   1.00000 
         1         3        14   3745.00   0.00000   3745.00   0.00000   3745.00   
0.00000   3745.00   1.00000 
         1         3        15   3741.00   0.00000   3741.00   0.00000   3741.00   
0.00000   3741.00   1.00000 
         1         3        16   3740.00   0.00000   3740.00   0.00000   3740.00   
0.00000   3740.00   1.00000 
         1         4        16   3739.00   0.00000   3739.00   0.00000   3739.00   
0.00000   3739.00   1.00000 
         1         5        16   3738.00   0.00000   3738.00   0.00000   3738.00   
0.00000   3738.00   1.00000 
         1         6        16   3737.00   0.00000   3737.00   0.00000   3737.00   
0.00000   3737.00   1.00000 
         1         6        17   3734.00   0.00000   3734.00   0.00000   3734.00   
0.00000   3734.00   1.00000 
         1         6        18   3730.00   0.00000   3730.00   0.00000   3730.00   
0.00000   3730.00   1.00000 
         1         6        19   3727.00   0.00000   3727.00   0.00000   3727.00   
0.00000   3727.00   1.00000 
         1         6        20   3723.00   0.00000   3723.00   0.00000   3723.00   
0.00000   3723.00   1.00000 
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14.3 Abridged Results 
 
The results from the example above have been abridged to present only the riparian package and 

are as follows:  

Following the stream/aquifer package allocation statement, 

 
 RIP2 – RIPARIAN PACKAGE, VERSION 2, 9/30/2002 INPUT READ FROM UNIT 20 
 MAXIMUM OF   25 RIPARIAN CELLS 
 THE ET RATE FOR EACH PLANT FUNCTIONAL SUBGROUP WILL BE WRITTEN TO THE LIST FILE  
    WHEN ICBCFL IS NOT 0 
 CELL LOCATION, SURFACE ELEVATION, AND PLANT FUNCTIONAL SUBGROUP ET RATES WILL BE  
    SAVED ON UNIT 50 
 HSURF IS READ AS FUNCTION OF BOTH CELL LOCATION AND PLANT FUNCTIONAL SUBGROUP 
 MAXIMUM NUMBERS OF PLANT FUNCTIONAL SUBGROUPS AND SEGMENTS  
 PLANT FUNCTIONAL SUBGROUPS  =  4 
 MAXIMUM CURVE SEGMENTS    =  7 
        908 ELEMENTS OF X ARRAY ARE USED BY RIP 
       5617 ELEMENTS OF X ARRAY USED OUT OF    1500000 

 
Following SIP input echo, 
 
                    RIPARIAN INFORMATION 
 
           NAME            SATURATION    ACTIVE      MAXIMUM     ET FLUX AT 
                           EXTINCTION     ROOT         ET        SATURATION 
                             DEPTH       DEPTH        FLUX     EXTINCTION DEPTH 
 D.R. Riparian Small          0.0000    13.1200     0.7610E-07   0.0000E+00 
 D.R. Riparian Medium         0.0000    16.4000     0.9910E-07   0.0000E+00 
 D.R. Riparian Large          0.0000    16.4000     0.1120E-06   0.0000E+00 
 Evaporation                  0.0000     3.2800     0.1230E-06   0.1230E-06 
 
                    SEGMENT INFORMATION 
 
           NAME                                 SEGMENTS  
 
 D.R. Riparian Small      fdh    0.2500    0.2500    0.1250    0.1250    0.0625    0.1875 
                          fdR    0.2501    0.2496    0.3000    0.2002   -0.1303   -0.8697 
 
 D.R. Riparian Medium     fdh    0.2000    0.2000    0.2000    0.1000    0.1000    0.0500    
0.1500 
                          fdR    0.3218    0.3103    0.3065    0.0613   -0.0958   -0.3257   
-0.5785 
 
 D.R. Riparian Large      fdh    0.2000    0.2000    0.2000    0.1000    0.1000    0.0500    
0.1500 
                          fdR    0.3505    0.3505    0.2361    0.0628   -0.0988   -0.4256   
-0.4755 
 
 Evaporation              fdh    1.0000 
                          fdR    1.0000 
 
Following stream/aquifer package input echo for first stress period, 
 
    25 RIPARIAN CELLS. 
 
                    RIPARIAN CELL INFORMATION 
 
 LAYER  ROW  COLUMN     SURFACE ELEVATION AND FRACTIONAL COVERAGE OF PLANT FUNCTIONAL 
SUBGROUPS 
                             1                 2                 3                 4 
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   1     2     2     3793.0   0.0300   3793.0   0.0450   3793.0   0.0750   3793.0   
0.8500 
   1     2     3     3786.0   0.0300   3786.0   0.0450   3786.0   0.0750   3786.0   
0.8500 
   1     2     4     3782.0   0.0300   3782.0   0.0450   3782.0   0.0750   3782.0   
0.8500 
   1     3     4     3781.0   0.0300   3781.0   0.0450   3781.0   0.0750   3781.0   
0.8500 
   1     4     4     3780.0   0.0300   3780.0   0.0450   3780.0   0.0750   3780.0   
0.8500 
   1     4     5     3778.0   0.0300   3778.0   0.0450   3778.0   0.0750   3778.0   
0.8500 
   1     4     6     3776.0   0.0300   3776.0   0.0450   3776.0   0.0750   3776.0   
0.8500 
   1     4     7     3771.0   0.0300   3771.0   0.0450   3771.0   0.0750   3771.0   
0.8500 
   1     4     8     3767.0   0.0300   3767.0   0.0450   3767.0   0.0750   3767.0   
0.8500 
   1     4     9     3763.0   0.0300   3763.0   0.0450   3763.0   0.0750   3763.0   
0.8500 
   1     4    10     3760.0   0.0300   3760.0   0.0450   3760.0   0.0750   3760.0   
0.8500 
   1     4    11     3756.0   0.0300   3756.0   0.0450   3756.0   0.0750   3756.0   
0.8500 
   1     3    11     3755.0   0.0300   3755.0   0.0450   3755.0   0.0750   3755.0   
0.8500 
   1     3    12     3752.0   0.0300   3752.0   0.0450   3752.0   0.0750   3752.0   
0.8500 
   1     3    13     3749.0   0.0300   3749.0   0.0450   3749.0   0.0750   3749.0   
0.8500 
   1     3    14     3745.0   0.0300   3745.0   0.0450   3745.0   0.0750   3745.0   
0.8500 
   1     3    15     3741.0   0.0300   3741.0   0.0450   3741.0   0.0750   3741.0   
0.8500 
   1     3    16     3740.0   0.0300   3740.0   0.0450   3740.0   0.0750   3740.0   
0.8500 
   1     4    16     3739.0   0.0300   3739.0   0.0450   3739.0   0.0750   3739.0   
0.8500 
   1     5    16     3738.0   0.0300   3738.0   0.0450   3738.0   0.0750   3738.0   
0.8500 
   1     6    16     3737.0   0.0300   3737.0   0.0450   3737.0   0.0750   3737.0   
0.8500 
   1     6    17     3734.0   0.0300   3734.0   0.0450   3734.0   0.0750   3734.0   
0.8500 
   1     6    18     3730.0   0.0300   3730.0   0.0450   3730.0   0.0750   3730.0   
0.8500 
   1     6    19     3727.0   0.0300   3727.0   0.0450   3727.0   0.0750   3727.0   
0.8500 
   1     6    20     3723.0   0.0300   3723.0   0.0450   3723.0   0.0750   3723.0   
0.8500 
 
Following stream/aquifer results for first stress period, 
 
RIPARIAN ET   PERIOD  1   STEP  1 
 
  RIPARIAN ET 
 LAYER  ROW  COLUMN   HEAD      CELL        SURFACE ELEVATION AND FRACTIONAL COVERAGE OF PLANT FUNCTIONAL SUBGROUPS 
                                 ET                        1                      2                      3                      
4 
   1     2     2  3790.53415  -0.96321E+00        3793.00     -0.05541   3793.00     -0.07222   3793.00     -0.11208   
3793.00     -0.72350 
   1     2     3  3783.40908  -0.87471E+00        3786.00     -0.05668   3786.00     -0.07839   3786.00     -0.12728   
3786.00     -0.61236 
   1     2     4  3779.05366  -0.62322E+00        3782.00     -0.06027   3782.00     -0.09594   3782.00     -0.17048   
3782.00     -0.29652 
   1     3     4  3776.18462  -0.40798E+00        3781.00     -0.05172   3781.00     -0.12356   3781.00     -0.23270   
3781.00      0.00000 
   1     4     4  3772.20286  -0.32675E+00        3780.00     -0.02582   3780.00     -0.10233   3780.00     -0.19861   
3780.00      0.00000 
   1     4     5  3769.41265  -0.30042E+00        3778.00     -0.02199   3778.00     -0.09315   3778.00     -0.18529   
3778.00      0.00000 
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   1     4     6  3765.76028  -0.24204E+00        3776.00     -0.01398   3776.00     -0.07389   3776.00     -0.15417   
3776.00      0.00000 
   1     4     7  3761.97375  -0.28580E+00        3771.00     -0.01986   3771.00     -0.08805   3771.00     -0.17789   
3771.00      0.00000 
   1     4     8  3758.34640  -0.29822E+00        3767.00     -0.02167   3767.00     -0.09238   3767.00     -0.18417   
3767.00      0.00000 
   1     4     9  3754.65783  -0.30859E+00        3763.00     -0.02318   3763.00     -0.09600   3763.00     -0.18942   
3763.00      0.00000 
   1     4    10  3751.26747  -0.29559E+00        3760.00     -0.02128   3760.00     -0.09146   3760.00     -0.18284   
3760.00      0.00000 
   1     4    11  3747.77997  -0.31266E+00        3756.00     -0.02377   3756.00     -0.09741   3756.00     -0.19148   
3756.00      0.00000 
   1     3    11  3747.01879  -0.32062E+00        3755.00     -0.02492   3755.00     -0.10019   3755.00     -0.19551   
3755.00      0.00000 
   1     3    12  3743.95323  -0.31843E+00        3752.00     -0.02461   3752.00     -0.09943   3752.00     -0.19440   
3752.00      0.00000 
   1     3    13  3741.29724  -0.32989E+00        3749.00     -0.02627   3749.00     -0.10342   3749.00     -0.20020   
3749.00      0.00000 
   1     3    14  3738.60208  -0.37206E+00        3745.00     -0.03370   3745.00     -0.11745   3745.00     -0.22091   
3745.00      0.00000 
   1     3    15  3735.88289  -0.40442E+00        3741.00     -0.04861   3741.00     -0.12341   3741.00     -0.23241   
3741.00      0.00000 
   1     3    16  3733.88154  -0.37912E+00        3740.00     -0.03695   3740.00     -0.11875   3740.00     -0.22342   
3740.00      0.00000 
   1     4    16  3733.05875  -0.38360E+00        3739.00     -0.03901   3739.00     -0.11958   3739.00     -0.22501   
3739.00      0.00000 
   1     5    16  3732.10746  -0.38483E+00        3738.00     -0.03958   3738.00     -0.11980   3738.00     -0.22545   
3738.00      0.00000 
   1     6    16  3731.32611  -0.39036E+00        3737.00     -0.04213   3737.00     -0.12082   3737.00     -0.22741   
3737.00      0.00000 
   1     6    17  3728.03487  -0.38300E+00        3734.00     -0.03874   3734.00     -0.11947   3734.00     -0.22480   
3734.00      0.00000 
   1     6    18  3724.13541  -0.38554E+00        3730.00     -0.03991   3730.00     -0.11993   3730.00     -0.22570   
3730.00      0.00000 
   1     6    19  3719.89733  -0.34989E+00        3727.00     -0.02918   3727.00     -0.11040   3727.00     -0.21031   
3727.00      0.00000 
   1     6    20  3715.32316  -0.33076E+00        3723.00     -0.02640   3723.00     -0.10373   3723.00     -0.20064   
3723.00      0.00000 

 
Budget for first stress period: 
 
     VOLUMETRIC BUDGET FOR ENTIRE MODEL AT END OF TIME STEP  1 IN STRESS PERIOD  1 
  ----------------------------------------------------------------------------- 
 
     CUMULATIVE VOLUMES      L**3       RATES FOR THIS TIME STEP      L**3/T 
     ------------------                 ------------------------ 
           IN:                                      IN: 
           ---                                      --- 
             STORAGE =    39425952.0000               STORAGE =           2.4987 
       CONSTANT HEAD =   130673376.0000         CONSTANT HEAD =           8.2816 
               WELLS =           0.0000                 WELLS =           0.0000 
      STREAM LEAKAGE =   170219808.0000        STREAM LEAKAGE =          10.7879 
         RIPARIAN ET =           0.0000           RIPARIAN ET =           0.0000 
 
            TOTAL IN =   340319136.0000              TOTAL IN =          21.5681 
 
          OUT:                                     OUT: 
          ----                                     ---- 
             STORAGE =    83008624.0000               STORAGE =           5.2608 
       CONSTANT HEAD =           0.0000         CONSTANT HEAD =           0.0000 
               WELLS =    94672800.0000                 WELLS =           6.0000 
      STREAM LEAKAGE =     5289380.5000        STREAM LEAKAGE =           0.3352 
         RIPARIAN ET =   157342032.0000           RIPARIAN ET =           9.9717 
 
           TOTAL OUT =   340312832.0000             TOTAL OUT =          21.5677 
 
            IN – OUT =        6304.0000              IN – OUT =       4.0054E-04 
 
 PERCENT DISCREPANCY =           0.00     PERCENT DISCREPANCY =           0.00 
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Following stream/aquifer package input for second stress period, 
 
    25 RIPARIAN CELLS. 
 
                    RIPARIAN CELL INFORMATION 
 
 LAYER  ROW  COLUMN     SURFACE ELEVATION AND FRACTIONAL COVERAGE OF PLANT FUNCTIONAL 
SUBGROUPS 
                             1                 2                 3                 4 
   1     2     2     3793.0   0.0000   3793.0   0.0000   3793.0   0.0000   3793.0   
1.0000 
   1     2     3     3786.0   0.0000   3786.0   0.0000   3786.0   0.0000   3786.0   
1.0000 
   1     2     4     3782.0   0.0000   3782.0   0.0000   3782.0   0.0000   3782.0   
1.0000 
   1     3     4     3781.0   0.0000   3781.0   0.0000   3781.0   0.0000   3781.0   
1.0000 
   1     4     4     3780.0   0.0000   3780.0   0.0000   3780.0   0.0000   3780.0   
1.0000 
   1     4     5     3778.0   0.0000   3778.0   0.0000   3778.0   0.0000   3778.0   
1.0000 
   1     4     6     3776.0   0.0000   3776.0   0.0000   3776.0   0.0000   3776.0   
1.0000 
   1     4     7     3771.0   0.0000   3771.0   0.0000   3771.0   0.0000   3771.0   
1.0000 
   1     4     8     3767.0   0.0000   3767.0   0.0000   3767.0   0.0000   3767.0   
1.0000 
   1     4     9     3763.0   0.0000   3763.0   0.0000   3763.0   0.0000   3763.0   
1.0000 
   1     4    10     3760.0   0.0000   3760.0   0.0000   3760.0   0.0000   3760.0   
1.0000 
   1     4    11     3756.0   0.0000   3756.0   0.0000   3756.0   0.0000   3756.0   
1.0000 
   1     3    11     3755.0   0.0000   3755.0   0.0000   3755.0   0.0000   3755.0   
1.0000 
   1     3    12     3752.0   0.0000   3752.0   0.0000   3752.0   0.0000   3752.0   
1.0000 
   1     3    13     3749.0   0.0000   3749.0   0.0000   3749.0   0.0000   3749.0   
1.0000 
   1     3    14     3745.0   0.0000   3745.0   0.0000   3745.0   0.0000   3745.0   
1.0000 
   1     3    15     3741.0   0.0000   3741.0   0.0000   3741.0   0.0000   3741.0   
1.0000 
   1     3    16     3740.0   0.0000   3740.0   0.0000   3740.0   0.0000   3740.0   
1.0000 
   1     4    16     3739.0   0.0000   3739.0   0.0000   3739.0   0.0000   3739.0   
1.0000 
   1     5    16     3738.0   0.0000   3738.0   0.0000   3738.0   0.0000   3738.0   
1.0000 
   1     6    16     3737.0   0.0000   3737.0   0.0000   3737.0   0.0000   3737.0   
1.0000 
   1     6    17     3734.0   0.0000   3734.0   0.0000   3734.0   0.0000   3734.0   
1.0000 
   1     6    18     3730.0   0.0000   3730.0   0.0000   3730.0   0.0000   3730.0   
1.0000 
   1     6    19     3727.0   0.0000   3727.0   0.0000   3727.0   0.0000   3727.0   
1.0000 
   1     6    20     3723.0   0.0000   3723.0   0.0000   3723.0   0.0000   3723.0   
1.0000 
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Following stream/aquifer package output for second stress period, 
 
 RIPARIAN ET   PERIOD  2   STEP  1 
 
  RIPARIAN ET 
 LAYER  ROW  COLUMN   HEAD      CELL        SURFACE ELEVATION AND FRACTIONAL COVERAGE OF PLANT FUNCTIONAL SUBGROUPS 
                                 ET                        1                      2                      3                      
4 
   1     2     2  3790.67226  -0.99556E+00        3793.00      0.00000   3793.00      0.00000   3793.00      0.00000   
3793.00     -0.99556 
   1     2     3  3783.67654  -0.10000E+01        3786.00      0.00000   3786.00      0.00000   3786.00      0.00000   
3786.00     -1.00004 
   1     2     4  3779.45349  -0.76685E+00        3782.00      0.00000   3782.00      0.00000   3782.00      0.00000   
3782.00     -0.76685 
   1     3     4  3777.28665   0.00000E+00        3781.00      0.00000   3781.00      0.00000   3781.00      0.00000   
3781.00      0.00000 
   1     4     4  3773.61997   0.00000E+00        3780.00      0.00000   3780.00      0.00000   3780.00      0.00000   
3780.00      0.00000 
   1     4     5  3770.90650   0.00000E+00        3778.00      0.00000   3778.00      0.00000   3778.00      0.00000   
3778.00      0.00000 
   1     4     6  3767.44216   0.00000E+00        3776.00      0.00000   3776.00      0.00000   3776.00      0.00000   
3776.00      0.00000 
   1     4     7  3763.77046   0.00000E+00        3771.00      0.00000   3771.00      0.00000   3771.00      0.00000   
3771.00      0.00000 
   1     4     8  3760.21376   0.00000E+00        3767.00      0.00000   3767.00      0.00000   3767.00      0.00000   
3767.00      0.00000 
   1     4     9  3756.73624   0.00000E+00        3763.00      0.00000   3763.00      0.00000   3763.00      0.00000   
3763.00      0.00000 
   1     4    10  3753.33140   0.00000E+00        3760.00      0.00000   3760.00      0.00000   3760.00      0.00000   
3760.00      0.00000 
   1     4    11  3749.83893   0.00000E+00        3756.00      0.00000   3756.00      0.00000   3756.00      0.00000   
3756.00      0.00000 
   1     3    11  3749.22943   0.00000E+00        3755.00      0.00000   3755.00      0.00000   3755.00      0.00000   
3755.00      0.00000 
   1     3    12  3746.29655   0.00000E+00        3752.00      0.00000   3752.00      0.00000   3752.00      0.00000   
3752.00      0.00000 
   1     3    13  3743.59859   0.00000E+00        3749.00      0.00000   3749.00      0.00000   3749.00      0.00000   
3749.00      0.00000 
   1     3    14  3740.86145   0.00000E+00        3745.00      0.00000   3745.00      0.00000   3745.00      0.00000   
3745.00      0.00000 
   1     3    15  3738.08962  -0.38645E+00        3741.00      0.00000   3741.00      0.00000   3741.00      0.00000   
3741.00     -0.38645 
   1     3    16  3736.48831   0.00000E+00        3740.00      0.00000   3740.00      0.00000   3740.00      0.00000   
3740.00      0.00000 
   1     4    16  3735.72324  -0.34190E-02        3739.00      0.00000   3739.00      0.00000   3739.00      0.00000   
3739.00     -0.00342 
   1     5    16  3734.71429   0.00000E+00        3738.00      0.00000   3738.00      0.00000   3738.00      0.00000   
3738.00      0.00000 
   1     6    16  3733.74358  -0.24680E-01        3737.00      0.00000   3737.00      0.00000   3737.00      0.00000   
3737.00     -0.02468 
   1     6    17  3730.50337   0.00000E+00        3734.00      0.00000   3734.00      0.00000   3734.00      0.00000   
3734.00      0.00000 
   1     6    18  3726.77024  -0.52550E-01        3730.00      0.00000   3730.00      0.00000   3730.00      0.00000   
3730.00     -0.05255 
   1     6    19  3722.59433   0.00000E+00        3727.00      0.00000   3727.00      0.00000   3727.00      0.00000   
3727.00      0.00000 
   1     6    20  3718.23390   0.00000E+00        3723.00      0.00000   3723.00      0.00000   3723.00      0.00000   
3723.00      0.00000 
 

 
Volumetric water budget for second stress period, 
 
VOLUMETRIC BUDGET FOR ENTIRE MODEL AT END OF TIME STEP  1 IN STRESS PERIOD  2 
  ----------------------------------------------------------------------------- 
 
CUMULATIVE VOLUMES      L**3       RATES FOR THIS TIME STEP      L**3/T 
     ------------------                 ------------------------ 
           IN:                                      IN: 
           ---                                      --- 
             STORAGE =    39425952.0000               STORAGE =           0.0000 
       CONSTANT HEAD =   258687232.0000         CONSTANT HEAD =           8.1130 
               WELLS =           0.0000                 WELLS =           0.0000 
      STREAM LEAKAGE =   270048864.0000        STREAM LEAKAGE =           6.3268 
         RIPARIAN ET =           0.0000           RIPARIAN ET =           0.0000 
 
            TOTAL IN =   568162048.0000              TOTAL IN =          14.4398 
 
          OUT:                                     OUT: 
          ----                                     ---- 
             STORAGE =   159754464.0000               STORAGE =           4.8639 
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       CONSTANT HEAD =           0.0000         CONSTANT HEAD =           0.0000 
               WELLS =   189345600.0000                 WELLS =           6.0000 
      STREAM LEAKAGE =    10780227.0000        STREAM LEAKAGE =           0.3480 
         RIPARIAN ET =   208300368.0000           RIPARIAN ET =           3.2295 
 
           TOTAL OUT =   568180672.0000             TOTAL OUT =          14.4414 
 
            IN – OUT =      -18624.0000              IN – OUT =      -1.5802E-03 
 
 PERCENT DISCREPANCY =           0.00     PERCENT DISCREPANCY =          -0.01 
 
 
15.0 Module Documentation for the Riparian Package 
 
The RIP Package is composed of 5 modules and 2 functions. The five are primary modules that 

are part of the MODFLOW 96 (Harbaugh and McDonald, 1996). All modules and the functions 

are found in source-code file RIP.f90 Primary modules are called directly from the main 

MODFLOW-96 program unit. The five modules are: 

RIP2AL—Reads options and allocates memory for data arrays.  

RIP2RP1—Reads data for variables that do not vary during a simulation run. 

RIP2RP2—Reads data variable that vary over stress periods. 

RIP2FM—Formulates terms needed to solve the groundwater flow equation simulating 

riparian evapotranspiration, and adds them to the head coefficient array (HCOF) and to the 

right-hand side array (RHS).  

RIP2BD—Computes flow rates simulated as evapotranspiration from riparian systems and 

writes plant functional subgroup evapotranspiration rates or cell-by-cell flow rates if those 

options are selected.  

The two functions are: 

HCOFtrm—Computes a component of the term added to head coefficient array (HCOF). 

RHStrm—Computes a component of the term added to the right-hand side array (RHS). 

 

Statements must be added to MODLFLW96.for, the main program to call the RIP package.  

There are five calls to the main module—RIP2AL, RIP2RP1, RIP2RP2, RIP2FM and RIP2BD. 

Add the RIP call statements as follows: 

After the call to FHB1AL, add 
              IF(IUNIT(22).GT.0) CALL RIP2AL(ISUM,LENX,LCSxd,LCArd,LCRmax, 

     1 LCRsxd,LCNuSEG,LCfdh,LCfdR,LCRip,LCC1,LCC2, 
     2 LCETR,IUNIT(22),IOUT,IFREFM,MAXRIP,IRIPCB,IRIPCB1, 
     3 NRIPCL,NRIPVL,MAXTS,MXSEG,IRIPAL,IHSURF) 
 
After the call to FHB1RP, add 
      IF(IUNIT(22).GT.0) CALL RIP2RP1(X(LCSxd),X(LCArd),X(LCRmax), 
     1 X(LCRsxd),X(LCNuSEG),X(LCfdh),X(LCfdR),MAXTS,MXSEG, 
     2    RIPNM,IFREFM,IUNIT(22),IOUT) 
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After the call to CHD1RP, add 
      IF(IUNIT(22).GT.0) CALL RIP2RP2(X(LCRIP),NRIPCL,NRIPVL,IRIPAL, 

0.� MAXRIP,MAXTS,IHSURF,IUNIT(22),IOUT,IFREFM) 
 
After the call to FHB1FM, add 
           IF(IUNIT(22).GT.0) CALL RIP1FM(NRIPCL,NRIPVL,MAXRIP,MAXTS,IHSURF,    
     1   MXSEG,X(LCRIP),X(LCSxd),X(LCArd),X(LCRmax),X(LCRsxd), 
     2 X(LCNuSeg),X(LCfdh),X(LCfdR),X(LCC1), X(LCC2), 
     3 X(LCHNEW),X(LCHCOF),X(LCRHS),X(LCIBOU),NLAY, 
     4 NCOL,NROW,X(LCDELR),X(LCDELC)) 
 

After the call to FHB1BD, add 
       
 

The above statements call the RIP package whenever the 22nd element of the IUNIT array is 

greater than zero.  Another IUNIT element can be substituted if desired.  To do this, replace 

IUNIT(22) in the “IF” statement and in the calling argument in the NAME File. 

 
15.1 RIP2AL 
 
 The subroutine RIP2AL will read from the RIP file designated in the NAME file, allocates 

space in the X array, writes to the list file, and performs the following steps, 

 Step1: Identifies the package as the Riparian Package, and initializes the number of active 

riparian cells (NRIPCL) to zero. 

 Step 2: Read in the maximum number of riparian cells (MAXRIP) allowed over all stress 

periods.  Note that, NRIPCL, which is updated every stress period, is always 

NRIPCL≤MAXRIP. Read in the IRIPCB, cell-by-cell flow flag or unit number, and IRIPCB1, 

the flag or unit number for plant functional subgroup ET rate storage. Read IHSURF, a flag to 

indicate whether HSURF has only one value for a cell or that it has the number of active plant 

functional subgroup per cell. 

 Step 3: Read CBC allocation flag, initialize IRIPAL to zero, and set IRIPAL = 1 if CBC is read 

as an option. 

 Step 4: Read in the maximum number of plant functional subgroups, MAXTS, and maximum 

number of segments used to interpolate the ET canopy flux rate function, MXSEG. 

 Step 5: Set NRIPVL, the size of the 1
st
 dimension of the Rip array, to 

NRIPVL=4+MAXTS+IRIPAL (the 4 is for layer, row, column and land surface elevation 

variables), and allocate space in the X vector of the main program of MODFLOW for the Sxd, 

Ard, Rmax, Rsxd, NuSeg, fdh, fdR, Rip, HK, RK, C1, C2, and ETR arrays 

 Step 6: Print amount of space used by riparian package. 
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15.2 Listing for RIP2AL Module 
!-------------------------------------------------------------- 
!This package calculates riparian ET for a variety of riparian 
!plant functional subgroups. Examples of subgroups are:  
! Obligate Wetland (e.g. cattails & �ulrush) 
! Shallow-rooted Riparian(e.g. cockleburn & sacaton) 
!   Deep-rooted Riparian (e.g. cottonwood & willow):small, medium,  
!       and large sizes. 
!   Transitional riparian (e.g. mesquite & sycamore):small,medium,  
!  and large sizes. 
! 
!-------------------------------------------------------------- 
 
Subroutine RIP2AL(ISUM,LENX,LCSxd,LCArd,LCRmax,LCRsxd,LCNuSEG,LCfdh,  & 
                   LCfdR,LCRip,LCC1,LCC2,LCETR,IN,IOUT,IFREFM,        & 
 MAXRIP,IRIPCB,IRIPCB1,NRIPCL,NRIPVL,MAXTS,         & 
 MXSEG,IRIPAL,IHSURF)  
! 
Implicit none 
!        
!-------------------------------------------------------------- 
! This subroutine reads in dimension variables that remain constant 
! over the simulation, and allocates array storage for riparian 
! cells.  The follow variables are used: 
!   IN is the unit number of input file. 
!   IOUT is the unit number of the LIST output file. 
!   LENX is the dimension of X array. 
!   ISUM is a pointer used to keep track of position in X array. 
!   LINE is the content of one line read from the input file. 
!   LLOC is a pointer used to keep track of position in LINE. 
!   ISTART is the starting position of parsed word. 
!   ISTOP is the ending position of parsed word. 
!   ISUM1 is the value ISUM-1. 
!   IFREFM is a flag indicating free format for data input. 
! MAXRIP is the maximum number of riparian cells over all stress  
!          periods. 
! IRIPCB is a cell-by-cell printing flag and unit number, 
!   IRIPCB1 is a flag to save cell values:location, surface elevation 
!           and ET rate for each plant functional subgroup. 
!   NRIPCL is the number of active riparian cells in a stress period. 
!   NRIPVL is the size of the first dimension of the array, RIP. 
!   MAXTS is the total number of plant functional subgroups for  
!         all cells. 
! MXSEG is the maximum number of segments for interpolation of ET  
!         flux rate as a function of hydraulic head. 
!   IRIPAL is the dimension flag and increment for optional  
!          memory allocation. 
! IHSURF is a flag to indicate that HSURF varies with just cells or   
!        with plant functional subgroup and cells. 
!   CSxd,LCArd,LCRmax,LCRsxd,LCNuSEG,LCfdh,LCfdR,LCRIP,LCC1, 
!   LCC2,LCETR are all pointers to partition the X array.  
!   N is a dummy integer variable. 
!   R is a dummy real variable. 
!   ISP is a counter. 
!-------------------------------------------------------------- 
! 
! Specifications 
!-------------------------------------------------------------- 
    Character(80)::Line 
 Integer:: ISUM,LENX,IFREFM,IN,IOUT,LLOC,ISTART,ISTOP,N,ISP,ISUM1  
 Integer:: NRIPCL,NRIPVL,MAXRIP,IRIPCB,IRIPCB1,MAXTS,MXSEG,IRIPAL 
 Integer:: IHSURF 
 Integer:: LCSxd,LCArd,LCRmax,LCRsxd,LCNuSEG,LCfdh,LCfdR    
 Integer:: LCRIP,LCC1,LCC2,LCETR  
 Real::R          
! 
!1-----Identify package and initialize NRIPCL 
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! 
 Write(IOUT,100) IN 
100 Format(1x,/1x,’RIP2 – RIPARIAN PACKAGE, VERSION 2,’, & 
     ‘ 9/30/2002’,’ INPUT READ FROM UNIT’,I3)  
!  
 NRIPCL=0 
! 
!2-----Read 1) maximum number of riparian cell, 2)a unit or flag  
!      for printing or storing ET terms, 3) an option value,if  
!      present,that allows storage in memory of the total ET Rate  
!    for each cell, and 4) A flag to indicate whether HSURF has  
!    only one value for a cell or that it has the number of active 
!      plant functional subgroup per cell. 
! 
 Read(IN,’(A)’) LINE 
 If (IFREFM == 0) Then 
  Read(LINE,’(3I10)’) MAXRIP,IRIPCB,IRIPCB1,IHSURF 
  LLOC=41 
 Else 
  LLOC=1 
  CALL URWORD(LINE,LLOC,ISTART,ISTOP,2,MAXRIP,R,IOUT,IN) 
  CALL URWORD(LINE,LLOC,ISTART,ISTOP,2,IRIPCB,R,IOUT,IN) 
  CALL URWORD(LINE,LLOC,ISTART,ISTOP,2,IRIPCB1,R,IOUT,IN) 
  CALL URWORD(LINE,LLOC,ISTART,ISTOP,2,IHSURF,R,IOUT,IN) 
 Endif 
 Write(IOUT, 110) MAXRIP 
110 Format(1x,’MAXIMUM OF’,I5,’ RIPARIAN CELLS’) 
 If(IRIPCB < 0) then 
  write(IOUT, 120) 

0.� Format(1x,’THE ET RATE FOR EACH PLANT FUNCTIONAL SUBGROUP WILL ‘,  & 
                  ‘BE WRITTEN TO THE LIST FILE WHEN ICBCFL IS NOT 0’) 
 Elseif (IRIPCB > 0) then 
  write(IOUT,130)IRIPCB 

0.� Format(1x,’TOTAL ET RATE FOR EACH CELL WILL BE SAVED ON UNIT’,I3) 
 Endif 
 If(IRIPCB1>0) Then 
  Write(IOUT,135)IRIPCB1 
135     Format(1x,’CELL LOCATION, SURFACE ELEVATION, AND PLANT ‘,          & 
                  ‘FUNCTIONAL SUBGROUP ET RATES WILL BE SAVED ‘,           & 
      ‘ON UNIT’,I3) 
 End if 
 If(IHSURF>0) Then 
  Write(IOUT,137)  
137     Format(1x,’HSURF IS READ AS A FUNCTION OF BOTH CELL ‘          & 
                  ‘LOCATION AND PLANT FUNCTIONAL SUBGROUP’) 
 Else 
     write(IOUT,139) 

0.� Format(1x,’HSURF IS A FUNCTION ONLY OF CELL LOCATION’) 
    End if 
! 
!3-----Read CBC allocation flag , initialize IRIPAL to zero, and 
!    set IRIPAL = 1 if CBC is read as an option. 
! 
 IRIPAL=0 
 Call URWORD(LINE,LLOC,ISTART,ISTOP,1,N,R,IOUT,IN) 
 IF(LINE(ISTART:ISTOP)==’CBCALLOCATE’.or.  & 
     LINE(ISTART:ISTOP)==’CBC’) Then 
  IRIPAL=1 
  Write(IOUT,140) 

0.� Format(1x,’MEMORY IS ALLOCATED FOR CELL-BY-CELL TOTAL ‘,  & 
                      ‘RIPARIAN ET TERMS’)   
 End if 
! 
!4-----Read and print maximum number of plant functional subgroups (MAXTS),  
!      and the maximum of interpolation segments for the ET flux rate  
!    function (MXSEG). 
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! 
 If (IFREFM == 0) Then 
  Read(IN,’(2I10)’) MAXTS,MXSEG 
 Else 
  Read(IN,*) MAXTS,MXSEG 
 Endif 
 write(IOUT,150) MAXTS,MXSEG 
150 Format( 1x,’MAXIMUM NUMBERS OF PLANT FUNCTIONAL SUBGROUPS AND SEGMENTS ‘/, & 
            1x,’PLANT FUNCTIONAL SUBGROUPS  =’,I3,/,  & 
      1x,’MAXIMUM CURVE SEGMENTS    =’,I3)  
! 
!5-----Set NRIPVL and allocate space in X vector.  If IHSURF>0,  HSURF has a 
!      value for each active plant functional subgroup in a cell.If IHSURF=0,  
!    HSURF has only one value for a cell 
! 
 If(IHSURF>0) Then  
  NRIPVL=2*MAXTS+3+IRIPAL 
    Else 
  NRIPVL=MAXTS+4+IRIPAL 
 End if   
! 
!5a-----Simulation variables, Sxd, Ard, Rmax, Rsxd, fdh, fdR, NuSeg 
!  
    ISP=ISUM 
    LCSxd=ISUM 
 ISUM=ISUM+MAXTS 
 LCArd=ISUM 
 ISUM=ISUM+MAXTS 
 LCRmax=ISUM 
    ISUM=ISUM+MAXTS 
 LCRsxd=ISUM 
 ISUM=ISUM+MAXTS  
 
 LCfdh=ISUM 
 ISUM=ISUM+MAXTS*MXSEG 
    LCfdR=ISUM 
 ISUM=ISUM+MAXTS*MXSEG 
 
 LCNuSEG=ISUM 
 ISUM=ISUM+MAXTS 
! 
!5b-----Stress period variables, Hk, RK, Rip, C1, C2, ETR 
! 
 LCRIP=ISUM 
 ISUM=ISUM+NRIPVL*MAXRIP 
 LCC1=ISUM 
 ISUM=ISUM+MAXRIP*MAXTS*2 
 LCC2=ISUM 
 ISUM=ISUM+MAXRIP*MAXTS*2 
 LCETR=ISUM 
 ISUM=ISUM+MAXRIP*MAXTS*2 
! 
!6-----Print amount of space used by the Riparian package. 
! 
 ISP=ISUM-ISP 
 Write(IOUT,160) ISP 
160 Format(1x,I10,’ ELEMENTS OF X ARRAY ARE USED BY RIP’) 
    ISUM1=ISUM-1  
    Write(IOUT,170) ISUM1,LENX 
170 Format(1x,I10,’ ELEMENTS OF X ARRAY USED OUT OF ‘,I10) 
    If(ISUM1 > LENX) Write(IOUT,180) 
180 format(1x,’   ***X ARRAY MUST BE MADE LARGER***’) 
! 
!7-----Return 
! 
 Return 
End Subroutine RIP2AL   
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Table 5. List of variables in module RIP2AL 
Variable Scope Definition 

LINE Module Content of one line read from the input filr 
ISUM Global Pointer used to keep track of position in X array 
LENX Global Dimension of X array 
IFREFM Global Flag indicating if variables are to be read in free format 
IN Package Unit number of input file 
IOUT Global Unit number of LIST output file 
LLOC Module Pointer used to keep track of position in LINE 
ISTART Module Starting position of parsed word 
ISTOP Module Ending position of parsed word 
ISUM1 Module The value ISUM-1 
N Module Dummy integer variable 
R Module Dummy real variable 
NRIPCL Package Active number of riparian cells in a stress period 
NRIPVL Package Dimensioning variable for RIP array 
MAXRIP Package Maximum number of riparian cells 
IRIPCB Package Cell-by-cell flag and unit number 
IRIPCB1 Package Save flag and unit number 
MAXTS Package Maximum number of plant functional subgroups 
MXSEG Package Maximum number of segments over all subgroups 
IHSURF Package Flag for single or multiple HSURF in cells 
IRIPAL Package Dimension increment and flag for the optional memory allocation 
LCSxd Package Position in X array of first element of Sxd 
LCArd Package Position in X array of first element of Ard 
LCRmax Package Position in X array of first element of Rmax 
LCRsxd Package Position in X array of first element of Rsxd 
LCNuSeg Package Position in X array of first element of NuSeg 
LCfdh Package Position in X array of first element of fdh 
LCfdR Package Position in X array of first element of fdR 
LCRIP Package Position in X array of first element of Rip 
LCC1 Package Position in X array of first element of C1 
LCC2 Package Position in X array of first element of C2 

LCETR Package Position in X array of first element of ETR 

ISP Module Counter 

 
 
15.3 RIP2RP1 
 
 Subroutine RIP2RP1 performs the following steps: 

 Step 1: For each plant functional subgroup, read the name of the group, the saturated 

extinction depth, the maximum ET flux rate, the ET flux rate at the saturation extinction depth, 

the number of segment used to interpolate the ET flux rate curve, the active root depth 

segment factors, and the ET flux rate segment factor. 
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 Step 2: For each plant functional subgroup, print the name of the group, the saturated 

extinction depth, the maximum ET flux rate, the ET flux rate at the saturation extinction depth, 

and the number of the segment used to interpolate the ET canopy flux rate curve.  

 Step 3: For each plant functional group, print the active root depth segment factors and the 

ET flux rate segment factors. 

 Step 4: Return. 

 
15. 4 Listing for RIP2RP1 Module 
!....................................................................... 
! 
Subroutine RIP2RP1(Sxd,Ard,Rmax,Rsxd,NuSEG,fdh,fdR,MAXTS,MXSEG,RIPNM,   & 
             IFREFM,IN,IOUT) 
! 
Implicit none 
! 
!--------------------------------------------------------------- 
! This subroutine reads array values that do not vary over the  
! simulation: 
!   IN is the unit number of input file. 
!   IOUT is the unit number of the LIST output file. 
!   MAXTS is the total number of plant functional subgroups for  
!         all cells. 
! MXSEG is the maximum number of segments for interpolation of  
!         ET flux rate as a function of hydraulic head. 
!   IFREFM is a flag indicating free format for data input. 
!   RIPNM is the plant functional subgroup names, may be up to  
!         24 characters in length, and the maximum number of  
!         names is set to 20. 
! Sxd is the saturation extinction depth with respect to land  
!       surface. 
!   Ard is the active root depth. 
!   Rmax is the maximum ET canopy flux rate. 
!   Rsxd is the ET canopy flux rate at the saturation extinction  
!        depth. 
!   NuSEG is the number of active segments for a plant functional 
!         subgroup. 
! fdh is the active root depth segment factor. 
! fdR is the maximum ET flux segment factor. 
! Nfdh is the characters ‘fdh’ 
!   NfdR is the characters ‘fdR’ 
!   ITS and ISEG are counters. 
!---------------------------------------------------------------- 
! 
! Specifications 
!---------------------------------------------------------------- 
 Character*3::Nfdh=’fdh’,NfdR=’fdR’ 
 Character*24, Dimension(20):: RIPNM 
    Integer:: MAXTS,MXSEG,IFREFM 
 Integer IN,IOUT 
 Integer:: ITS,ISEG 
 Integer, Dimension(MAXTS)::NuSEG 
 Real, Dimension(MAXTS)::Sxd,Ard,Rmax,Rsxd 
 Real, Dimension(MAXTS,MXSEG)::fdh,fdR 
 
!--------------------------------------------------------------- 
! 
!1a----For each plant functional subgroup, read the name, saturated extinction   
!      depth (measured from land surface), active root depth, maximum ET flux, 
!      ET flux rate at the saturation extinction depth, and the number of   
!      segments used to interpolate the ET flux rate curve.  
! 
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 Do ITS=1, MAXTS 
  If(IFREFM == 0) then 
   Read(IN,’(A,3F10.0,I10)’) RIPNM(ITS),Sxd(ITS),Ard(ITS),          & 
       Rmax(ITS),Rsxd(ITS), NuSEG(ITS) 
  Else 
            Read(IN,*)RIPNM(ITS),Sxd(ITS),Ard(ITS),Rmax(ITS),Rsxd(ITS),      & 
    NuSEG(ITS)  
     End if 
 End do 
! 
!1b---- For each plant functional subgroup, read the active root depth segment factors 
and ET      !       flux rate segment factors. 
! 
 Do ITS=1, MAXTS 
  If(IFREFM == 0) then 
   Read(In,’(10F10.4)’) (fdh(ITS,ISEG), ISEG=1,NuSEG(ITS)) 
            Read(In,’(10F10.4)’) (fdR(ITS,ISEG), ISEG=1,NuSEG(ITS)) 
  Else 
            Read(IN,*) (fdh(ITS,ISEG), ISEG=1,NuSeg(ITS)) 
            Read(IN,*) (fdR(ITS,ISEG), ISEG=1,NuSeg(ITS)) 
        End if 
 End do 
 
! 
!2-----Print out plant functional subgroup name, saturated extinction depth  
!      (measured from land surface),active root depth, maximum ET flux,  
!      ET flux rate at saturation extinction depth. 
! 
 Write(IOUT,100) 
100 Format(/,’                    RIPARIAN INFORMATION’//,   &                  
                 ‘           NAME            SATURATION    ACTIVE      ‘,  & 
     ‘MAXIMUM     ET FLUX AT’/,                                 & 
     ‘                           EXTINCTION     ROOT         ‘, & 
     ‘ET        SATURATION’/,                                   & 
     ‘                             DEPTH       DEPTH        ‘,  & 
     ‘FLUX     EXTINCTION DEPTH’)   
!                  
 Do ITS=1, MAXTS 
        Write(IOUT,110)RIPNM(ITS),Sxd(ITS),Ard(ITS),Rmax(ITS),Rsxd(ITS)  

0.� Format(1x,A,T27,F10.4,T38,F10.4,T52,E11.4,T65,E11.4) 
    End do 
! 
!3-----Print out plant functional subgroup name and active root depth and ET  
!      flux rate segments. 
! 
 Write(IOUT,120) 
120 Format(//,’                    SEGMENT INFORMATION’//,                  & 
     ‘           NAME                                 SEGMENTS ‘) 
!       
 Do ITS=1, MAXTS 
  Write(IOUT,130)RIPNM(ITS),Nfdh,(fdh(ITS,ISEG), ISEG=1,NuSEG(ITS)) 
 130    Format(/,1x,A,T27,A,10F10.4) 
        Write(IOUT,140) NfdR,(fdR(ITS,ISEG), ISEG=1,NuSEG(ITS)) 

0.� Format(1x,T27,A,10F10.4) 
    End Do 
! 
! 
!4-----Return 
! 
 Return 
End Subroutine RIP2RP1 
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Table 6. List of variables in module RIP2RP1 
Variable Scope Definition 

IFREFM Global Flag indicating if variables are to be read in free format 
IN Package Unit number of input file 
IOUT Global Unit number of LIST output file 
MAXTS Package Maximum number of plant functional subgroups 
MXSEG Package Maximum number of segments over all subgroups 
RIPNM Package Names of plant functional subgroups 
Sxd Package Saturation extinction depth 
Ard Package Active root depth 
Rmax Package Maximum ET canopy flux rate 
Rsxd Package ET canopy flux rate at saturation extinction depth 
NuSeg Package Number of segments for a plant functional subgroup ET curve 
fdh Package Active root depth segment factor 
fdR Package Maximum ET flux segment factor 
ITS Module Counter 
ISEG Module Counter 
Nfdh Module Characters ‘fdh’ 
NfdR Module Characters ‘fdR’ 
 
 
15.5 RIP2RP2 
  

 Subroutine RIP2RP2 performs the following steps: 

 Step 1: Read ITMP 

 Step 2: Test ITMP 

  If ITMP ≥ 0, set NRIPCL = ITMP 

  If ITMP < 0, Return—use previous time period data. 

 Step 3: Test to make sure that NRIPCL ≤ MAXRIP,  if not, STOP. 

 Step 4: Printout number of active riparian cells for the stress period.  

Step 5:  If NRIPCL = 0 for the stress period,  return. 

Step 6: Initialize RIP array to zero. 

Step 7:  Printout headers for RIP data for IHSURF = 0. For each riparian cell, read and print 

location (Layer, Row, Column), a single land surface elevation, and the fractional coverage 

for each active plant functional subgroup. 

Step 8:  Print out headers for RIP data for IHSURF ≠0.  For each cell, read and print location 

(Layer, Row, Column).  Read and print the land surface elevation and the fractional coverage 

of each plant functional subgroup within the cell. 

Step 9:  Return. 
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15.6 Listing for RIP2RP2 Module 
 
!....................................................................... 
! 
 Subroutine RIP2RP2(RIP,NRIPCL,NRIPVL,IRIPAL,MAXRIP,MAXTS,IHSURF,  & 
                    IN,IOUT,IFREFM) 
! 
Implicit none 
 
!-------------------------------------------------------------- 
! This subroutine reads by stress period, the location of the riparian cells 
! (layer, row, column), the land surface elevations, and the percentage  
! coverage of each plant functional subgroup in each cell. 
!   IN is the unit number of input file. 
!   IOUT is the unit number of the LIST output file. 
!   IFREFM is a flag indicating free format for data input. 
! ITMP is number of riparian cells or flag to repeat data from previous  
!        stress period. 
! IHSURF=a flag to indicate that HSURF varies with just cells or   
!     with plant functional subgroup and cells. 
! MAXRIP is the maximum number of riparian cells over all stress  
!          periods. 
!   NRIPCL is the number of active riparian cells in a stress period. 
!   NRIPVL is the size of the first dimension of the array, RIP. 
!   MAXTS is the total number of plant functional subgroups for  
!         all cells. 
!   IRIPAL is the dimension flag and increment for optional  
!          memory allocation. 
!   RIP is the RIP array with dimension (NRIPVL,MAXRIP), includes, by cell:  
!        layer,row, column, land surface elevation and fractional coverage  
!   for each plant functional subgroup. 
!   NRIPCL is the number of active riparian cells for the stress period 
!   HSURF is the land surface elevation that has either for one value for a  
!         cell, or the number of active plantfunctional subgroup per cell. 
!   K is the cell layer 
!   I is the cell row 
!   J is the cell column 
!   II,JJ,and NN are counters 
!!-------------------------------------------------------------- 
!  
! Specifications 
!-------------------------------------------------------------- 
 Integer::IN,IOUT,IFREFM,ITMP,IHSURF 
 Integer:: NRIPCL,NRIPVL,IRIPAL,MAXRIP,MAXTS 
 Integer:: II,JJ,NN,K,I,J  
 Real::HSURF 
 Real, Dimension(NRIPVL,MAXRIP):: RIP 
! 
!1-----Read in ITMP (number of riparian cells or flag to reuse data). 
! 
 If(IFREFM == 0) then 
  Read(IN,’(I10)’) ITMP 
 Else 
  Read(IN,*) ITMP 
 Endif 
! 
!2-----Test ITMP. 
! 
 If(ITMP < 0) Then 
!2a-----If ITMP<0, reuse data from last stress period. 
  Write(IOUT,100) 

0.� Format(1x,/1x,’REUSING RIPARIAN CELL DATA FROM LAST STRESS PERIOD’) 
  Return 
 Else 
!2b-----If ITMP>=0, it is the number of riparian cells. 
       NRIPCL=ITMP 
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 End if 
! 
!3-----If NRIPCL>MAXRIP then STOP. 
! 
 If(NRIPCL > MAXRIP) Then 
  write(IOUT,110) NRIPCL,MAXRIP 

0.� Format(1x,/,1x,’NRIPCL(‘,I4,’) IS GREATER THAN MAXRIP(‘,I4,’)’) 
  Stop    
 Endif 
! 
!4-----Printout number of active riparian cells for the stress period. 
! 
 write(IOUT,120) NRIPCL 

0.� Format(1x,//,1x,I5,’ RIPARIAN CELLS.’) 
 
! 
!5-----If there are no riparian cells this stress period, return. 
! 
    If(NRIPCL == 0) Return 
! 
!6-----Initialize RIP array. 
! 
 RIP = 0 
! 
!7-----IHSURF=0, one value of HSURF per cell, print out header 
! 
    If (IHSURF==0) Then 
  Write(IOUT,130) 
130  Format(1x/20x,’RIPARIAN CELL INFORMATION’) 
  Write(IOUT,140)(NN, NN=1,MAXTS) 
140  format(1x,/,1x,’LAYER  ROW  COLUMN    SURFACE                          ‘, & 
                   ‘FRACTIONAL COVERAGE OF PLANT FUNCTIONAL SUBGROUPS’,/      & 
                   ‘                     ELEVATION’,20I10/)  
  Do II=1, NRIPCL 
! 
!7a-----For each riparian cell,read and print location (Layer, row, column),   
!      surface elevation, and then fractional coverage for each plant  
!      functional subgroup.  
! 
    If(IFREFM == 0) then 
     Read(IN,’(3I10)’) K,I,J,HSURF,(RIP(JJ,II),JJ=5,NRIPVL-IRIPAL) 
   Else 
     Read(IN,*) K,I,J,HSURF,(RIP(JJ,II),JJ=5,NRIPVL-IRIPAL) 
   Endif 
   Write(IOUT,150) K,I,J,HSURF,(RIP(JJ,II),JJ=5,NRIPVL-IRIPAL) 

0.� Format(1x,I3,3x,I3,3x,I3,4x,F10.2,2x,20(F10.5) ) 
    RIP(1,II)=K 
    RIP(2,II)=I 
    RIP(3,II)=J 
    RIP(4,II)=HSURF 
  End do 
 Else 
! 
!8-----IHSURF>0, MAXST values of HSURF per cell, print out header 
!     
  Write(IOUT,130) 
  Write(IOUT,160) (NN, NN=1,MAXTS) 
160     Format(1x,/,1x,’LAYER  ROW  COLUMN     SURFACE ELEVATION AND FRACTIONAL ‘  & 
                    ‘COVERAGE OF PLANT FUNCTIONAL SUBGROUPS’/                     &  
                       ‘            ‘,20I18/)  
  Do II=1, NRIPCL 
! 
!8a----For each riparian cell,read and print location (Layer, row, column),   
!      and land surface elevation and fractional coverage for each plant  
!      functional subgroup.  
! 
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    If(IFREFM == 0) then 
     Read(IN,’(3I10)’) K,I,J,(RIP(JJ,II),JJ=4,NRIPVL-IRIPAL) 
   Else 
     Read(IN,*) K,I,J,(RIP(JJ,II),JJ=4,NRIPVL-IRIPAL) 
   Endif 
   Write(IOUT,170) K,I,J,(RIP(JJ,II),JJ=4,NRIPVL-IRIPAL) 

0.� Format(1x,I3,3x,I3,3x,I3,2x,20(3x,F6.1,3x,F6.5) ) 
    RIP(1,II)=K 
    RIP(2,II)=I 
    RIP(3,II)=J 
  End do 
 End if 
! 
!9-----Return. 
! 
 Return 
End Subroutine RIP2RP2 
 
 
 
Table 7. List of variables in module RIP2RP2 

Variable Scope Definition 
ITMP  Number of riparian cells or flag to reuse data 
IFREFM Global Flag indicating if variables are to be read in free format 
IN Package Unit number of input file 
IOUT Global Unit number of LIST output file 
MAXTS Package Maximum number of plant functional subgroups 
MXSEG Package Maximum number of segments over all subgroups 
MAXRIP Package Maximum number of riparian cells 
IHSURF Package Flag for single or multiple HSURF in cells 
NRIPCL Package Active number of riparian cells in a stress period 
NRIPVL Package Dimensioning variable for RIP array : (4+MAXTS) 
IRIPAL Package Dimension increment and flag for the optional memory allocation 

RIP Package  Array containing location, HSURF and percent coverage of plant functional 
subgroups 

K Module Layer 
J Module Column 
I Module Row 
HSURF Module Land surface elevation 
II Module Counter 
JJ Module Counter 
NN Module Counter 

 
15.7 RIP2FM 
 
 Subroutine RIP2FM performs the following steps: 

 Step 1: Check to see if there are riparian cells for this stress  period, if not, return. 

 Step 2: Begin to process each cell in the riparian cell list. 

 Step 3:  Get row, column and layer of riparian cell from RIP array. 

 Step 4: Check to see if cell is external, if so skip it and send a message that it is in an 

inactive cell (IBOUND=0).  

 Step 5: Set head for cell (HH=HNEW). 

 Step 6: Begin to process each plant functional subgroup in a cell, initialize C1 and C2, and 

determine which plant functional subgroups are active within a cell (RIP≠0). 
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 Step 7:  If IHSURF = 0, HSURF a function of cell only. If IHSURF > 0, then HSURF is also a 

function of plant functional subgroups 

 Step 8:  Determine cell non-zero fractional coverage for a plant functional subgroup, retrieve 

HSURF from Rip, calculate Hsxd and Hxd; and initialize the extinction depth segment end 

points, HK(1) to Hxd, and RK(1) to zero. 

 Step 9: Check to see if HH is beyond the ends of the ET flux curve;  if HH <= Hxd, set both 

C1 and C2 to zero; or if HH >= Hsxd, set C1=0.0 and C2=-Rsxd*fCov*DELC(IR)*DELR(IC);  

in either case, cycle to the next plant functional subgroup. 

       Step 10: Loop through the ET flux rate function vertices and calculate the HKs and RKs as 

needed. Check to see if HK(KS)<HH≤HK(KS+1); when it is, calculate C1 and C2 using the 

functions HCOFtrm and RHStrm that are adjusted with fCov, DELR and DELC, i.e., 

     C1=fCov*HCOFtrm*DELR*DELC 

     C2=fCov*RHStrm*DELR*DELC. 

 Add C1  to HCOF, and subtract C2 from RHS. 

 Step 11: Return 

 
15.8 Listing for RIP2FM Module 
 
!..................................................................... 
! 
Subroutine RIP1FM(NRIPCL,NRIPVL,MAXRIP,MAXTS,IHSURF,MXSEG,RIP,       & 
                  Sxd,Ard,Rmax,Rsxd,NuSeg,fdh,fdR,C1,C2,HNEW,        & 
         HCOF,RHS,IBOUND,NLAY,NCOL,NROW,DELR,DELC)  
! 
Implicit none 
! 
!-------------------------------------------------------------- 
! Add riparian evapotranspiration to RHS and HCOF. The ET flux 
! rate is estimated using a segmented interpolation structure. 
!   NLAY is the umber of layers in the grid. 
!   NROW is the number of rows in the grid.  
!   NCOL is the number of columns in the grid. 
!   DELR is the cell dimension in row direction. 
!   DELC is the cell dimension in the column direction. 
!   HNEW is the most recent estimate of head in a cell. 
!   IBOUND is status of cell: <0, constant head;=0, inactive;>0, active. 
!   HCOF is the coefficient of head in the finite-difference equations. 
!   RHS is the right-hand side of the finite-difference equations. 
!   IL is the cell layer. 
!   IR is the cell row. 
!   IC is the cell column.  
!   Loc1 is a counter for fractional coverage values in a cell. 
!   Loc2 is a counter for land surface elevations in a cell, used 
!        only if IHSURF>0. 
!   HH is the hydraulic head in the cell. 
! MAXRIP is the maximum number of riparian cells over all stress  
!          periods. 
!   NRIPCL is the number of active riparian cells in a stress period. 
!   NRIPVL is the size of the first dimension of the array, RIP. 
!   MAXTS is the total number of plant functional subgroups for  
!         all cells. 
! MXSEG is the maximum number of segments for interpolation of ET  
!         flux rate as a function of hydraulic head. 
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!   IHSURF is a Flag for HSURF. If positive, the HSURF for a cell  
!          has a value for each active plant functional subgroups, 
!          and is zero has only one HSURF per cell. 
!   HSURF is the land surface elevation that has either for one value for a  
!         cell, or the number of active plant functional subgroup per cell. 
! Hxd is the extinction depth elevation. 
!   Hsxd is the saturated extinction depth elevation. 
!   Rmax is the maximum ET canopy flux rate. 
!   Rsxd is the ET canopy flux rate at the saturation extinction  
!        depth. 
! fdh is the active root depth segment factor. 
! fdR is the maximum ET flux segment factor. 
!   RIP is the RIP array with dimension (NRIPVL,MAXRIP), includes, by cell:  
!        layer,row, column, land surface elevation and fractional coverage  
!   for each plant functional subgroup. 
!   HK(N) is the head value at Nth vertex of the Ard segments. 
!   RK(N)is the ET canopy flux at Nth vertex of the R segments. 
!   C1 is the HCOF portion of ET rate. 
!   C2 is the RHS portion of ET rate. 
!   HCOFtrm is a function to calculate HCOF part of ET canopy flux. 
!   RHStrm is a function to calculate RHS part of ET canopy flux. 
!   fCov is the fractional coverage in a cell by a plant functional  
!        subgroup. 
!   LC,KS,and NTS are counters. 
!-------------------------------------------------------------- 
!  
! Specifications: 
!-------------------------------------------------------------- 
 Integer::NLAY,NCOL,NROW 
 Integer::NRIPCL,NRIPVL,MAXRIP,MAXTS,MXSEG,IHSURF 
 Integer::IL,IR,IC  
 Integer::Loc1,Loc2  
 Integer::LC,KS,NTS  
 Integer, Dimension(MAXTS)::NuSEG 
 Double Precision, Dimension(NCOL,NROW,NLAY)::HNEW  
 Double Precision::HH 
 Double Precision, Dimension(MXSEG+1)::HK,RK 
 Double Precision, Dimension(MAXRIP,MAXTS)::C1,C2 
 Double Precision::HCOFtrm,RHStrm 
 Real, Dimension(NCOL,NROW,NLAY)::HCOF,RHS 
 Real, Dimension(NCOL)::DELR 
 Real, Dimension(NROW)::DELC 
 Real, Dimension(MAXTS)::Sxd,Ard,Rmax,Rsxd 
 Real, Dimension(MAXTS,MXSEG)::fdh,fdR 
 Real, Dimension(NRIPVL,MAXRIP)::RIP 
 Real::fCov,HSURF,Hxd,Hsxd 
 Integer, Dimension(NCOL,NROW,NLAY)::IBOUND 
  
!-------------------------------------------------------------- 
! 
!1-----If NRIPCL<=0, there are no riparian cells, return. 
! 
 If (NRIPCL<=0) return 
! 
!2-----Process each cell in the riparian cell list. 
! 
Cell_Loop: Do LC=1,NRIPCL 
! 
!3-----Get column, row and layer from riparian cell array. 
! 
  IL=RIP(1,LC) 
  IR=RIP(2,LC) 
  IC=RIP(3,LC) 
! 
!4-----If cell is external skip it and send a message to screen that cell 
!      is inactive. 
! 
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  If(IBOUND(IC,IR,IL) == 0) Then 
   Write(*,’(A)’) “**** Riparian cell is inactive ****” 
            Cycle Cell_Loop 
        End if 
! 
!5-----Set head for cell. 
! 
  HH=HNEW(IC,IR,IL) 
! 
!6-----Process each plant functional subgroup, initialize C1 and C2,  
!      and determine which plant functional subgroups are active  
!      within in a cell.  
! 
 TS_Loop:Do NTS=1,MAXTS 
    C1(LC,NTS)=0.0 
    C2(LC,NTS)=0.0 
! 
!7-----If IHSURF = 0, HSURF a function of cell only. If IHSURF > 0,  
!      HSURF is also a function of plant functional subgroups 
!        
               IF(IHSURF == 0) Then 
        Loc1=4+NTS         !retrieve fCov only 
    Else if (IHSURF > 0) Then 
        Loc1=3+2*NTS       !retrieves fCov 
     Loc2=3+2*NTS-1     !retrieves HSURF 
    End if 
    IF(RIP(Loc1,LC) /= 0.0) Then 
! 
!8-----Set cell non-zero fractional coverage for a plant functional subgroup, 
!      retieve HSURF from Rip, calculate Hsxd and Hxd; and initialize  
!      the extinction depth segment end points, HK(1) to Hxd, and RK(1)  
!      to zero, 
!  
     fCov=RIP(Loc1,LC) 
     If(IHSURF == 0) Then 
      HSURF=RIP(4,LC)  !HSURF has only one value per cell 
     Else  
         HSURF=RIP(Loc2,LC) !HSURF has values for each plant  
     End if                 !functional subgroup 
     Hsxd=HSURF-Sxd(NTS) 
     Hxd=Hsxd-Ard(NTS) 
     HK(1)=Hxd 
     RK(1)=0.0 
! 
!9-----Check to see if HH is beyond the ends of the ET flux curve; 
!      If HH <= Hxd, set both C1 and C2 to zero; or if HH >= Hsxd, 
!      set C1=0.0 and C2=-Rsxd*fCov*DELC(IR)*DELR(IC);  
!      in either case, cycle to the next plant functional subgroup.  
! 
     If(HH >= Hsxd ) Then 
      C1(LC,NTS)=0.0 
      C2(LC,NTS)=-Rsxd(NTS)*fCov*DELR(IC)*DELC(IR) 
      cycle TS_Loop 
     Else if(HH <= Hxd) then 
      C1(LC,NTS)=0.0 
      C2(LC,NTS)=0.0 
      cycle TS_Loop             
     End if 
! 
!10-----Loop through the ET flux rate function vertices. 
! 
          Seg_Loop:DO KS=1, NuSeg(NTS)+1 
! 
!10A------Calculate HKs and RKs as needed. 
! 
      HK(KS+1)=Hk(KS)+fdh(NTS,KS)*Ard(NTS) 
      RK(KS+1)=RK(KS)+fdR(NTS,KS)*Rmax(NTS) 
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! 
!10B------Check to see if HK(KS)<HH<=HK(KS+1) 
! 
      IF(HH > HK(KS) .and. HH <= HK(KS+1)) Then 
! 
!10C------When it is, calculate C1 and C2 using the functions HCOFtrm and  
!        RHStrm that are adjusted with fCov, DELR, and DELC. 
! 
        C1(LC,NTS)=-fCov*HCOFtrm(HK(KS),HK(KS+1),    & 
          RK(KS),RK(KS+1))* DELR(IC)*DELC(IR) 
       C2(LC,NTS)=-fCov*RHStrm(HK(KS),HK(KS+1),     & 
          RK(KS),RK(KS+1))*DELR(IC)*DELC(IR) 
! 
!10D------Add C1 to HCOF and subtract C2 from RHS. 
! 
       HCOF(IC,IR,IL)=HCOF(IC,IR,IL)+C1(LC,NTS) 
       RHS(IC,IR,IL)=RHS(IC,IR,IL)-C2(LC,NTS) 
       EXIT Seg_Loop 
      End if 
     End do Seg_Loop 
    End if 
   End do TS_Loop 
  End do Cell_Loop 
! 
!11----Return 
! 
 Return           
!  
 End Subroutine RIP1FM 
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Table 8. List of variables in module RIP2FM 
Variable Scope Definition 

NLAY Global Number of layers in the grid 
NCOL Global Number of columns in the grid 
NROW Global Number of rows in the grid 
HNEW Global Most recent estimate of head in a cell 
HCOF Global Coefficient of head in the finite-difference equations 
RHS Global Right-hand side of the finite-difference equations 
DELR Global Cell dimension in row direction 
DELC Global Cell dimension in column direction  
IBOUND Global Status of cell: <0, constant head;=0, inactive;>0, active 
NRIPCL Package Active number of riparian cells in a stress period 
NRIPVL Package Dimensioning variable for RIP array : (4+MAXTS) 
MAXRIP Package Maximum number of riparian cells 

IHSURF 
Package IHSURF is a Flag for HSURF. If positive, the HSURF for a cell has a value 

for each active plant functional subgroups, and is zero has only one 
HSURF per cell. 

MAXTS Package Maximum number of plant functional subgroups 
MXSEG Package Maximum number of segments over all subgroups 
HH Module Hydraulic head 
HK Package Depth segment vertex component 
RK Package ET Rate segment vertex component 
Sxd Package Saturation extinction depth 
Ard Package Active root depth 
Rmax Package Maximum ET canopy flux rate 
Rsxd Package ET canopy flux rate at saturation extinction depth 
NuSeg Package Number of segments for a plant functional subgroup ET curve 
fdh Package Active root depth segment factor 
fdR Package Maximum ET flux segment factor 

RIP Package  Array containing location, HSURF and fractional coverage of plant 
functional subgroups 

fCov Module Fractional coverage for a plant group 
HSURF Package Land surface elevation 
Hxd Module Extinction depth elevation 
Hsxd Module Saturation extinction depth elevation 
C1 Package HCOF portion of ET rate  
C2 Package RHS portion of ET rate 
LC Module Counter 
IL Module Layer number 
IR Module Row number 
IC Module Column number 
KS Module Counter 
NTS Module Counter 
Loc1 Module Counter for fractional coverage values in a cell. 
Loc2 Module Counter for land surface elevations in a cell, used only if IHSURF>0. 
HCOFtrm Package Function for HCOF portion of ET rate 
RHStrm Package Function for RHS portion of ET rate 
 
 
15.9 RIP2BD 
 
 Subroutine RIP2BD performs the following steps: 

 Step 1: Initialize the rate accumulator (RATOUT). 

 Step 2: Set cell-by-cell budget save flag (IBD) and clear buffer. 

 Step 3: Loop through each riparian cell (if NRIPCL > 0) and get row, column, layer, and 

surface elevation. Set HH=HNEW and initialize RATE to zero. Loop through plant functional 
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groups, calculate ETR, and aggregate ETR to RATE, and load RATE to budget accumulator 

and to BUFF. 

 Step 4: If requested, print location, land surface elevation, head, cell ET rate and ET rate by 

plant functional subgroups.  If IHSURF = 0, HSURF has only one value for a cell. If IHSURF ≠ 

0, then HSURF has a value for each plant functional subgroups in a cell. 

 Step 5: If IRIPCB1>0, save the cell values: location, land surface elevation and ET rate for 

each plant functional subgroup. If IHSURF = 0, HSURF has only one value for a cell. If 

IHSURF ≠ 0, HSURF has a value for each plant functional subgroups in a cell. 

 Step 6: Copy cell ET rate to RIP if CBC option is set.   Step 7: Check to see if cell-by-cell flows are to be saved as a three-dimensional array. 

 Step 8: Move total riparian loss into VBVL for printing in BAS1OT. 

 Step 9: Add riparian ET (riparian ET rate times time’s step length) to VBVL  

 Step 10: Move budget labels to VBNM for print by module BAS1OT.  

 Step 11: Increment Budget term counter. 

 Step 12: Return.  

 

15.10 Listing for RIP2BD Module 
 
!.................................................................... 
! 
Subroutine RIP1BD(C1,C2,RIP,ETR,MAXRIP,MAXTS,NRIPCL,NRIPVL,HNEW,NCOL,NROW,        &     
        NLAY,DELT,VBVL,VBNM,MSUM,ICBCFL,IRIPCB,IRIPCB1,                  & 
     BUFF,IOUT,IRIPAL,KSTP,KPER,IHSURF) 
! 
Implicit none 
! 
!-----------------------------------------------------------  
! Calculates volumetric budgets for riparian cells,  
!   C1 is the HCOF portion of ET rate. 
!   C2 is the RHS portion of ET rate. 
!   RIP is the RIP array with dimension (NRIPVL,MAXRIP), includes, by cell:  
!        layer,row, column, land surface elevations and fractional coverage  
!   for each plant functional subgroup. 
! ETR(c,p) is the ET rate for the pth plant functional subgroup 
!    in the cth cell. 
! MAXRIP is the maximum number of riparian cells over all stress  
!          periods, 
!   MAXTS is the otal number of plant functional subgroups for  
!         all cells 
!   NRIPCL is the number of active riparian cells in a stress period 
!   NRIPVL is the size of the first dimension of the array, RIP 
!   HNEW is the most recent estimate of head in a cell 
!   NLAY is the umber of layers in the grid. 
!   NROW is the number of rows in the grid.  
!   NCOL is the number of columns in the grid. 
!   DELT is the length of current time step 
!   VBVL are the entries for volumetric budget. 
!   VBNM are the abels for entries in the volumetric budgets 
!   MSUM is the Counter for budget entries and labels in VBVL and VBNM 
!   ICBCFL is the flag for recording cell-by-cell flows 
!   IRIPAL is the dimension flag and increment for optional  
!          memory allocation. 
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!   IRIPCB is a cell-by-cell save flag and unit number 
!   IRIPCB1 is a flag to save cell values:location, surface elevation 
!           and ET rate for each plant functional subgroup. 
!   BUFF is a three dimensional array containing the RATE for each  
!      cell 
!   IOUT is the unit number of the LIST output file. 
!   IRIPAL is the dimension flag and increment for optional  
!          memory allocation. 
!   KSTP is a time step counter 
!   KPER is a stress period counter 
!   IHSURF is a flag to indicate that HSURF has only one value per  
!          cell, or that is has one value for each plant functional 
!          subgroups. 
!   IBD is a print or save flag. 
! IBDLBL is a flag that indicate the first pass through a loop. 
!   RATE is plant functional subgroup aggregated ET rate for a cell, 
!   and is written to the RIP array if CBC is indicated under 
!        options.  
!   TEXT is a 16 character string, ‘     RIPARIAN ET’ used in the  
!        budget. 
!   RATOUT is the Accumulator for total flow out of flow field  
!          to riparian ET. 
!   HH is the hydraulic head in a cell 
!   Zero is the number 0 
!   LC,NTS and II are counters 
!----------------------------------------------------------- 
! 
! Specifications: 
!----------------------------------------------------------- 
 Integer::MSUM 
 Character(16)::TEXT 
 Character(16), Dimension(MSUM)::VBNM 
 Integer::NCOL,NROW,NLAY,IBD,ICBCFL,IOUT,KSTP,KPER,IHSURF 
 Integer::IRIPCB,IRIPCB1,MAXRIP,MAXTS,NRIPCL,NRIPVL,IRIPAL,IBDLBL 
 Integer::IL,IC,IR,LC,NTS,II 
 Real::Zero,DELT,RATE,HSURF 
 Real, Dimension(4,MSUM)::VBVL 
 Real, Dimension(NRIPVL,MAXRIP)::RIP 
 Real, Dimension(NCOL,NROW,NLAY)::BUFF 
 Double Precision:: RATOUT,HH 
 Double Precision, Dimension(NCOL,NROW,NLAY)::HNEW 
 Double Precision, Dimension(MAXRIP,MAXTS):: C1,C2,ETR 
! 
 DATA TEXT /’     RIPARIAN ET’/ 
!----------------------------------------------------------- 
! 
!1-----Initialize the rate accumulator (RATOUT) 
! 
    Zero=0.0 
 Ratout=zero 
! 
!2-----Set cell-by-cell budget save flag (IBD) and clear buffer 
! 
 IBD=0  
 If(IRIPCB < 0 .and. ICBCFL /= 0) IBD=-1 
 If(IRIPCB > 0) IBD=ICBCFL 
 Do IL=1, NLAY 
  Do IR=1, NROW 
   Do IC=1, NCOL 
    BUFF(IC,IR,IL)=zero 
   End do 
  End do  
 End do 
! 
!3-----Loop through each riparian cell if NRIPCL > 0.   
!        
 If(NRIPCL > 0) Then 
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  IBDLBL=0 
  Do LC = 1, NRIPCL 
! 
!3A------Get row, column, layer, and surface elevation, 
! 
   IL=RIP(1,LC) 
   IR=RIP(2,LC) 
   IC=RIP(3,LC) 
! 
!3B------Set HH=HNEW, and initialize RATE to zero  
! 
   HH=HNEW(IC,IR,IL) 
   RATE=zero 
! 
!3C------Loop through plant functional subgroups, calculate ETR and  
!        aggregate ETR to RATE 
! 
   Do NTS=1,MAXTS 
    ETR(LC,NTS)=C1(LC,NTS)*HH+C2(LC,NTS) 
    RATE=RATE+ETR(LC,NTS) 
   End do 
! 
!3D------Load RATE to budget accumulator and to BUFF  
! 
   RATOUT=RATOUT-RATE 
   BUFF(IC,IR,IL)=BUFF(IC,IR,IL)+RATE 
! 
!4-----Print locations, head,surface elevations, cell ET rates and ET rate  
!      by plant functional groups, if requested.  
! 
            If(IBD < 0)Then 
    If(IBDLBL==0) Write(IOUT,100) TEXT, KPER,KSTP 
100             Format(1x,/,1x,A,’   PERIOD’,I3,’   STEP’,I3) 
! 
!4a----If IHSURF = 0, HSURF has only one value for a cell 
! 
                If(IHSURF == 0) Then             
       If(IBDLBL==0)Write(IOUT,120)(II, II=1,MAXTS) 
120       format(1x,/,1x,’ RIPARIAN ET’,/   & 
                1x,’LAYER  ROW  COLUMN   HEAD    SURFACE     ‘,  & 
           ‘ CELL                    CELL ET RATE BY PLANT ‘, & 
            ‘FUNCTIONAL GROUP’,/                              & 
                        1x,’                             ELEVATION   ‘,  & 
            ‘ET RATE      ‘,10(I10),/) 
          HSURF=RIP(4,LC)  
       Write(IOUT,130) IL,IR,IC,HH,HSURF,RATE,(ETR(LC,NTS),   & 
            NTS=1,MAXTS) 

0.� Format(1x,I3,3x,I3,3x,I3,2x,2F10.2,E14.5,5x,20(F10.5)) 
! 
!4b----If IHSURF /= 0, HSURF has a value for each plant functional subgroup  
!      in a cell. 
! 
                Else if (IHSURF /= 0) Then 
                  If(IBDLBL==0)Write(IOUT,140)(II, II=1,MAXTS) 
140               Format(1x,/,1x,’ RIPARIAN ET’,/                           & 
                         1x,’LAYER  ROW  COLUMN   HEAD      CELL        ‘,  & 
       ‘SURFACE ELEVATION AND FRACTIONAL COVERAGE OF ‘,   & 
       ‘PLANT FUNCTIONAL SUBGROUPS’/,                     & 
                         ‘                                 ET  ‘,10(I23))   

     
      Write(IOUT,150) IL,IR,IC,HH,RATE,((RIP(2+2*NTS,LC),ETR(LC,  & 
            NTS)),NTS=1,MAXTS)  

0.� Format(1x,I3,3x,I3,3x,I3,2x,F10.2,E14.5,5x,20(F10.2,3x,F10.5)) 
                End if         
                IBDLBL=1 
            End if 
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! 
!5-----Save Cell values:location, surface elevation and ET rate for each plant  
!      functional subgroup. 
! 
            IF(IRIPCB1>0) then 
! 
!5a----IHSURF = 0, HSURF has only one value for a cell 
! 
       IF(IHSURF== 0) Then 
      Write(IRIPCB1,160)IL,IR,IC,HSURF,(ETR(LC,NTS),NTS=1,MAXTS) 

0.� Format(3I5,F10.2,20E15.5) 
! 
!5b----IHSURF /= 0, HSURF has a value for each plant functional subgroup  
!      in a cell. 
! 
                   ELSE 
         Write(IRIPCB1,170)IL,IR,IC,((RIP(2+2*NTS,LC),ETR(LC,NTS)) & 
            ,NTS=1,MAXTS) 

0.� Format(1x,I3,3x,I3,3x,I3,2x,20(F10.2,3x,F10.5)) 
                   End if 
            End if 
! 
!6-----Copy flow to RIP if CBC option is set. 
! 
   If(IRIPAL /= 0) RIP(NRIPVL,LC)=RATE 
  End do   
 End if 
! 
!7-----Check to see if cell-by-cell flows are to be saved as three- 
!      dimensional array. 
! 
 If(IBD == 1) Then 
    Call UBUDSV(KSTP,KPER,TEXT,IRIPCB,BUFF,NCOL,NROW,NLAY,IOUT)   
    End if 
! 
!8-----Move total riparian loss into VBVL for printing in BAS1OT. 
! 
 VBVL(3,MSUM)=Zero 
 VBVL(4,MSUM)=RATOUT 
! 
!9-----Add riparian ET (riparian ET rate times time’s step length) 
!      to VBVL. 
! 
 VBVL(2,MSUM)=VBVL(2,MSUM)+RATOUT*DELT 
! 
!10-----Move budget term labels to VBNM for printing by module BAS1OT. 
! 
    VBNM(MSUM)=TEXT 
! 
!11-----Increment Budget term counter. 
! 
 MSUM=MSUM+1 
! 
!12-----Return 
! 
 Return 
End Subroutine RIP1BD 
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Table 9. List of variables in module RIP2BD 

Variable Scope Definition 
NLAY Global Number of layers in the grid 
NCOL Global Number of columns in the grid 
NROW Global Number of rows in the grid 
HNEW Global Most recent estimate of head in a cell 
MSUM Global Counter for budget entries and labels in VBVL and VBNM 
KSTP Global Time step counter 
KPER Global Stress period counter 
RATOUT Module Accumulator for total flow out of flow field to riparian ET 
IBOUND Global Status of cell: <0, constant head;=0, inactive;>0, active 
VBNM Global Labels for entries in the volumetric budgets 
VBVL Global Entries for volumetric budget. 
DELT Global Length of current time step 
RATE Module ET in cell aggregated over plant functional subgroups 
ZERO Module The number 0 
HH Module Hydraulic head 
TEXT Module Label to be printed or recorded with array data. 
BUFF Global Buffer used to accumulate information before printing it 
IOUT Global Primary unit number for all printed output 
IBD Module Flag for recording cell-by-cell flows 
ICBCFL Global Flag for recording cell-by-cell flows 
IRIPCB Package Flag for recording cell-by-cell flows 
IRIPCB1 Package Flag for list file printing 
IRIPAL Package Dimension increment or flag for the optional memory allocation 
NRIPCL Package Active number of riparian cells in a stress period 
NRIPVL Package Dimensioning variable for RIP array : (4+MAXTS) 
MAXRIP Package Maximum number of riparian cells 

IHSURF Module a flag to indicate that HSURF has only one value per cell, or that is has 
one value for each plant functional subgroups. 

MAXTS Package Maximum number of plant functional subgroups 
IBDLBL Module A flag that indicate the first pass through a loop 

RIP Package  Array containing location, HSURF and percent coverage of plant 
functional subgroups 

HSURF Package Land surface elevation 
C1 Package HCOF portion of ET rate  
C2 Package RHS portion of ET rate 
ETR Package ET rate 
IL Module Layer number 
IC Module Row number 
IR Module Column number 
NTS Module Counters 
II Module Counters 
   
 
15.11 HCOFtrm and RHStrm 
 
The functions HCOFtrm and RHStrm are based on a linear interpolation of the ET canopy flux 

rate function, R(h), is given by the equation, 
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which can be rewritten as 

 

 
 
The function HCOFtrm is calculated as 

 
 
 
The function RHStrm is calculated as 

 
 
15.12 Listing for HCOFtrm and RHStrm Functions 
 
Function HCOFtrm(HK,HK1,RK,RK1) 
!----------------------------------------------------------- 
! This function calculates the HCOF term for the riparian ET 
!   HK = first of two consecutive vertices head values 
!   HK1 = second vertex head value 
!   RK = first of two consecutive vertices ET flux rate values 
!   RK1 = second vertex ET flux rate value 
!----------------------------------------------------------- 
 Double Precision:: HCOFtrm 
 Double Precision::HK,HK1,RK,RK1 
!----------------------------------------------------------- 
 HCOFtrm=(RK1-RK)/(HK1-HK) 
End Function HCOFtrm 
! 
!...................................................................... 
! 
Function RHStrm(HK,HK1,RK,RK1) 
!----------------------------------------------------------- 
! This function calculates the RHS term for the riparian ET 
!   HK = first of two consecutive vertices head values 
!   HK1 = second vertex head value 
!   RK = first of two consecutive vertices ET flux rate values 
!   RK1 = second vertex ET flux rate value 
!----------------------------------------------------------- 
 Double Precision:: RHStrm 
 Double Precision::HK,HK1,RK,RK1 
!----------------------------------------------------------- 
 RHStrm=(RK*HK1-RK1*HK)/(HK1-HK) 
End Function RHStrm 
 
 
Table 10. List of variables in functions HCOFtrm and RHStrm 

Variable Scope Definition 
HK Function first of two consecutive vertices head values 
HK1 Function second vertex head value 
RK Function first of two consecutive vertices ET flux rate values 
RK1 Function second vertex ET flux rate value 
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APPENDIX A, PLANT FUNCTIONAL SUBGROUP CURVES 
 

Listed here are the heads, ET flux rates, fdh and fdR for the plant functional groups developed for 

RIP-ET.  Values are the result of field work, literature review and researcher input (Baird and 

Maddock, in preparation).  The head is defined as zero at the land surface, positive above land 

surface, and negative below.  The units of head are cm and the units of ET-Flux are cm/day for all 

curves. In the RIP-ET package, Vertex 1 and segment 1 of the flux curve must start at the 

PFSG’s extinction depth.  Therefore, fdhs and fdRs array indices must start at that point as well. 
Table A1. Head, ET flux rates for Obligate wetland PFG 

Vertex Head  
(cm) 

ET flux rate 
(cm/day) 

1 -75 0 
2 -33 0.20 
3 -15 0.32 
4 -10 0.35 
5 -7 0.35 
6 -4 0.32 
7 0 0.23 
8 20 0 

 

 
Figure A1: ET flux rates for Obligate wetland PFG 

 
Table A2. fdh and fdR for Obligate wetland PFG 

Segment fdh fdR 
1 0.4421 0.5556 
2 0.1895 0.3333 
3 0.0526 0.1111 
4 0.0316 -0.0278 
5 0.0316 -0.0833 
6 0.0421 -0.2500 
7 0.2105 -0.6389 

 



 95

Table A3. Head, ET flux rates for Shallow-rooted riparian PFG 
Vertex Head 

(cm) 
ET flux rate 

(cm/day) 
1 -160 0 
2 -100 0.10 
3 -60 0.31 
4 -50 0.33 
5 -40 0.31 
6 -32 0.17 
7 0 0 

 
 
 

 
Figure A2: ET flux rates for Shallow-rooted riparian PFG 

 
 

Table A4. fdh and fdR for Shallow-rooted riparian PFG 
Segment fdh fdR 

1 0.3750 0.3030 
2 0.2500 0.6364 
3 0.0625 0.0606 
4 0.0625 -0.0606 
5 0.0500 -0.4242 
6 0.2000 -0.5152 

 
 
 
 
 
 
 
 
 
 
 



 96

 
Table A5. Head, ET flux rates for average Deep-rooted riparian PFG 

Vertex Head 
(cm) 

ET flux rate 
(cm/day) 

1 -500 0.00 
2 -400 0.12 
3 -300 0.21 
4 -200 0.29 
5 -150 0.31 
6 -100 0.28 
7 -75 0.17 
8 0 0.00 

 
 
 

 
Figure A3: ET flux rates for average Deep-rooted riparian PFG 

 
 

Table A6. fdh and fdR for average Deep-rooted riparian PFG 
Segment Fdh fdR 

1 0.2000 0.3871 
2 0.2000 0.2903 
3 0.2000 0.2581 
4 0.1000 0.0645 
5 0.1000 -0.0968 
6 0.0500 -0.3548 
7 0.1500 -0.5484 
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Table A7. Head, ET flux rates for Transitional riparian PFG 
Vertex Head 

(cm) 
ET flux rate 

(cm/day) 
1 -600 0 
2 -500 0.11 
3 -400 0.20 
4 -340 0.27 
5 -300 0.28 
6 -260 0.27 
7 -175 0.16 
8 -50 0.00 

 
 

 

 
Figure A4: ET flux rates for Transitional riparian PFG 

 
 

Table A8. fdh and fdR for Transitional riparian PFG 
Segment Fdh fdR 

1 0.1818 0.3929 
2 0.1818 0.3371 
3 0.1091 0.2343 
4 0.0727 0.0357 
5 0.0727 -0.0357 
6 0.1545 -0.3811 
7 0.2273 -0.5832 

 
 
 
 
 
 
 
 



 98

Table A9. Head, ET flux rate for Deep-rooted riparian size classes 
Size class (cm/day) Head 

(cm) Small Medium Large X-Large 
-500  0 0 0 
-400 0 0.0838 0.1032 0.1100 
-300 0.0501 0.1650 0.2064 0.2199 
-200 0.1001 0.2450 0.2759 0.2940 
-150 0.1602 0.2615 0.2944 0.3137 
100 0.2003 0.2357 0.2653 0.2827 
75 0.1742 0.1506 0.1400 0.1492 
0 0 0 0 0 

 
 

 
Figure A5: ET flux rates for small, medium, large and X-large Deep-rooted riparian PFG 

 
 
Table A10. fdhs and fdRs for Deep-rooted riparian size classes 

 

Small Medium Large X-large Segment 
 Number fdh fdR fdh fdR fdh fdR fdh fdR 

1 0.2500 0.2501 0.2000 0.3218 0.2000 0.3505 0.2000 0.3503 
2 0.2500 0.2496 0.2000 0.3103 0.2000 0.3505 0.2000 0.3503 
3 0.1250 0.3001 0.2000 0.3066 0.2000 0.2362 0.2000 0.2382 
4 0.1250 0.2002 0.1000 0.0613 0.1000 0.0628 0.1000 0.0612 
5 0.0625 -0.1303 0.1000 -0.0958 0.1000 -0.0988 0.1000 -0.0986 
6 0.1875 -0.8697 0.0500 -0.3257 0.0500 -0.4256 0.0500 -0.4252 
7   0.1500 -0.5785 0.1500 -0.4756 0.1500 -0.4762 
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Appendix B, Adapting RIP-ET to MODFLOW 2000 
 

Introduction 

Minor but non-trivial changes are required to modify the MODFLOW 96 RIP-ET version to 

MODFLOW 2000.  Primarily, these changes have their origins in how memory is managed in 

MODFLOW 2000.  In MODFLOW 96, most of the model data is stored in a single X array.  In 

MODFLOW 2000, 9 separate arrays are used.   The use of the additional arrays is necessary for 

two reasons.  First, it prevents compiler warning message when integers and double precision 

array are stored in the Real X array.  Second, MODFLOW 2000 uses dynamically allocated 

arrays, and needs to use some of the X array type data prior to the point where all the data have 

been allocated.  The X array is broken into nine pieces composed of three different data types, 

and the three types are allocated at three different places in the code.  RIP-ET needs to assign its 

data into three of the nine data arrays. The real data goes into the RX array, the integer data 

goes into the IR array, and the double precision data goes into the RZ array. 

 

The only changes in RIP-ET itself are the change in the subroutine names, and array partitioning 

in the subroutine RIP2AL, renamed GWF1RIP2AL.  The rest of the changes occur in the 

MODFLOW 2000 program MAIN and the subroutines GWF1BAS6AL, and MEMCHKR. 

 

Changes to Subroutine Names 

MODFLOW 2000 uses longer subroutine names.  The new names have an additional prefix.  

Thus the names in RIP-ET change as follows, 

         RIP2AL  -> GWF1RIP2AL 

 RIP2RP1 -> GWF1RIP2RP1 

 RIP2RP2 ->    GWF1RIP2RP2 

 RIP2FM -> GWF1RIP2FM 

 RIP2BD -> GWF1RIP2BD 

These subroutines are found in the file gwfqrip2.f90 

 
Changes to GWF1RIP2AL 

Because arrays are dynamically allocated in MODFLOW 2000, there is no need to check if 

available memory is exceeded.  Therefore, the LENX variable no longer needs to be passed to 

the allocate subroutines.  However, it will be necessary to pass three “ISUM” variables to the RIP-

ET allocation subroutine.  These are ISUMRX, ISUMIR, and ISUMRZ, which track the locations in 

the RX, IR and RZ arrays. 
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Subroutine GWF1RIP2AL(ISUMRX,ISUMIR,ISUMRZ,LCSxd,LCArd,LCRmax,LCRsxd,   & 
                   LCNuSEG,LCfdh,LCfdR,LCRip,LCC1,LCC2,LCETR,IN,IOUT,   & 
      IFREFM,MAXRIP,IRIPCB,IRIPCB1,NRIPCL,NRIPVL,          & 
      MAXTS,MXSEG,IRIPAL,IHSURF) 
 

Because RIP-ET is written in FORTRAN 90 and uses an Implicit None statement, ISUMRX, 

ISUMIR and ISUMRZ must be declared as integer variables, 
 Integer:: ISUMRX,ISUMIR,ISUMRZ 

In MODFLOW 96, the X array was partitioned using LC variables, and the same LC variables 

may be used in MODFLOW 2000.  However, the LC variable must be set equal to the appropriate 

ISUM variable data type, and that ISUM variable must be incrementally increased accordingly.  

For example, NUSEG is an integer array, so LCNUSEG should be set equal to ISUMIR, and then 

ISUMIR should be incrementally increased by the size of NUSEG.  For double precision data, the 

“*2” should be removed from the space allocations because the RZ variables are directly declared 

as double precision unlike the old X array. 
!5a-----Simulation variables, Sxd, Ard, Rmax, Rsxd, fdh, fdR, NuSeg 
!  
    ISPRX=ISUMRX 
    LCSxd=ISUMRX 
    ISUMRX=ISUMRX+MAXTS 
    LCArd=ISUMRX 
    ISUMRX=ISUMRX+MAXTS 
    LCRmax=ISUMRX 
    ISUMRX=ISUMRX+MAXTS 
    LCRsxd=ISUMRX 
    ISUMRX=ISUMRX+MAXTS  
    LCfdh=ISUMRX 
    ISUMRX=ISUMRX+MAXTS*MXSEG 
    LCfdR=ISUMRX 
    ISUMRX=ISUMRX+MAXTS*MXSEG 
    LCRIP=ISUMRX 
    ISUMRX=ISUMRX+NRIPVL*MAXRIP 
! 
    ISPIR=ISUMIR 
    LCNuSEG=ISUMIR 
    ISUMIR=ISUMIR+MAXTS 
! 
!5b-----Stress period variables, C1, C2, ETR 
! 
    ISPRZ=ISUMRZ 
    LCC1=ISUMRZ 
    ISUMRZ=ISUMRZ+MAXRIP*MAXTS 
    LCC2=ISUMRZ 
    ISUMRZ=ISUMRZ+MAXRIP*MAXTS 
    LCETR=ISUMRZ 
    ISUMRZ=ISUMRZ+MAXRIP*MAXTS 
 

The memory-usage write statement need to be modified to reflect data type, and the check for not 

enough memory needs to be removed. 
 ! 

!6-----Print amount of space used by the Riparian package. 
! 
    ISPRX=ISUMRX-ISPRX 
    ISPIR=ISUMIR-ISPIR 
    ISPRZ=ISUMRZ-ISPRZ 
    Write(IOUT,160) ISPRX 



 101

160 Format(1x,I10,' ELEMENTS OF RX ARRAY ARE USED BY RIP') 
    Write(IOUT,170) ISPIR 
170 Format(1x,I10,' ELEMENTS OF IR ARRAY ARE USED BY RIP') 
    Write(IOUT,180) ISPRZ 
180 Format(1x,I10,' ELEMENTS OF RZ ARRAY ARE USED BY RIP') 
 

Changes to Calling Arguments in Main 

When calling the RIP-ET subroutines from MAIN in file mf2k.f, the “X(…)” arguments that pass 

the RIP-ET data must be changed to reflect the new data variable.  For example, C1 in RIP-ET is 

double precision, so it will be stored in the RZ array and passed to a subroutine as RZ(LCC1).  

Likewise, NUSEG in RIP-ET is integer, so it will be stored in the IR array and passed to a 

subroutine as IR(LCNUSEG). 

 

When passing global data to the RIP-ET subroutines, change “X(…)” to refer to the correct new 

data variables, thus 

 X(LCNEW) -> GZ(LCHNEW) 

  X(LCRHS) -> GX(LCRHS) 

 X(LCHCOF) -> GX(LCHCOF) 

 X(LCIBOU) -> IG(LCIBOU) 

 X(LCBUFF) -> GX(LCBUFF) 

 X(LCDELR) -> GX(LCDELR) 

X(LCDELC) -> GX(LCDELC) 

 

Changes to Allocation of Double Precision Arrays in Main 

Prior to RIP-ET, none of the packages needed to allocate double precision data in the RZ array 

so the pointer variable ISUMRZ was not actually incorporated into the MODFLOW 2000 code.  To 

include ISUMRZ into the code requires several changes to MAIN.  These changes are as follows, 

1. In the first double precision statement at the beginning of MAIN, add the variable RZ. 
          DOUBLE PRECISION RZ, GZ, VAR, Z 

2. In the first ALLOCATABLE statement at the beginning of MAIN, add RZ(:). 
           ALLOCATABLE GX(:), IG(:), X(:), IX(:), RX(:), IR(:), GZ(:), Z(:), 
     &            RZ(:), XHS(:), NIPRNAM(:), EQNAM(:), NAMES(:),  
     &            OBSNAM(:) 

3. Change the comment statement C4 to “allocate space in the RX, IR and RZ arrays.” 

4. The RZ array needs to be allocated so go to the line with the statement “ ALLOCATE 

(RX(LENRX), IR(LENIR))” and add RZ(LENRZ) to the statement. 
   ALLOCATE (RX(LENRX),IR(LENIR),RZ(LENRZ)) 

5. Add the following two lines before the above ALLOCATE statement, 
LENRZ=ISUMRZ-1 

IF(LENRZ.LE.0) LENRZ=1 
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6. A different IUNIT location is needed. In MODFLOW 96, it was IUNIT(22) but this is 

now used by the LAK package in MODFLOW 2000.  In this version of MODFLOW 

2000, IUNIT(42) was available. 

7. Add ‘RIP ‘ to the 42nd position (or whatever IUNIT location is used) in the CUNIT data 

statement.   
      DATA CUNIT/'BCF6', 'WEL ', 'DRN ', 'RIV ', 'EVT ', '    ', 'GHB ', 
     &           'RCH ', 'SIP ', 'DE4 ', 'SOR ', 'OC  ', 'PCG ', 'LMG ', 
     &           '    ', 'FHB ', 'RES ', 'STR ', 'IBS ', 'CHD ', 'HFB6', 
     &           'LAK ', 'LPF ', 'DIS ', 'SEN ', 'PES ', 'OBS ', 'HOB ', 
     &           'ADV2', 'COB ', 'ZONE', 'MULT', 'DROB', 'RVOB', 'GBOB', 
     &           'STOB', 'HUF ', 'CHOB', 'ETS ', 'DRT ', 'DTOB', 'RIP ', 
     &           'HYD ', '    ', 'SFOB', 'GAGE', '    ', '    ', 'LMT6', 
     &           '    ', 50*'    '/ 
 

 

Initialization of ISUMRZ in GWF1BAS6AL 

The partition variable ISUMRZ needs to be initialized to 1.  This can be done in one of two ways.  

First, the statement, 
 ISUMRZ = 1  

Can be placed as an assignment statement in MAIN right after the comment statement labeled 

C4.   

 

The second way is more complicated but more elegant. The variables ISUMRX and ISUMIR are 

initialized in the subroutine GWF1BAS6AL found in the file gwf1bas6.f.  Add the ISUMRZ to the 

subroutine argument list, 
              SUBROUTINE GWF1BAS6AL(HEADNG,NPER,TOTIM,NCOL,NROW,NLAY,NODES, 

     1         INBAS,IOUT,IXSEC,ICHFLG,IFREFM,ISUMRX,ISUMIR,ISUMRZ, 
     2         LCIOFL,ISTRT,IAPART) 
 

and add ISUMRZ = 1 below the line labeled 20 where ISUMRX and ISUMIR are initialized, 
    20 ISUMRX=1 
               ISUMIR=1 
       ISUMRZ=1   
 

then add ISUMRZ to the argument list of the calling statement in MAIN, 
           CALL GWF1BAS6AL(HEADNG,NPER,TOTIM,NCOL,NROW,NLAY,NODES,INBAS, 
     1                IOUT,IXSEC,ICHFLG,IFREFM,ISUMRX,ISUMIR,ISUMRZ, 
     2                LCIOFL,ISTRT,IAPART) 
 

Changes to MEMCHKR 

The subroutine MEMCHKR needs to be modified to print the amount of memory used by the RZ 

array.  MEMCHKR is called immediately after the comment C5.  ISUMRZ and LENRZ need to be 

added the argument list and into statements in the main body of the subroutine.  This short 

subroutine is found in the file memchk.f 
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      SUBROUTINE MEMCHKR(ISUMRX,ISUMIR,ISUMRZ,LENRX,LENIR,LENRZ,IOUT, 
     &                   IERRX,IERRU) 
C 
      IERR = 0 
      WRITE(IOUT,10) 
      WRITE(IOUT,10) ISUMRX-1,LENRX 
   10 FORMAT(1X,I10,'  ELEMENTS OF RX ARRAY USED OUT OF ',I10) 
      WRITE(IOUT,12) ISUMIR-1,LENIR 
   12 FORMAT(1X,I10,'  ELEMENTS OF IR ARRAY USED OUT OF ',I10) 
      WRITE(IOUT,14) ISUMRZ-1,LENRZ 
   14 FORMAT(1X,I10,'  ELEMENTS OF RZ ARRAY USED OUT OF ',I10) 
C 
      IF (ISUMRX-1.GT.LENRX) IERR = IERR + 1 
      IF (ISUMIR-1.GT.LENIR) IERR = IERR + 1 
      IF (ISUMRZ-1.GT.LENRZ) IERR = IERR + 1 
      IF (IERR.NE.0) THEN 
        WRITE(IOUT,13)IERR 
        WRITE(IERRU,13)IERR 
        IERRX = 1 
        RETURN 
      ENDIF 
   13 FORMAT(/,1X,I1,' ARRAY(S) NEED(S) TO BE DIMENSIONED LARGER') 
C 
      RETURN 
      END 
 

The Five Calling Statement to RIP-ET from MAIN 

The follow calling statements are added to MAIN as specified, 

 1. After the statement, 
                     IF(IUNIT(40).GT.0) 
       &      CALL GWF1DRT1AL(ISUMRX,LCDRTF,MXDRT,NDRTCL,IUNIT(40),IOUT, 
       &                      IDRTCB,NDRTVL,IDRTAL,IFREFM,NPDRT,IDRTPB, 
       &                      NDRTNP,IDRTFL,NOPRDT) 
 

 add the statement, 
C--RIPARIAN SYSTEMS 

           IF(IUNIT(42).GT.0) 
          &      CALL GWF1RIP2AL(ISUMRX,ISUMIR,ISUMRZ,LCSxd,LCArd,LCRmax,   
          &             LCRsxd,LCNuSEG,LCfdh,LCfdR,LCRip,LCC1,LCC2,    
          &   LCETR,IUNIT(42),IOUT,IFREFM,MAXRIP,IRIPCB,    
          &          IRIPCB1,NRIPCL,NRIPVL,MAXTS,MXSEG,IRIPAL,IHSURF)   
 
2. After the statement, 

       IF(IUNIT(40).GT.0) 
      &      CALL GWF1DRT1RQ(IUNIT(40),IOUTG,NDRTVL,IDRTAL,NCOL,NROW, 
      &                      NLAY,NPDRT,RX(LCDRTF),IDRTPB,MXDRT,IFREFM, 
      &                      ITERPK,IDRTFL,INAMLOC,NOPRDT) 
 
add the statement, 
C--RIPARIAN SYSTEMS 
   IF(IUNIT(42).GT.0) 
     &      CALL GWF1RIP2RP1(RX(LCSxd),RX(LCArd),RX(LCRmax),RX(LCRsxd), 
     &              IR(LCNuSEG),RX(LCfdh),RX(LCfdR),MAXTS,MXSEG,  
     &              IFREFM,IUNIT(42),IOUT) 

 
3. After the statement, 

          IF(IUNIT(40).GT.0) 
     &        CALL GWF1DRT1RP(RX(LCDRTF),NDRTCL,MXDRT,IUNIT(40), 
     &                        IOUT,NDRTVL,IDRTAL,IFREFM,NCOL,NROW,NLAY, 
     &                        NDRTNP,NPDRT,IDRTPB,IDRTFL,NRFLOW,NOPRDT) 
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add the statement, 
C--RIPARIAN SYSTEMS 
     IF(IUNIT(42).GT.0) 
     &        Call GWF1RIP2RP2(RX(LCRIP),NRIPCL,NRIPVL,IRIPAL,MAXRIP, 
     &                         MAXTS,IHSURF,IUNIT(42),IOUT,IFREFM) 

 
4. After the statement, 

              IF (IUNIT(21).GT.0) 
     &            CALL GWF1HFB6FM(GX(LCBOTM),GX(LCCC),GX(LCCR), 
     &                            GX(LCDELC),GX(LCDELR),RX(LCHFB), 
     &                            GZ(LCHNEW),MXACTFB,NBOTM,NCOL,NHFB, 
     &                            NLAY,NROW,LAYHDT) 
 
add the statement, 
C---RIPARIAN SYSTEMS 
         IF (IUNIT(42).GT.0) 
     &            CALL GWF1RIP2FM(NRIPCL,NRIPVL,MAXRIP,MAXTS,IHSURF,     
     &                 MXSEG,RX(LCRIP),RX(LCSxd),RX(LCArd),RX(LCRmax),  
     &      RX(LCRsxd),IR(LCNuSeg),RX(LCfdh),RX(LCfdR), 
     &                 RZ(LCC1),RZ(LCC2),GZ(LCHNEW),GX(LCHCOF),GX(LCRHS), 
     &                 IG(LCIBOU),NLAY,NCOL,NROW, 
     &                 GX(LCDELR),GX(LCDELC))   
 

5. After the statement, 
            IF (IUNIT(40).GT.0) 
     &          CALL GWF1DRT1BD(NDRTCL,MXDRT,VBNM,VBVL,MSUM,RX(LCDRTF), 
     &                          DELT,GZ(LCHNEW),NCOL,NROW,NLAY, 
     &                          IG(LCIBOU),KKSTP,KKPER,IDRTCB,ICBCFL, 
     &                          GX(LCBUFF),IOUT,PERTIM,TOTIM,NDRTVL, 
     &                          IDRTAL,IDRTFL,NRFLOW,IAUXSV) 
 
add the statement, 
C--RIPARIAN SYSTEMS 
            IF (IUNIT(42).GT.0) 
     &          CALL GWF1RIP2BD(RZ(LCC1),RZ(LCC2),RX(LCRIP),RZ(LCETR),       
     &       MAXRIP,MAXTS,NRIPCL,NRIPVL,GZ(LCHNEW),NCOL,NROW,NLAY, 
     &        DELT,VBVL,VBNM,MSUM,ICBCFL,IRIPCB,IRIPCB1,GX(LCBUFF), 
     &                  IOUT,IRIPAL,KSTP,KPER,IHSURF) 
 

RIP-ET Disk 

All the changes to MODFLOW 2000 for RIP-ET are included in a CD (or an attachment if you 

receive this note by email).  The disk includes four FORTRAN files, mf2k.f, gwf1bas6.f, memchk.f 

and gwf1rip2.f90, an executable file MF2K.exe, and this documentation file.   
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ABSTRACT 

 

This paper describes the development and application of a new methodology to simulate 

riparian and wetland evapotranspiration (ET) in groundwater models.  Traditional 

approaches for modeling ET are based on quasi-linear relationship between ET flux rate 

and hydraulic head (groundwater elevation).  The approach presented here uses multiple 

non-linear, segmented flux curves that reflect the ecophysiology of the plant species in 

these systems.  Five plant functional groups (PFGs) based on water tolerance ranges and 

rooting depths are used to elucidate the interactive processes of plant transpiration with 

groundwater conditions.  ET flux rate curves set the extinction and saturation extinction 

depths and define the group’s ET flux rate as a function of water table depth relative to 

the ground surface.  The calculated ET loss from a riparian or wetland system is 

dependent on the contributing area of each plant functional subgroup present and water 

table conditions.  The new methodology requires a fractional coverage for each of the 

PFGs present within the groundwater model cell and allows for more accurate assignment 

of land surface elevations.  Model results for a case-study show significant differences in 

predicted ET and subsequent depth to groundwater between the new and the traditional 

approaches.  The development of physiologically based transpiration curves combined 

with the traditional linear curve for bare soil/open water results in more accurate 

determinations of riparian ET and improved basin scale water budgets.  The use of PFGs 

in combination with the new RIP-ET package provides an explicit link between 
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groundwater and riparian/wetland habitat conditions and offers an opportunity to better 

manage and restore riparian and wetland systems.   

 

Keywords   Evapotranspiration, Groundwater Modeling, Riparian, Wetlands 

 

INTRODUCTION 

 

Riparian ecosystems play a dominant role in regional water and energy balances and 

contain a disproportionate share of biodiversity in arid and semi-arid areas (Naiman and 

Decamps, 1997; Williams et al., 1998; Horton et al., 2001).  Being intricately coupled to 

ambient groundwater and surface water regimes, these systems are extremely sensitive to 

groundwater and surface water perturbations (Stromberg, 1993; Busch et al., 1992; 

Grimm et al., 1997).  As early as 1927, Meinzer warned that changes in water table depth 

had the potential to alter the structure of riparian forests.  Today we recognize that 

surface water regimes and groundwater depths can strongly influence species 

composition, community structure and biological diversity (Stromberg et al., 1996; 

Ehleringer and Dawson, 1992; Munoz-Reinoso, 2001).  As the economic value of water 

increases and municipal, industrial, and agricultural uses are evaluated, the linkage 

between hydrological factors and riparian plant community function is becoming 

increasingly important (Busch et al., 1992).   
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Sustaining riparian and wetland ecosystem functions while providing a dependable water 

supply for urban, agricultural, and industrial needs is a major challenge.  In the western 

United States, urban population growth is increasing the regional demand for water.  For 

many Southwest communities, water from regional aquifers has become the largest single 

source of fresh water (Scott et al., 1998).  The development of new water sources 

increasingly involves the conjunctive use of surface water and groundwater.  The effects 

of excessive and unsustainable groundwater development may not be immediately 

evident but ultimately can and is threatening natural resources and causing serious user 

conflicts (Cooper et al., 2003).  

 

One of the main objectives of modern land planning is the protection of ecologically 

valuable areas and land-use that supports integrated water management with special 

attention being given to the protection of groundwater systems, especially in wetland and 

riparian areas (Batelaan et al., 2003).  Improving water management and developing 

reliable and accurate methods for preserving and restoring ecologically significant 

ecosystems has become critical.  The use of regional groundwater models to quantify and 

simulate hydrologic conditions can be part of the solution, if accurate estimates of 

boundary conditions can be determined.  One of the most critical but poorly quantified 

groundwater boundary condition is seasonal riparian evapotranspiration (Goodrich et al., 

2000).    
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The complex hydrology and the narrow, heterogeneous nature of riparian zones hinder 

the understanding and quantification of the evapotranspiration (ET) processes from these 

systems (Hipps et al., 1998).  Controlled by the interaction of both environmental and 

biological factors evapotranspiration influences such ecosystem parameters and processes 

as soil moisture content, vegetation productivity, and ecosystem nutrient and water 

budgets (Jarvis and McNaughton, 1986; Weaver et al., 2002).  In tightly coupled riparian 

and wetland ecosystems or in groundwater systems where ET accounts for a substantial 

fraction of the water budget, the method used to model evapotranspiration can affect the 

calculated ET quantities, simulated depths to groundwater, and resulting interpretations 

regarding ecosystem dynamics (Banta, 2000).  The problem is intensified in arid and 

semi-arid regions where anthropogenic-caused water shortages continue to threaten 

critical riparian and wetland ecosystems (Maddock et al., 1998).   

 

In the present state of groundwater modeling, evapotranspiration is modeled as an annual 

source term (Maddock et al., 1998).  This ET source term is treated as head dependent in 

a piecewise linear fashion that monotonically approaches a maximum ET rate.  While this 

linear relationship may be appropriate for evaporation, it does not accurately reflect the 

relationship between riparian and wetland plant transpiration and groundwater conditions.   

 

To improve the ability to determine riparian ET, estimate ecosystem water requirements, 

and predict riparian vegetation response to changing water availability, a new method for 

estimating riparian/wetland ET was developed.  The new methodology simulates 
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evapotranspiration from riparian/wetland systems in a manner that reflects the 

ecophysiology of the plant species in these systems.  This approach is applied in a new 

seasonal ET package, A Riparian Evapotranspiration Package for MODFLOW-96 and 

MODFLOW-2000 (RIP-ET) (Maddock and Baird, 2003).  Beyond introducing RIP-ET, 

the objectives of this paper are to describe the ways in which the new modeling 

method/package overcomes the limitations of traditional ET modeling approaches and 

discuss implications and applications of the model.    

 

MODELING METHODS 

 

Plant Functional Groups (PFGs) 

 

Transpiration rates vary with groundwater depth and between plant species due to 

morphological differences in root architecture (including rooting depth) and 

physiological sensitivities to water availability.  Reductionist studies of selected species 

and specific environments are not likely to produce general predictive models given the 

vast numbers of species involved and the even greater range of possible environments.  

To develop such models, it is necessary to abandon taxonomic units and, instead, use 

attributes such as resource use patterns that are generalized beyond taxonomic boundaries 

(Shipley et al., 1989; Hills et al., 1994).   
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Plant functional groups are non-phylogenetic groupings of plant species that exhibit 

similar responses to environmental conditions and have similar effects on the dominant 

ecosystem processes (Lavorel et al., 1997).  Identifying and using plant functional groups 

can assist in reducing the enormous complexity of individual species and populations, 

and has emerged as a useful way to organize plant species into meaningful yet 

manageable categories (Leishman and Westoby, 1992; Williams et al., 1998).   

 

For purposes of this analysis and in the development of RIP-ET, plant functional groups 

are used to elucidate the interactive processes of plant (and plant ET) with groundwater 

conditions.  Four basic plant functional groups are defined based on transpiration rates, 

plant rooting depths, and the upper and lower range of seasonal groundwater tolerance.  

These groups are obligate wetland, shallow-rooted riparian, deep-rooted riparian, and 

transitional riparian.  A fifth group, bare ground/open water, is included to model the 

evaporation portion of ET.  In the RIP-ET package, the user determines the suite of plant 

functional groups appropriate for the simulation and geographic region of the 

riparian/wetland system to be modeled.  While the functional groups presented here are 

relevant for semi-arid environments, the methodology can be applied universally.   

 

The first plant functional group, obligate wetland, contains plants that require saturated 

soil conditions or standing water.  Most species in this category are herbaceous, generally 

with shallow root systems.  In the southwestern U.S., species such as Typha spp. (cattail), 

Scirpus spp. (bulrush) and Juncus spp. (rushes) typify this group.   
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Herbaceous riparian species such as Rumex crispus (curly dock), Muhlenbergia rigens 

(deer grass), Xanthium sp. (cocklebur) and Mimulus guttatus (monkey flower) comprise 

the shallow-rooted riparian plant functional group.  Species in this functional group 

require a shallow groundwater table and, like the deep-rooted riparian species, use 

groundwater as their dominant water source.  At the same time, these species have 

limited tolerance for extended periods of saturated soil conditions.  In areas receiving 

significant amounts of summer rainfall, it may be useful to differentiate perennial species 

from annual species that may be relying on flood water as their major water source.  

 

The deep-rooted riparian group contains drought-intolerant phreatophytes such as 

Populus spp. (cottonwoods), and Salix spp. (willows) that rely primarily on shallow 

groundwater for establishment, growth and transpiration (Bush et al., 1992; Stromberg, 

1993; Snyder et al., 2000).  In some studies, multiple deep-rooted riparian PFGs may be 

useful, depending upon the suite of species present.  This would allow distinction 

between the more deeply-rooted species, such as Prosopis velutina (bosque mesquite 

trees), from the less deeply-rooted cottonwood and willow trees.  Some species in this 

category may have the ability to escape flooded conditions with temporary dormancy. 

However, generally species in this group have limited seasonal tolerance for extended 

seasonal saturated soil conditions. 
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The last plant functional group, transitional (or facultative) riparian, have water 

requirements that exceed those of the surrounding upland environment but do not require 

as shallow of water table as the preceding group.  These species often grow along the 

outer edges of perennial riparian systems or along ephemeral streams supported by 

perched groundwater tables.  Species in this category may include Sambucus sp. 

(elderberry), Juglans spp. (walnut), Celtis sp. (hackberry) and Sporobolus wrightii 

(sacaton).   

 

Plant Functional Subgroups (PFSGs) 

 

In modeling evapotranspiration from an area, plant size and/or stand density may also 

play a role in determining transpiration rates.  Large woody plants have different 

maximum rooting depths, hydraulic architecture and transpiration rates than smaller trees 

(Meinzer et al., 1997).  Furthermore, areas with a dense cover of woody and herbaceous 

plants may have higher transpiration rates than sparsely covered areas.  Taken together, 

the plant functional group, and plant size or density define a plant functional subgroup 

(PFSG).  Examples of possible plant functional subgroups are presented in Table 1.   

 

Evapotranspiration rates and the range of groundwater elevations over which these 

groups exist differ for each plant functional subgroup.  Most riparian corridors are 

composed of a combination of plant functional subgroups with different hydrologic 

requirements and ET rates.  Thus, evapotranspiration from a riparian/wetland system is 
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determined by the combination of plant functional subgroups present and the local, 

ambient groundwater depth. 

 

Traditional Modeling Approaches 

 

The traditional approach to modeling ET processes in a groundwater model (such as 

MODFLOW (McDonald et al., 1988, 1996)) assumes a piecewise linear relationship 

between the ET flux rate and hydraulic head (Fig. 1).  Here, if the water table is below 

the model extinction depth, Hxd, the ET rate is assumed to be zero.  If on the other hand, 

the groundwater level is at or above a maximum elevation, Hmax, the ET rate is assumed 

to be constant at the maximum rate or Rmax.  The distance between Hxd and Hmax is 

called the extinction depth, d.  Between Hxd and Hmax, the ET rate is assumed to vary 

linearly with hydraulic head with a slope of R max
d

.   In ETS1, an ET package for 

MODFLOW 2000, Banta (2000) replaces the linear slope with a segmented function 

(Fig. 1).  This function allows for some flexibility but still assumes a constant Rmax 

above the maximum ET surface elevation (generally assumed to be land surface).  

 

These two approaches are problematic in several ways.  First, a single ET curve is 

assumed to represent all vegetated conditions present in a cell or the active model area.  

Secondly, no allowance is made for a reduction in ET due to exceedance of the upper 

water tolerance of the plant.  Third, current methodologies apply a single flux rate to the 

entire area of the designated cell not allowing for fractional habitat coverage.  And last, a 
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single surface elevation is assigned to the entire cell despite the high surface variability 

characteristic of many riparian systems.   

 

By developing new transpiration curves, the modeling approach presented in this paper 

allows for variability in vegetative conditions, the reduction in transpiration with elevated 

water tables, and separate representation of evaporation from transpiration.  Furthermore, 

based on the types and coverage of plant functional subgroups present in the cell, 

multiple ET curves and surface elevations can be applied in a single model cell. 

 

Development of New ET Curves 

 

Transpiration rates in plants depend upon external atmospheric conditions such as 

incoming solar radiation, wind speed and vapor pressure deficit, on soil water status, and 

on internal factors such as tree physiological and biometrical conditions (Bosveld and 

Bouten, 2001).  When soil moisture conditions are not limiting, meteorological and 

vegetation conditions dominate the ET process (Shuttleworth, 1991).  However in 

semiarid and arid environments where potential ET is greater than precipitation, ET is 

thought to be limited by soil moisture (Kurc and Small, 2004).  Each seasonal ET curve 

developed for use in RIP-ET represents a set averaged climate condition.  This can vary 

from a single annualized ET average to four or more specific seasonal curves for each 

PFSG depending upon the model time step.  Since, RIP-ET focuses on the link between 
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groundwater and ET, the researcher or modeler must deal with climatic changes external 

to the model by creating a set of curves for each condition or season. 

 

The first step in developing new transpiration-groundwater curves is to decouple the 

physical process of evaporation and from the biophysical process of transpiration and 

then define a generalized curve shape that simulates the response of plants to different 

groundwater elevations (Fig. 2).  For each plant functional subgroup, there is an 

extinction depth elevation (Hxd) or water table elevation below which the roots are 

unable to obtain water and ET is zero.  As the water table rises, water becomes available 

to the root system and ET rates increase until a maximum average ET flux (Rmax) is 

reached.  This maximum ET flux rate is the measured or estimated maximum average 

daily ET rate, not the peak daily ET flux rate.   

 

At higher water table elevations, the root systems in plants other than obligate wetland 

species, become oxygen deficient and ET rates decline until the plants die of anoxia.  In 

obligate wetland plants, the upper limit of water depth tolerance is determined by 

additional factors such as light availability.  The water table elevation associated with 

plant death is the saturated extinction depth elevation (Hsxd).  Although Fig. 2 shows 

Hsxd to be below the land surface elevation, it need not be.  It can be at, or even above, 

the ground surface elevation as some wetland species tolerate as much as a meter of 

standing water. 
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The distance between the two extinction depths is called the active root zone depth (Ard).  

The saturated extinction depth (Sxd) is the distance [L] between the saturated extinction 

depth elevation and the surface.  If Sxd is at or below ground surface, Ard represents the 

physical rooting zone of the representative plants.  If Sxd is above the land surface, Ard is 

the physical root zone plus the depth of standing water.  For modeling purposes, the 

relationship between the flux rates and water table levels need to be defined as depths [L] 

or distances relative to the land surface (HSURF).  The elevations (Hsxd and Hxd) are 

then calculated within the program based on the specific land surface elevations inputs.    

 

By definition, the ET flux rates at saturated extinction depth and at extinction depth are 

zero.  Extinction depths can be approximated from the maximum rooting depth of the 

species within the PFSG in question.  These values can be obtained through field studies, 

literature research or a combination of both.  At the other extreme, saturated extinction 

depths are based on correlations between plant species occurrences and water table 

elevations.  While these values may not be precise they provide a good starting point by 

representing the upper and lower range of water tolerance for the species in question. 

 

The shape of the transpiration curves between the two extremes is again determined from 

measured or estimated transpiration rates associated with specific water table depths for 

each PFSG.  Due to differences in sensitivity to water availability and rooting depth, 

transpiration flux rates in plant species and thus in the subgroups vary with groundwater 

depths.  Unfortunately, there are few estimates of the magnitude or the spatial and 
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temporal heterogeneity of transpiration fluxes in arid and semi-arid riparian species 

(Schaeffer et al., 2000). 

 

Based on literature review, field measurements and researcher input, summer ET flux rate 

curves were developed for the basic plant functional groups (Fig. 3).  Sap flow 

measurements were used to quantify transpiration in 42 individual willow and 

cottonwood trees over the course of three growing seasons: two at the South Fork Kern 

River in central California and one in the San Pedro River basin in southern Arizona.  

The trees were divided up into the following four DBH size classes: <15 cm, 15-30 cm, 

30-45 cm, >45 cm.  Simultaneous groundwater depths and meteorological parameters 

were measured at both locations.  In the San Pedro, a controlled pumping experiment was 

performed specifically to measure the response of tree transpiration to declining water 

tables.  Data from both sites formed the basis for this set of seasonal deep-rooted riparian 

ET curves (Fig. 4).  While these curves are based on the best available data, they should 

be regarded as preliminary and would benefit from refinement.  The authors invite other 

researchers to provide input and data towards developing additional curves and/or 

refining these curves.    

 

The traditional ET curve, illustrated in Fig. 2, is now used exclusively to model 

evaporation from bare soil or open water.  Consequently, the extinction depth is set to the 

depth of measurable evaporation for bare soil.  As before, Rmax is set to the land surface 

elevation and assumed to be constant value above that point. 
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A New ET Modeling Package 

 

The approach outlined above is applied in a new seasonal ET package: A Riparian 

Evapotranspiration Package for MODFLOW-96 and MODFLOW-2000 (Maddock and 

Baird, 2003).  In this package, the continuous curve shown in Fig. 2, is replaced with an 

approximation based on linear segments.  Curve segments are specified in RIP-ET as 

being dimensionless and are converted during the simulation into units consistent with 

other MODFLOW packages following the units of Rmax and Ard.  Fig. 5 illustrates the 

resulting segmented, ET flux rate curve.  The curve segments (labeled 1 through 7 in 

Figure 5) are defined by the vertices (h(k), R(k)) and determine the shape of the curve.  

d(1)…d(N), represent the change in head over each segment (in length units), while 

dR(1)… dR(N) represent the change in flux over the segment (in flux rate units).  

 

The process for producing the dimensionless, segmented curves is conducted external to 

the RIP-ET package.  To build the dimensionless curves, the parameters d(k) and dR(k), 

where k = 1..N are computed as follows.  In general, for N segments where 1 ≤ k ≤ N, 

 

( ) ( 1) ( )d k h k h k= + −  

and 

( ) ( 1) ( )dR k dR k dR k= + − . 
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For each functional subgroup curve, the fractional change in head (fdh(k)) and flux rate 

(fdR(k)) are defined for each dimensionless segment as:  
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Consequently, within a simulation, fdh(k) and fdR(k) are known constants for each plant 

functional subgroup and, when multiplied by Ard and Rmax, the segment variables d(k) 

and dR(k) are recovered.   

 

Within the RIP-ET package, the individual user may develop application specific flux 

curves.  However, the fdh(k) and fdR(k) values for the curves illustrated in Fig. 3 and the 

four DBH size classes for deep-rooted riparian have been provided in the RIP-ET 

manual.  The segmented curve (Fig. 5) and the values for fdh(k) and fdR(k) can also be 
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created using PRE-RIP-ET, a preprocessor developed to aid in preparing RIP-ET  (Baird 

et al., 2004).  RIP-GIS requires the following input to develop the curve: extinction 

depth, saturation extinction depth, and preferably at least three ET rates at specific 

groundwater depths. 

 

Land Surface Elevation 

 

Given the linear nature and high variability in surface elevations within and along 

riparian corridors, a single average model cell elevation is not likely to be representative 

of surface-groundwater relationship required to accurately estimate ET.  If the within cell 

variability in surface elevation (HSURF) is of the same order of magnitude as the PFG’s 

extinction depths, the ET calculations will be adversely affected.  RIP-ET offers the 

option of assigning a single surface elevation per cell, the only option available in the 

traditional ET packages, or assigning a unique HSURF value for each plant functional 

group or designated area within a cell.  If a single value of HSURF is used, the average 

land surface elevation in the cell is used to calculate the extinction depth elevations for all 

PFGs.  With the second option, the surface elevations for each individual PFSG area or 

polygon are used to calculate extinction depths.  Using RIP-GIS, a GIS pre-and post-

processor embedded in PRE-RIP-ET, assigning elevations for each PFSG polygon can be 

automated using data from any type of digital elevation grid such as a digital elevation 

models (DEMs).  In many locations, 10-meter or smaller resolution DEMs are currently 

available.   
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Determination of ET Flux Rates and Scaling Factors 

 

There are numerous techniques for measuring or estimating ET fluxes depending upon 

the plant community and terrain being examined.  Ultimately, most measuring techniques 

yield a specific flux per specified unit area (e.g. xylem area, basal area, canopy area or 

ground area).  One possible technique, sap flow measurements, provides a practical 

technique for estimating the water use of individual trees and is often the only feasible 

alternative for measuring forest and woodland transpiration (Hatton et al., 1995).  If sap 

flow is measured for a sufficiently large numbers and size range of individuals, the 

resulting data can be scaled up to stand level (Meinzer et al., 1997; Hatton et al., 1995).   

 

A common approach for scaling sap flux measurements to stand level water use involves 

obtaining a mean flux to a mean canopy area ratio at the population level, making canopy 

area the scaling factor.  Detailed measurements of crown cover are helpful in accurately 

estimating tree leaf area, as forest inventories show a large spatial variation in tree ground 

cover (Oren et al., 1999; Granier et al., 2000).  A second approach relies on the 

relationship of sapwood to tree diameter at breast height (DBH).  Cienciala et al. (2000) 

reported a strong linear relationship between sapwood area and DBH in Acacia.  In this 

case, total basal area would be the specified unit area.  In the calculation of ET presented 

below, this specified unit area is applied as a scaling factor.  The modeling method used 

in the RIP-ET package can accommodate multiple techniques including 
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micrometeorological providing Rmax and the subsequent flux curves match the scaling 

factor applied. 

 

Determination of PFSG and Scaling Areas 
 

Within a groundwater model, volumetric ET [L3/T] is determined by multiplying the ET 

flux rate [L/T] by the cell area [L2].  Cell sizes in a groundwater model are generally 

quite large (e.g. square kilometers) so only a portion of the cell is likely to contain active 

habitat (Fig. 6a).  Since few riparian or wetland areas are monotypic, a cell is also likely 

to contain a mixture of plant functional subgroups.  The new ET estimation methodology 

allows for fractional coverage or multiple flux rates within a cell.  To accomplish this, 

information about the distribution of plant functional subgroups within the active 

modeling areas is required. 

 

To calculate the ET flux from a cell, the coverage area of each subgroup must first be 

determined.  The fraction of the ith subgroup (fSG(i)) is defined as: 

 

( )

areacelltotal
PFSGofarea

fSG i
i =)( . 

 

Next the area associated with the appropriate scaling factor needs to be calculated.  In this 

example, the scaling factor is canopy or plant cover.  Within any habitat or PFSG area, 
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canopy or plant cover varies depending upon habitat type and resource availability but 

rarely equals 100 percent (Fig. 6b).  The fraction of plant coverage, fPC(i), is defined as: 

 

( )i

i
i PFSGofarea

areacanopy
fPC )(

)( = . 

 

Therefore, the area of the i plant functional subgroup contributing to ET or fCov(i) equals: 

 

)()()( iii fPCxfSGfCov = . 

 

The fractional covers (fCov) for each plant functional subgroup are required for each cell.  

The components of fractional cover can be determined using a combination of GIS 

techniques, aerial photography with ground verification or from detailed field surveys.  

These areal determinations and calculations are more easily performed in a GIS platform.  

The pre-processor in RIP-GIS automates the steps required to complete a riparian theme 

for those with ARC-VIEW capabilities.   

 

ET Calculations 

 

Consider one of the plant functional subgroups present in the cell.  If (h(k),R(k)) and 

(h(k+1),R(k+1)) are the coordinates of consecutive vertices that define the kth segment for 
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that plant functional subgroup, and if h is the head in the cell, then the ET flux rate for the 

subgroup, R(h) is given by (Hadley 1964), 

 

−
= + + −

+ −
( )( ) ( ) ( ( 1) ( ))

( 1) ( )
h h kR h R k R k R k

h k h k  ≤ ≤ +for ( ) ( 1)h k h h k . 

 

The initial values are, 

 

h(1) = HSURF − Sxd − Ard    

and, 

R(1)  = 0. 

 

The higher k valued vertices are given by, 

 

+ = + ×( 1) ( ) ( )h k h k fdh k Ard      

and 

 

+ = + ×( 1) ( ) ( ) maxR k R k fdR k R . 

 

To calculate the volumetric ET rate for the PFSG, R(h) is multiplied by the cell area 

(Area) and the fractional coverage (fCov): 
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( ) ( ) ( ) fCovAreahRhET ××=  

 

These calculations are then repeated for each plant functional subgroup present in a cell, 

and for each cell designated as containing habitat.  The volumetric ET rate for each plant 

functional subgroups is summed to give the total volumetric ET rate within a cell and 

each cell is summed to obtain the global volumetric ET rate. 

 

RESULTS 

 

To illustrate the utility of the methodology described in this paper, we compared the 

model results from the traditional and RIP-ET packages on a sample case from the South 

Fork Kern River basin.  Within this semi-arid basin, a mixture of wet sedge and marsh 

areas intermix with cottonwood-willow forest habitat supporting populations of two 

endangered species.  The effects of pumping wells on the protected riparian habitat need 

to be ascertained. A detailed water budget is required to address issues of water 

availability for human needs, water requirements for the existing riparian vegetation, and 

to project future changes in both.   

 

Predevelopment conditions were simulated using a two-season (summer and winter), 

steady-oscillatory state model (Maddock and Vionnet, 1998).  Well pumping was added 

and the simulation run for ten years.  The basin-scale, summer ET estimated from both 

models is shown in Fig. 7.  On average, the traditional modeling approach estimated 
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489% more ET than is predicted by the RIP-ET approach.  A comparison of cell areas 

contributing to the two models revealed that the traditional model overestimated the area 

contributing to basin wide ET by 51%.  After adjusting for this discrepancy, the 

traditional ET model still over-estimated riparian and wetland ET by 238% relative to the 

new approach.    

 

The difference between the techniques is also crucial in terms of the simulated heads (i.e. 

groundwater elevation) and thus in predicating the potential distribution and health of the 

various habitats within the ecosystem.  By relating PFSG rooting depths, ET rates and 

groundwater levels within a spatially based model it is possible to identify potential 

habitat types, predict habitat response to changes in land or water use, or the ascertain the 

potential plant stress of existing PFG from a groundwater perspective.  The post-

processor portion of RIP-GIS, links the resulting head distribution from MODFLOW 

with the surface elevations to determine the depth to groundwater throughout the basin.  

These results can then be mapped at the resolution required to identify the potential PFSG 

distributions based on user defined PFSG-depths to groundwater categories.   

 

The two models predict different pre and post development potential habitat distributions.  

In the predevelopment phase, the RIP-ET method predicts more water remaining in the 

system with less ET, resulting in higher water table elevations compared to the traditional 

ET method (Fig 8).  RIP-ET predicts a much larger wetland marsh area and areas suitable 

for small deep-rooted trees than the traditional method.  Post-development predictions 
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continue to show significant difference in the models.  After only three years of pumping 

the traditional model predicts the loss of riparian forest over a much large portion of the 

valley.  Ultimately both models predict significant habitat loss, however, the timing and 

location of losses are different.   

 

The method applied in RIP-ET will not always predict less ET from a given area, rather 

the idea is more accurate estimations.  In another instance, a small (13.51 mi2) cienega in 

southern Arizona was modeled using both methods.  Measured water table depths placed 

water levels at the lower portion of the traditional curve, and closer to the maximum rates 

for the species present.  Consequently, ET estimates using RIP-ET were 37% higher than 

estimated with the traditional method. 

 

DISCUSSION 

 

The use of plant functional groups based on water tolerance ranges and rooting depths in 

combination with the new RIP-ET package provides an explicit link between 

groundwater and riparian/wetland habitat conditions and improves upon traditional 

groundwater modeling techniques with several innovations.  First, the single, 

monotonically increasing ET flux curve used in traditional modeling packages is replaced 

with a set of eco-physiologically based curves.  Each of the multiple transpiration curves 

reflects a particular plant functional group, thus reflecting the variability in vegetative 

conditions present in the system.  For each plant functional group, the transpiration curve 
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not only reflects transpiration declines at deep water levels, but also reflects the reduction 

in transpiration that occurs due to anoxic soil conditions that develop under conditions of 

elevated water tables.   

 

In addition to the physical factors that govern evaporation, transpiration responds to a set 

of physiological and biometrical conditions.  By decoupling the two processes, with the 

traditional linear curve being retained to model the evaporation better estimates can be 

obtained for both.  Third, RIP-ET improves accuracy by more effectively dealing with 

spatial issues of plant and water table distribution.  It replaces the single-cell, single-ET-

elevation value approach with multiple ET curves, and associated fractional coverages 

with variable surface elevations.  ET rates can now be calculated by determining the area 

of all habitat types present and then applying multiple ET curves to a single model cell.  

When accompanied with RIP-GIS or PRE-RIP-ET, detailed information can be 

incorporated on distribution of plant functional groups across land surface elevations. 

This effectively captures the range of ET responses across the topographic-hydrologic 

gradients.    

 

Defining Recruitment Zones 

 

Paramount to ecosystem conservation and sustainability is the ability of the dominant 

plant species to regenerate.  Regeneration of cottonwood-willow riparian forests requires 

the combination of high water tables during the early summer months and spring floods 
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of a characteristic intensity (Stromberg, 2001; Mahoney and Rood, 1998).  Areas with the 

appropriate groundwater conditions for new plant establishment can be thought of as 

potential regeneration areas.  In figure 8 the areas mapped as small deep-rooted PFSG are 

potential regeneration areas.  Due to the difference in time scales, regional time scales for 

groundwater versus event driven floods, these results do not directly identify regeneration 

areas.  For accurate mapping of recruitment areas MODFLOW with RIP-ET would need 

to be run using shorter time steps and results from a surface water model overlain on the 

groundwater map to identify the actual riparian recruitment zone. 

 

Restoration and Conservation Planning 

 

Restoration of riparian and wetland ecosystems has become a major enterprise in 

developed nations (Stromberg, 2001).  Restoring these ecosystems depends upon 

restoring or preserving the groundwater and surface water conditions fundamental to 

these systems.  Water conservation and riparian ecosystem restoration programs require 

knowledge of comparative water use characteristics of riparian plant species and their 

effect on the water balance of riparian corridors (Nagler et al., 2003).  RIP-ET can aid in 

this endeavor in two ways.   First, water requirements, quantities and groundwater 

elevations, for various habitat types and sizes can be more accurately estimated.  These 

estimates then need to be incorporated into regional planning and conservation plans.  

Second, the program can be used as an interactive tool in the planning stage.  While the 

initial water table elevations at the location to be restored are commonly known, the 
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response of water table to the restored habitats has been difficult to predict.  Using RIP-

GIS, the area can be modeled and calibrated in the pre-restored condition.  The restored 

habitats can then be simulated and the resulting groundwater levels determined.  If water 

table elevations don’t fall within the required ranges, the plan can be easily altered and 

the model re-run until the two parameters converge.  

 

RIP-ET can also help discern the potential success of phreatophyte control projects in 

salvaging water.  In the 1950s and 1960s, under the guise of water salvage projects, 

cottonwoods, willows and other phreatophytes suspected of having very high ET rates 

were cleared from waterways throughout the western United States.  Although water 

savings did not always materialize, water salvage efforts continue today.  The primary 

target is tamarisk, a riparian tree/shrub species which has become a dominant species in 

the West since being introduced in the late 1800s.  Based on the assumption that such 

projects will enable more water to be available for direct human use, massive federal 

efforts are underway to eliminate tamarisk stands.  Models such as RIP-ET which provide 

more accurate estimates of current and projected ET rates by plant type are critical to 

determining whether alleged water salvage benefits have been overstated.  

 

Model Calibration 

 

In systems where a sizable portion of the model area is affected by ET, the differences in 

these methods can affect the model calibration process.  Model calibration depends upon 
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comparing simulated heads to known heads.  In many basins, scant information exists on 

historical or existing water table elevations.  In many cases, historical and/or current 

photographs or records of habitat distribution do exist.  If simulated heads fall outside the 

tolerance ranges of the past or current PFSG, further calibration is indicated.  The authors 

recognize that this is not precise calibration tool rather a generalized method that can aid 

in areas of sparse information.  

 

CONCLUSION 

 

Increasing human modification of the Earth’s surface requires an understanding of how 

the productivity and biotic diversity of both natural and managed riparian ecosystems can 

be sustained (Chapin et al., 1996).  Simplifying the complex structure of plant 

communities into PFGs provides a framework for predicting ecosystem response to 

environmental change by using information on correlated traits in lieu of detailed species 

information to predict the response of vegetation (Dyer et al., 2001; Symstad et al., 

2000).  The use of plant functional groups based on plant transpiration and rooting depths 

in combination with improved ET modeling is a first step in allowing researchers to link 

groundwater changes in semi-arid areas with changes in the riparian ecosystem.   

 

The methodology and Riparian ET Package presented here does not use the traditional 

linear ET flux rate curve, but instead, uses segmented curve based on the ecophysiology 

of the plant species within the ecosystems.  The method requires a fractional coverage for 
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each of the PFSG present within the groundwater model cell and allows for more 

accurate assignment of land surface elevations.  The calculated evapotranspiration loss 

from a riparian or wetland system is dependent on the contributing area of each plant 

functional subgroup present and water table conditions.  While the curves presented here 

are preliminary, the authors hope that they serve to focus attention on the need for 

development of eco-physiologically based ET curves 

 

Development of physiologically based transpiration curves combined with the traditional 

linear curve for bare soil/open water results in more accurate determinations of riparian 

ET, improved basin scale water budgets, and allows for the quantification of riparian 

water requirements.  Given supporting modeling data, groundwater conditions can be 

simulated, potential plant groundwater stress ascertained and suitable habitat areas or 

changes in habitat areas identified.   

 

The combined approach of using hydrologic models, vegetation mapping and GIS has 

proven to be an effective tool in characterizing groundwater systems (Batelaan et al., 

2003).  Conservation planners and regional water planners alike are seeking tools that 

enable them to make informed decisions regarding effects of water allocation decisions 

on environmental amenities (Richter et al., 1997).  Development of linked hydrology-

vegetation models will be a major step towards effective, science-based water allocation 

decision-making.  Incorporating riparian ecosystem water needs in the modeling process 
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can help ensure that decision makers include riparian water demands as a vital 

component of the water budget. 
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Table 1: Illustrative plant functional subgroups composed of PFG, size and density 

Plant Group Plant Size Densities Species Examples  
Obligate  
wetland 

N/A Low, medium, high Cattail, bulrush 

Shallow-rooted 
riparian 

N/A Low, medium, high Curly dock, cocklebur 

Deep-rooted 
riparian 

Small, medium, 
large 

Low, medium, high Cottonwood, willow, 
mesquite (bosque) 

Transitional 
riparian 

Small, medium, 
large 

Low, medium, high Walnut, hackberry, 
elderberry 
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Figure 1. Traditional linear (MODFLOW 96) and ETS1 segmented function 
(MODFLOW 2000) ET curves.  Hxd = extinction depth elevation; d= extinction 
depth;  Rmax = maximum ET rate;  Hmax = maximum ET surface elevation 
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Figure 2. Generic ET flux rate curve for a plant functional group in RIP-ET        
Sxd = saturated extinction depth; (L)  Ard = active rooting depth (L); Hsxd = 
saturation extinction depth elevation;  Hxd= extinction depth elevation;  HSURF 
= land surface elevation;  Rmax= maximum ET rate 
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Figure 3. Mean daily Et canopy flux (cm/day) curves for PFGs.  Positive 
numbers denote standing water.  

 

 
Figure 4. Seasonal mean daily canopy flux rate curves (cm/day) for 
deep-rooted riparian PFG: spring, summer and fall.   
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Fig. 5. Segmented ET flux curve illustrating linear interpolation using 
d(N)’s and dR(N)’s. 
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Figures 6 a. Active plant functional group areas within a groundwater model cell and    
6b. Plant canopy cover within each plant functional subgroup area 
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Figure 7. Estimated basin scale ET rates from a) traditional MODFLOW 
ET package, b) area adjusted MODFLOW package and c) RIP-ET 
package.  
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Figure 8. Predevelopment habitat distribution/groundwater depths predicted from the 
traditional ET and RIP-ET methods. 
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 ABSTRACT 
 

Growing use of global freshwater supplies is increasing the need for improved modeling 

of the linkage between groundwater and riparian vegetation.  Traditional groundwater 

models such as MODFLOW have been used to predict changes in regional groundwater 

levels, and thus riparian vegetation potential, due to anthropogenic water use.  We 

describe an approach that improves upon these modeling techniques through several 

innovations.  First, evapotranspiration from riparian/wetland systems is modeled in a 

manner that more realistically reflects plant ecophysiology and vegetation complexity.  In 

our model programs (RIP-ET, PRE-RIP-ET), the single, monotonically increasing ET 

flux curve in traditional groundwater models is replaced with a set of eco-physiologically 

based curves, one for each  plant functional group present.  For each group, the curve 

simulates transpiration declines that occur both as water levels decline below rooting 

depths and as waters rise to levels that produce anoxic soil conditions.  Accuracy is 

further improved by more effective spatial handling of vegetation distribution, which 

allows surface elevation and depth to water to be modeled for multiple vegetation types 

within each large model cell.  Use of RIP-ET in groundwater models can improve the 

accuracy of basin-scale estimates of riparian ET rates, riparian vegetation water 

requirements, and water budgets.  Through two case studies, we demonstrate that RIP-ET 

produces significantly different ET estimates than the traditional method.  When 

combined with vegetation mapping and a supporting program (RIP-GIS), RIP-ET also 

enables predictions of riparian vegetation response to water use and development 
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scenarios.  RIP-GIS links the head distribution from MODFLOW with surface digital 

elevation models, producing moderate to high resolution depth to groundwater maps; 

together with information on plant rooting depths, these can be used to predict vegetation 

response to water allocation decisions.  The different ET outcomes produced by 

traditional and RIP-ET approaches affect resulting interpretations of hydro-vegetation 

dynamics, including effects of groundwater pumping stress on existing habitats, and thus 

affect subsequent policy decisions.   

 

Key words: Riparian Evapotranspiration, Ecohydrologic Model, Groundwater, Plant 

Functional Group, MODFLOW  

 

INTRODUCTION 

 Riparian Ecosystems and Water Resources 

 

Freshwater ecosystems play an integral role in human society, affecting fields as diverse 

as commerce and transportation to health and recreation.  For centuries, human 

populations have exploited freshwater ecosystems without understanding the basic 

environmental principles that allow these systems to maintain their inherent health and 

vitality (Naiman and others 2002).  Consequently, over-engineering, over-abstraction of 

resources, pollution, and ineffective management practices have dramatically altered 

these ecosystems (Nienhuis and Leuven 2001).  Many of the world’s greatest rivers have 

been reduced from complex systems of floodplains and meandering, braided channels to 
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single channels that support only a fraction of their original biodiversity and abundance 

(Kingsford 2000).  Despite the mounting evidence of adverse effects and lack of success, 

radical river regulation measures continue today (Nienhuis and Leuven 2001). 

 

Global demands on water resources are increasing as populations and material needs 

grow.  The pressure for water resource development is particularly acute in arid regions 

where water is already in short supply.  In the arid western United States irrigation needs 

still largely govern river management priorities and objectives, but urban population 

growth is increasing regional water demands.  Surface water resources, diverted for urban 

and agricultural uses, are often entirely appropriated by existing state, interstate, and 

international compacts and treaties.  Groundwater is often the only new or untapped 

water resource (Cooper and others 2003).  Unsustainable groundwater development, 

while not always immediately obvious, threatens natural resource values and is becoming 

a major source of user conflict (Glennon and Maddock III 1994; Cooper and others 2003; 

Steinitz and others 2003). 

 

Riparian systems are the dominant freshwater ecosystem throughout the western United 

States, and typically occur where groundwater is in close proximity to the soil surface or 

where a direct connection exits between groundwater and surface water.  These 

groundwater-surface water interfaces support greater biomass and often greater species 

diversity than the surrounding landscape and in semi-arid and arid environments function 

as critical oases for plants, animals, and humans (Wurster and others 2003).  Being 
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intricately coupled to both groundwater and surface water regimes; riparian ecosystems 

are sensitive to perturbations in either (Stromberg 1993; Busch and others 1992; Grimm 

and others 1997). 

 

Riparian biota are dependent on the dynamic characteristics of the surface water regime, 

described in terms of magnitude, frequency, timing, duration and rate of change (Naiman 

and others 2002; Poff and others 1997; Richter and Richter 2000).  Surface water, 

however, forms only the visible part of a continuous hydrologic system.  Water in the 

surface stream, vadose zone and groundwater aquifer collectively sustain riparian 

ecosystems (Hancock 2002).  Water from the capillary fringe of the alluvial groundwater 

table is the major water source for many riparian tree species in arid and semi-arid 

regions (Shafroth and others 2000; Snyder and Williams 2000).  Lowering groundwater 

tables can have widespread ecological consequences, including the conversion of 

perennial stream flows to intermittent and the alteration of vegetation composition and 

cover.  Even short-term declines in alluvial groundwater tables can change the 

distribution and abundance of riparian plant associations and lead to the decline of 

phreatophytes (Shafroth and others 2000; Cooper and others 2003).  Identifying the 

vulnerability of riparian and wetland ecosystems to anthropogenic activities and climatic 

variation necessitates a thorough understanding of the groundwater/surface water 

interactions that maintain them (Winter and others 1998; Wurster and others 2003).  
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 Role of Groundwater Models in Protecting Riparian Ecosystems 

 

In regions where anthropogenic water use disrupts recharge and discharge processes 

creating groundwater or surface water deficits, balancing the need for water against the 

conservation of natural ecosystems presents a daunting challenge.  To protect riparian 

ecosystems, special attention needs to be given to the protection of groundwater systems 

and to the effects of land-use changes on the hydrological cycle (Batelaan and others 

2003).  Consequently, conservation and regional water planners alike require tools that 

allow them to make informed decisions regarding the effects of land use development 

and water allocation decisions on fresh-water ecosystems (Richter and others 1997).  

Groundwater models that simulate regional groundwater behavior can be a useful tool.   

 

Water use decisions often affect large geographic areas making their impacts difficult to 

characterize.  Regional models, which focus on broad landscape elements, allow us to 

understand and predict the effects of water management decisions and climate changes at 

relevant scales (Nilsson and Svedmark 2002; Elmore and others 2003).  When coupled 

with mechanistic models of wetland or riparian ecology, and with sufficient field 

monitoring, regional groundwater models can provide a tool for predicting the 

vulnerability of wetland and riparian habitat to water table decline and predicting the 

future status of created or restored ecosystems (Mitsch and Wilson 1996; Springer and 

others 1999).  They also can aid in the quantification of basin-or reach scale water 

requirements for key habitat types in the riparian landscape. 
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Regional groundwater models are widely used in estimating water budgets as part of 

local water allocation decision-making process.  The accuracy and applicability of these 

groundwater models is, of course, dependent upon accurate representations of the 

processes they simulate.  One of the most critical but poorly simulated process is seasonal 

riparian evapotranspiration (Goodrich and others 2000).  The narrow, heterogeneous 

nature of riparian zones, coupled with their complex hydrology, hinders our 

understanding and quantification of evapotranspiration (ET) processes in these systems 

(Hipps and others 1998).  Controlled by the interaction of both abiotic and biotic factors, 

evapotranspiration is strongly linked with such ecosystem parameters and processes as 

soil moisture content, nutrient flows, and vegetation productivity (Jarvis and 

McNaughton 1986; Wever and others 2002).   

 

The methodology used to model evapotranspiration affects the calculated water budget 

and simulated depths to groundwater, and thus the resulting interpretations regarding 

ecosystem dynamics.  In the present state of groundwater modeling, evapotranspiration is 

appropriately defined as a function of hydraulic head or groundwater depth in an alluvial 

aquifer.  Unfortunately, the manner in which it is modeled does not accurately reflect the 

relationship between riparian or wetland plant transpiration and groundwater conditions.   

 

To improve the ability to calculate riparian and wetland ET, estimate vegetation water 

requirements, and aid in predicting vegetation response to changing water availability, we 
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developed a new method for modeling riparian and wetland ET.  This methodology is 

applied in ‘A Riparian Evapotranspiration Package for MODFLOW-96 and MODFLOW 

2000’ (Maddock and Baird 2003).  The package is referred to by the acronym RIP-ET, 

and is designed to be coupled with MODFLOW (McDonald and Harbaugh 1988; 1996), 

one of the most widely used groundwater flow models in the fields of consulting and 

research (Romero and Maddock 2003).  In addition, two pre-processing programs were 

developed to aid the user in RIP-ET data preparation.  The first, RIP-GIS, is a GIS pre 

and post processor that automates the steps required to complete a riparian coverage file 

for those with ArcView capabilities (Dragoo and others 2004).  The second pre-

processor, PRE-RIP-ET (Baird and others 2004), sets up the desired ET curves, reads the 

fractional coverage information from RIP-GIS, assigns surface elevations (see following 

sections) and, using the MODFLOW grid, writes the riparian ET file required by 

MODFLOW.  

 

The modeling and mathematical details of RIP-ET are described in Maddock and Baird 

(2003).  In this paper, our goal is to bring the model to the attention of ecologists, 

conservationists, and land/water managers.  The objectives are two-fold; 1) describe the 

ways in which the new modeling method overcomes the limitations of traditional ET 

modeling approaches and 2) demonstrate and discuss some conservation applications of 

the model.   
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 DEVELOPMENT OF A NEW MODELING METHODOLOGY 

 

 Plant Functional Groups (PFGs) 

   

The largest source of error in traditional approaches to modeling ET is the use of a single 

ET curve to represent both evaporation and transpiration regardless of the species 

assemblages present and their vigor and density.  Not only is evaporation a unique, 

physically based process while transpiration is a biological process but ET rates vary 

widely between plant species due to morphological differences in root architecture, 

including rooting depth, and physiological sensitivities to water availability (Shafroth and 

others 2000; Horton and others 2001).  Our first steps were to decouple the process of 

evaporation from transpiration, and then to develop individual transpiration curves for the 

species or vegetation types being modeled.   

 

Given the complexity of freshwater ecosystems, creating transpiration curves for all 

riparian and wetland species is infeasible.  To address this issue, we incorporated the 

concept of plant functional groups into the ET model.  Plant functional groups are 

defined as non-phylogenetic associations of plant species that exhibit similar responses to 

environmental conditions and have similar effects on the dominant ecosystem processes 

(Lavorel and others 1997).  Typically, these are groups of species with similar 

morphological, physiological or phenological traits that vary predictably along 

environmental gradients.  Using information on correlated traits in lieu of detailed species 
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information simplifies the complex structure of plant communities and provides a 

framework for predicting ecosystem response to environmental change (Dyer and others 

2001; Symstad and others 2000).   

 

In the Riparian Evapotranspiration Package, plant functional groups are the units used to 

elucidate the interactive process of plant ET with groundwater depth.  We defined a set of 

plant functional groups relevant for semi-arid environments based on transpiration rates, 

rooting depths, and the upper and lower range of seasonal groundwater depth tolerance.  

These basic groups are obligate wetland, shallow-rooted riparian, deep-rooted riparian, 

and transitional riparian; working definitions are provided in Maddock and Baird (2003).  

To decouple evaporation from transpiration, we included a fifth group, bare ground/open 

water.   

 

Evapotranspiration rates and the occupied range of groundwater elevations differ between 

plant functional groups.  Because most riparian corridors are composed of a mixture of 

plant functional groups, each with different hydrologic requirements and ET rates, total 

ET is determined from the combination of PFGs present and the ambient groundwater 

levels.  To make the methodology and thus the program broadly applicable, users can 

develop the set of plant functional groups relevant to their geographic region and model 

area.   
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Plant population traits such as health and age can affect rooting depths, limits of water 

tolerance, and transpiration rates (Meinzer and others 1997).  Community traits such as 

plant density and percent cover also can affect transpiration rates, as can abiotic factors 

such as soil salinities.  Any number of these or other such factors may be used as 

modifiers to create plant functional subgroups (PFSG), and thus further refine our ability 

to model plant ET in response to environmental conditions.   

 

 A New Transpiration Curve 

 

A second source of error in traditional ET models relates to the assumed shape of the 

curve relating ET rates to groundwater depths.  The traditional approach to modeling ET 

in MODFLOW-96 (McDonald and Harbaugh 1988; 1996) assumes a quasi-linear 

relationship between the ET flux rate and hydraulic head or groundwater depth in an 

unconfined aquifer (Figure 1A).  In this approach, if the water table is below the model 

extinction depth, Hxd, the ET rate is assumed to be zero.  As the water table rises above 

this depth, the ET rate is assumed to increase linearly until reaching a maximum rate 

(Rmax) at a user defined maximum elevation (Hmax).  The distance between Hxd and 

Hmax is called the extinction depth, d.  Over this depth, the ET rate varies linearly with 

hydraulic head and is described by the slope of 
d

R max .    

 

In ETS1, an ET package for MODFLOW 2000, Banta (2000) replaces the linear slope 

with a segmented function (Figure 1B).  This function allows for limited flexibility but 
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assumes a constant Rmax above the maximum ET surface elevation, which in most 

modeling exercises is set equal to the land surface. 

 

These quasi-linear relationships may be useful for modeling evaporation but do not 

accurately reflect the relationship between plant transpiration and groundwater conditions 

in that no allowance is made for the reduction in plant transpiration that occurs as the 

groundwater table approaches the upper horizons of the plant’s rhizosphere.  There is 

evidence that at high water table elevations, the root systems in plants other than obligate 

wetland species become oxygen deficient causing transpiration rates to decline until the 

plants eventually die of anoxia (Hughes 1997). 

 

In RIP-ET, we simulate transpiration from riparian/wetland systems in a manner that 

more realistically reflects the ecophysiology of the component plant species (Figure 2).  

For each user-defined plant functional subgroup, as in the traditional approach, there is an 

extinction depth elevation (Hxd) (i.e., water table elevation below which the roots are 

unable to obtain water) where transpiration is zero.  As water table levels increase above 

the extinction depth, water becomes increasingly available to the root system and 

transpiration rates increase to a maximum average transpiration flux (Rmax) at a water 

table depth some distance below land surface.  (This maximum transpiration flux rate is 

designed to be a measured or estimated maximum average daily transpiration rate, not the 

peak daily transpiration flux rate.)  As water table elevations increase further, the root 

zone in non-obligate wetland groups becomes saturated and increasingly less of the root 
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system is capable of water uptake.  Consequently, transpiration rates decline.  The water 

table elevation associated with plant death from anoxia is the saturated extinction depth 

elevation (Hsxd).  The transpiration flux rates for both the extinction and saturated 

extinction depths are by definition zero.  The distance between these points is the active 

root zone depth (Ard).  The traditional ET curve, illustrated in Figure 2 for comparative 

purposes, is used exclusively to model evaporation from bare soil or open water.   

 

In the Riparian Evapotranspiration Package, we approximate the continuous curve shape 

with a series of small linear segments.  Figure 3 illustrates the resulting segmented, ET 

flux rate curve.  The curve segments (labeled 1 through 7) are defined by the vertices 

(h(k), R(k)) and determine the shape of the curve.  The functions d(1)…d(N) represent the 

change in head over each segment (in length units), while dR(1)… dR(N) represent the 

change in flux over the segment (in flux rate units).  The curve segments are specified as 

dimensionless and are converted into units consistent with the other MODFLOW 

packages during the modeling simulation.  The process for producing the dimensionless, 

segmented curves is conducted external to the RIP-ET package, and can easily be 

accomplished with PRE-RIP-ET.  The following inputs are required to develop an ET 

curve: extinction depth, saturation extinction depth, and preferably a minimum of three 

ET rates at specific groundwater depths. 

 

Values of the extinction depth can be approximated by the maximum rooting depth of the 

species within each PFSG, as determined through field studies or literature research.  
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Saturated extinction depth can be determined based on experimental studies or 

correlations between plant species abundances and water table elevations.  In between 

these extremes, the shape of the PFSG transpiration curves can be determined from 

measured or estimated transpiration rates associated with specific water table depths.  For 

arid and semi-arid riparian species, there are few estimates of the magnitude or the spatial 

and temporal heterogeneity of transpiration fluxes (Schaeffer and others 2000).  

However, even if available data are sparse, the use of an upper and lower range of water 

tolerance for the species in question, combined with non-linear curves (a more 

ecologically realistic scenario), provides for more realistic model outcomes. 

 

 Multiple Transpiration Curves 

 

The third improvement in ET modeling methodology is the application of multiple 

transpiration curves within a single modeling cell.  Traditional methods restrict the user 

to a single curve regardless of the complexity of the system being modeled.  With the 

traditional ET modeling approach, despite the presence of a range of plant species, age 

classes, and densities in the riparian landscape, the evaporation and transpiration rates 

must be averaged to a single value.  Within RIP-ET, the use of multiple ET curves, one 

for each plant functional subgroup, allows for a more realistic simulation of mixed plant 

assemblages and multi-storied habitats.   
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Based on field ET measurements, literature review, and expert opinion of researchers, 

preliminary transpiration-groundwater curves were developed for the riparian plant 

functional groups and evaporation curve (bare ground) presented in the RIP-ET package 

(Figure 4).  Sap flow measurements were used to quantify transpiration in a set of willow 

(Salix spp.) and cottonwood (Populus fremontii) trees at the South Fork Kern River in 

central California and in the San Pedro River basin in southern Arizona.  Simultaneous 

groundwater depths and meteorological parameters were measured at both locations.  In 

the San Pedro, a controlled pumping experiment was performed specifically to measure 

the response of tree transpiration to declining water tables.  Data from both sites formed 

the basis for the deep-rooted riparian canopy ET curves (Figure 5).  We hope that the 

preliminary curves presented here serve to focus attention on the need for development of 

eco-physiologically based ET curves.  Refinement on these PFG curves and the 

development of additional curves will greatly benefit ET modeling efforts.    

 

 Fractional Coverages 

 

Having modified the manner in which ET-groundwater relationships are defined and 

having introduced habitat complexity into the model, we now focus on determining 

accurate aerial estimates of plant functional group cover.  The incorporation of a process 

to accurately quantify distinct ET areas from vegetationally complex mapping units is the 

fourth RIP-ET innovation.  In regional groundwater models, model cells are generally 

quite large, often exceeding a square kilometer.  Given the narrow, linear nature of 
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riparian zones, only a fraction of the cell is likely to contain riparian or wetland habitat.  

Furthermore, this fraction of habitat is likely to be composed of a mixture of plant 

functional groups (Figure 6).   

 

Because volumetric ET [L3/T] is determined by multiplying the ET flux rate [L/T] by the 

cell area [L2], estimations of the area covered by each habitat type or PFSG within a cell 

are required for accurate ET estimates.  In RIP-ET, the contribution of each PFSG to a 

cell's ET is determined as follows.  The areal extent of the ith subgroup within a cell or the 

fraction of the ith subgroup (fSG(i)) is defined as: ( )

areacelltotal
PFSGofarea

fSG i
i =)( .  The fraction 

of this area associated with the scaling factor (fPC(i) is defined as: 

( )i

i
i PFSGofarea

areacanopy
fPC )(

)( = .  Therefore, the area of the i plant functional subgroup 

contributing to ET within a cell or fCov(i) equals: )()()( iii fPCxfSGfCov = .  Numerically, 

total plant coverage within a cell can exceed 100% to allow for multistoried habitats.   

 

To deal with the discrepancy in cell size versus riparian habitat area in the traditional 

approach, one can manually estimate the percent area within each cell contributing to ET 

and adjust the ET rate accordingly.  This process is external to the model, laborious and 

too often neglected.  Since volumetric ET is calculated as cell area multiplied by the head 

dependent transpiration rate, the error associated with using the entire cell as ET area can 
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be substantial.  Table 1 illustrates basin and cell dimensions for three groundwater model 

basins and the ET areas calculated using both methods.   

 

Fractional coverage calculations must be performed for all active ET cells in the model.  

Hand-calculating values for the hundreds of cells that typify a MODFLOW model would 

be time consuming and error-prone; therefore, RIP-GIS, a GIS module, was developed.  

GIS is used to manage data while automating the fractional coverage section of PRE-

RIP-ET.  The standard in GIS desktop software is ArcView GIS from the Environmental 

Systems Research Institute (ESRI).  Riparian areas must be defined spatially within 

ArcView as polygons.  Riparian polygons are most often identified and digitized using 

aerial photography, satellite images, topography maps such as digital elevation models 

(DEMs), field surveys, or a combination of these sources.  Once a new riparian polygon 

theme (shapefile) is created, the required attribute fields are populated and RIP-GIS 

prepares a textfile that is then read by PRE-RIP-ET.  Figure 6 illustrates a digitized 

riparian polygon containing multiple functional groups and the associated attribute table 

within RIP-GIS.   

 

Depending upon the plant community and terrain being studied, different measurement 

techniques may be used to estimate ET fluxes.  Ultimately, most measuring techniques 

yield a specific flux (L/T: e.g. cm/sec) per specified unit area (L2: e.g. xylem area, basal 

area, canopy area or ground area).  To accommodate the various measurement techniques 
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we use a scaling factor to represent the unit area being measured.  The units associated 

with the ET-flux curves must match the specified unit area or scaling factor.   

 

Riparian ecosystems are dynamic, with plant cover and composition changing seasonally 

and annually.  On longer time scales, climate and atmospheric CO2 concentrations 

changes may alter the groundwater-transpiration relationship requiring the development 

new set of ET-curves.  Temporal changes in plant coverage and/or changes in 

transpiration-groundwater relationships are handled as separate time steps within 

MODFLOW.  Each time step requires a separate fractional coverage or shapefile.  PRE-

RIP-ET makes preparing seasonal coverages relatively easy.  Historically, most 

groundwater models were based on annual time steps; however, seasonal models are 

strongly recommended if accurate groundwater-vegetation dynamics or estimates of ET 

are desired.   

 

 Land Surface Elevation 

 

The fifth and final limitation we address deals with errors arising from the disparity 

between the variations in ground surface elevation and the assigned average cell 

elevation.  Within the model domain, land surface elevation (HSURF) varies from cell to 

cell and within a cell.  Because HSURF is one of the parameters used to calculate 

extinction depths for the plant functional groups, the magnitude of the within-cell 

variability of HSURF will have an important influence on ET.  If the within-cell variation 



 168

in land surface elevation is of the same order of magnitude as the extinction depths, it 

produces highly inaccurate ET calculations (Figure 7).  There are two possible ways to 

avoid this problem: (1) make the model cell small enough to represent the variation in 

surface elevation or (2) allow for multiple surface elevations per cell.  In most cases, 

option 1 in not feasible due to the large number of modeling cells this would require.  

Given the limitation on the number of cells in a model, and the elevation changes 

inherent in many riparian ecosystems, the single average cell elevation used in the 

traditional method is not likely to produce meaningful estimates of riparian ET. 

 

RIP-ET allows for multiple surface elevations per cell by providing the modeler with the 

option of assigning unique elevation values for each plant functional group or individual 

polygon within a cell.  RIP-GIS calculates a weighted-average elevation for each PFSG 

polygon using data from any type of digital elevation grid such as a digital elevation 

model (DEM).  In many locations, fine resolution DEMs (10-meter or smaller) are now 

available.  The extinction depths for the PFSGs are calculated based on the elevation of 

their associated polygons rather than the average elevation for the entire cell.  The 

accuracy of HSURF and thus the extinction depths are now controlled by the user-

determined polygon size and the resolution of the elevation data rather than by the model 

cell size.   

 

Computational and convergence limitations are the major reasons most basins or 

watersheds can’t be modeled with cell sizes small enough to accurately capture the 
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variability in vegetation type and surface elevations in riparian systems.  Groundwater 

flow models are represented by a partial differential equation; cell size and number are 

dictated largely by the numerical approximation of this partial differential equation.  In a 

groundwater flow simulation, discretization is not straightforward process.  Determining 

the number of model cells involves a trade-off between the costs (data preparation and 

ability to run the model and solve the matrix), and the benefits (accuracy).  Enough detail 

is required to represent the hydraulic properties (Ks), hydraulic stresses (i.e. pumping, 

ET), and complexities of the flow field for the objectives of the study.  However, this 

must be balanced by limitation in central processing unit (CPU) time and memory.  For 

most solvers, the CPU time required for convergence is a function of n3 where n is the 

number of nodes (cells).  Increasing the number of nodes incurs a large penalty on the 

solver and convergence rates as instability develops.  Convergence and instability are 

further exacerbated as the K field becomes more heterogeneous (Reilly and Harbaugh 

2004).   

 

 MODEL RESULTS   

 

Are the results of this new methodology for estimating and predicting ET different from 

traditional methods?  And are these differences substantial enough to alter interpretations 

of ecosystem dynamics and plant group distributions?  As one test, we calculated model 

results from traditional and RIP-ET packages for two rivers.  The first of these is the 

South Fork Kern River basin (California).  Within this semi-arid basin, a mixture of wet 
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sedge and marsh areas (obligate wetland and shallow rooted riparian PFGs) intermix with 

cottonwood-willow (deep-rooted riparian PFG) forest habitat along the length of the 

small river.  Using physical modeling parameters developed for a regional groundwater 

model of the South Fork Kern River valley, we simulated conditions using a two-season 

(summer and winter), steady-oscillatory state model (Maddock and Vionnet 1998).  To 

make the comparisons as equitable as possible, ET estimates within the traditional 

method were based on a weighted average of the ET flux rates of the plant functional 

groups present.   

 

For this case study river, there is concern over the potential loss of endangered species 

riparian habitat along the South Fork Kern River due to changes in groundwater depths 

from increased agricultural pumping and proposed residential development.  To impose 

development conditions, pumping was activated from a series of agricultural and 

domestic wells throughout the valley, and the model run for a period of 10 years.  All 

changes in ET are the result of changing groundwater elevations; no change in vegetation 

cover was simulated for these years.  The resulting basin-scale, summer ET estimates 

from both models (RIP-ET and traditional) are illustrated in Figure 8.  The traditional 

modeling approach estimated 489% more ET than is predicted by the RIP-ET approach.  

Much of this discrepancy is due to cell size effects (RIP-ET improvement number four).  

The traditional model overestimated the riparian transpirational area by 51%.  Although 

the South Fork Kern riparian habitat is extensive for a small river, few model cells were 
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completely covered by riparian habitat.  Most cells contained a mixture of riparian 

habitat, agricultural fields or fallow pasture lands.   

 

After adjusting for this discrepancy, the traditional ET model still over-estimated riparian 

and wetland ET by 238% relative to the new approach.  Factors contributing to the over-

estimation of ET include a high water table over much of the area that created water 

stress in the trees and reduced ET rates below the maximum.  Field observations 

confirmed that this is in fact what the vegetation is experiencing, as the area is just 

upstream of a reservoir and experiences prolonged flooding for portions of the growing 

season.  The traditional curve places maximum ET rates at the upper part of the curve 

whereas maximum rates for most of the PFSG are at greater depths (Figure 9).   

 

In addition to producing estimates of riparian ET and water needs that are more realistic 

and thus likely to be more accurate, RIP-GIS produces moderate to high resolution, depth 

to groundwater maps based on the improved surface-groundwater modeling 

methodologies in RIP-ET.  The post-processor portion of RIP-GIS links the resulting 

head distribution from the MODFLOW simulation with surface elevations taken from a 

surface digital elevation model (DEM) to determine depth to groundwater throughout the 

basin.  These results can then be mapped at the resolution required to identify potential 

PFSG distribution based on user defined water tolerance ranges.  By relating PFSG 

rooting depths, ET rates and groundwater levels within a spatially based model it is 

possible to predict vegetation and habitat response to changes in land or water use, or 
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ascertain the level of plant stress that may arise from projected groundwater changes 

within the ecosystem.   

 

In the South Fork Kern River example, the two methods of simulating ET resulted in 

substantially different habitat distribution maps.  In the predevelopment phase, RIP-ET, 

with smaller ET losses, predicted higher water table elevations and consequently a much 

larger wetland area and more areas suitable for shallow-rooted and small deep-rooted 

trees compared to the traditional ET method (Figure 10).  Post-development predictions 

continue to show significant difference in the models.  After only three years of pumping 

the traditional model predicts the loss of riparian forest over a much large portion of the 

valley.  Ultimately both models predict significant habitat loss, however, the timing and 

location of losses differ.  The resulting groundwater budgets can be used to estimate 

water requirements for riparian vegetation and water availability for human needs.   

 

RIP-ET will not always predict lower ET quantities, as evidenced by our second case 

study river.  Here, a small basin (13.51 mi2) in southern Arizona was modeled using both 

methods.  Measured water table depths were at the lower portion of the traditional ET 

flux curve, and closer to the maximum rates for the species present, as modeled by RIP-

ET (Figure 9).  Consequently, ET estimates using RIP-ET were 37% higher than 

estimated with the traditional method. 

 

 



 173

 DISCUSSION 

 

 Use of RIP-ET in Restoration and Conservation 

 

Techniques such as RIP-ET, which incorporate plant-functional-group specific 

transpiration curves, can aid in conservation and restoration efforts by increasing the 

accuracy with which we model plant-hydrology interactions.  The incorporation of 

plant functional groups based on water tolerance ranges and rooting depths into the 

RIP-ET package provides an explicit link between groundwater and riparian/wetland 

habitat conditions, and allows the effects of land-use decisions or increased water 

development on freshwater habitats to be ascertained.  Combined with a probabilistic 

vegetation model, such as developed by Rains and others (2004), changes in 

community types due to changes in groundwater/surface water regimes can be 

simulated. 

 

Distinct transpiration curves for the various plant functional groups, and the use of 

detailed spatial information on their distribution and elevation, should improve 

estimates of basin-scale ET, water budgets, and environmental water needs.  Ideally, 

incorporating riparian ecosystem water needs in the modeling process will help 

ensure that decision makers include riparian water demands as a vital component of 

the water budget.  These estimates could then be incorporated into regional planning 

and conservation plans.   
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River rehabilitation or restoration has become a hot topic for water authorities, river 

managers, governmental regulators, and nature conservation groups throughout the 

world.  In developed nations, ecosystem restoration has become (for better or worse) a 

major enterprise (Stromberg 2001).  If restoration or conservation is to be successful, the 

natural hydrologic processes that govern ecosystem dynamics must operate effectively 

(Henry and others 2002).  Knowledge of hydrology-vegetation interactions, and of the 

comparative water use characteristics of the target plant species and their effect on the 

local water balance, is fundamental to the success of wetland and riparian restoration 

(Kolka and others 2000; Nagler and others 2003). 

 

RIP-ET and PRE-RIP-ET can help guide restoration when used as interactive tools 

during the planning stage.  Existing or initial conditions can be used to calibrate a 

MODFLOW model of the area to be restored.  Groundwater maps can be used to identify 

areas that are initially suitable for the target species.  The groundwater levels produced by 

a restoration action, and the effects on the proposed habitat(s), can then be simulated 

using RIP-ET.  If groundwater elevations don’t stay within the required ranges of the 

desired plant groups, the plan can be altered and the model run until the simulated 

groundwater levels stay within appropriate ranges.  RIP-ET will also reveal locations of 

areas that lack sufficient water resources for restoration, helping to avoid costly 

restoration failures. 
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Conservation efforts benefit by identifying and protecting key plant regeneration zones, 

as the ability of riparian or wetland species to regenerate is imperative for long term 

ecosystem conservation and sustainability (Springer and others 1999).  Regeneration of 

numerous riparian species requires the combination of spring floods of a characteristic 

intensity and high water tables during the early summer months (Stromberg 2001; 

Mahoney and Rood 1998).  Areas with the appropriate groundwater conditions for tree 

establishment, such as the areas mapped as small deep-rooted PFG in figure 10, can be 

thought of as potential regeneration areas.  To identify riparian recruitment zones, river-

specific regenerative flood intensity needs to be determined and the results from a surface 

water model overlain on the groundwater map.  These data can be coupled with models 

such as the 'recruitment box' model (Mahoney and Rood 1998) to further enhance ability 

to predict recruitment success and area.   

 

RIP-ET can also enlighten managers regarding the potential for phreatophyte control 

projects to increase downstream stream flow rates.  In western United States, particularly 

in the 1950s and 1960s, cottonwoods, willows and other phreatophytes suspected of 

having very high ET rates were cleared from waterways, under the guise of water 

salvage.  Although water savings did not always materialize, water salvage efforts 

continue today.  The primary target is tamarisk, a riparian tree/shrub species which has 

become a dominant species in the West since being introduced to USA in the late 1800s.  

Large-scale federal efforts are underway to eliminate tamarisk stands, partly under the 

assumption that such efforts will enable more water to be available for direct human use 
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(Shafroth and others in press).  Models such as RIP-ET may prove valuable in providing 

accurate estimates of current and projected ET rates, under various scenarios of 

vegetation replacement, and thus in determining whether alleged water salvage benefits 

are realistic or have been overstated.  

 

 CONCLUSION 

 

Groundwater models have traditionally been used to characterize or simulate regional 

groundwater systems and predict changes in groundwater due to anthropogenic water use.  

The methodology used to model evapotranspiration rates in these groundwater models 

can affect the calculated water budget, the simulated depths to groundwater, and the 

resulting interpretations regarding riparian ecosystem dynamics.  We describe an 

approach that should increase the accuracy of these models, primarily by incorporating 

more realistic plant-hydrology interaction terms into the models.  When combined with 

vegetation mapping and GIS, these eco-hydrology models further increase our ability to 

understand and effectively manage riparian and wetland ecosystem responses, of vital 

concern given the present milieu of increasing societal demands for freshwater.  This 

combined approach not only increases our understanding of ecohydrologic relationships 

but helps set the framework for more detailed research on the functioning of specific 

systems (Batelaan and others 2003).  
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The Riparian ET Package improves upon traditional groundwater modeling techniques 

through numerous innovations.  First, it uses a modeling approach that simulates 

evapotranspiration from riparian/wetland systems in a manner that more accurately 

reflects the ecophysiology of the component plant species and that reflects habitat 

complexity.  The single, monotonically increasing ET flux curve used in traditional 

modeling packages is replaced with a set of eco-physiologically based curves.  Each of 

the multiple transpiration curves reflects a particular plant functional group, thus 

capturing the inherent variability in the vegetation.  For each plant functional group, the 

transpiration curve not only reflects transpiration declines at deep water levels, but also 

reflects declines that occur when shallow water levels produce anoxic soil conditions 

throughout the root zone.  Further, the package provides for separate representation of 

evaporation and transpiration, with the traditional linear curve being retained to model 

the evaporation process from bare soil or open water.  

 

The Riparian ET Package also improves accuracy by more effectively dealing with 

spatial issues of plant and water table distribution.  It replaces the single-cell, single- ET 

value approach with multiple ET curves and associated fractional coverage.  In other 

words, ET rates can now be calculated by determining the area of all plant assemblages 

(or habitat types) present and then applying multiple ET curves to a single model cell.  

When accompanied with RIP-GIS or PRE-RIP-ET, detailed information can be 

incorporated on distribution of plant functional groups across land surface elevations.  
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This effectively captures the range of ET responses across the topographic-hydrologic 

gradients.    

 

The use of RIP-ET in groundwater models should result in more accurate determinations 

of riparian evapotranspiration rates and thus of basin scale water budgets, of great value 

for water planning purposes.  Depending on attributes of the riparian ecosystem, RIP-ET 

may produce higher or lower ET values than traditional methods, as we demonstrate 

through two case studies.  By allowing for the quantification of riparian vegetation water 

requirements within a river segment, RIP-ET enables determination of environmental 

water needs.  It also allows for predictions of riparian vegetation response to water use 

and development scenarios.  For example, RIP-GIS links the head distribution from 

MODFLOW with surface digital elevation models to produce moderate to high 

resolution, depth to groundwater maps.  These maps can then be used, together with 

known plant rooting depths and tolerance ranges, to predict habitat response to changes in 

land use or water allocation decisions.  RIP-ET, used as an interactive tool, can increase 

the success rate of restoration projects and help avoid costly restoration failures by 

identifying areas with insufficient water resources to recruit or sustain target plant 

communities.  Finally, the models can be used to simulate water budget changes expected 

from phreatophyte control projects, and thus help managers to determine the legitimacy 

of such projects. 
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Table 1. Comparisons of groundwater model spatial information and areas of actively 
transpiring riparian habitat determined from the traditional-ET and RIP-ET modeling 
approaches.  Values are shown for three semi-arid basins. 

 Basin size 
 

(mi2) 

Cell size 
 

(m2) 

Number of 
cells 

ET area 
Traditional 

(m2) 

ET area 
RIP-ET 

(m2) 

%  
Difference 

Unnamed AZ   
basin 

13.5  150 x 150 1554 8,550,000 5,630,910 -34% 

South Fork 
Kern 

22.6 150 x 150 2604 6,286,772 3,060,425 -51% 

Lower San 
Pedro 

424.7 550 x 540 7363 171,922,038 57,684,161 -66% 
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Figures 1a. Traditional linear (MODFLOW 96) and 1b.Segmented Function (ETS1) 
Package (MODFLOW 2000) ET curves.   Hxd = extinction depth elevation,  d= 
extinction depth,  Rmax= maximum ET rate,  Hmax= maximum ET surface elevation 
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Figure 2. Generic ET flux rate curve for a plant functional group in RIP-ET with 
associated plant schematic.  Sxd = saturated extinction depth (L),  Ard = active rooting 
depth (L),  Hsxd = saturation extinction depth elevation,  Hxd= extinction depth elevation 
HSURF = land surface elevation,  Rmax= maximum ET rate 
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Figure 3. Segmented ET flux curve illustrating linear interpolation using 
d(N)s and dR(N)s. 
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Figure 4. Mean daily ET canopy flux (cm/day) curves for five plant functional 
groups.  Positive numbers denote standing water.  

 

 
Figure 5. Mean daily canopy flux rates (cm/day) for four stem size classes 
of plants within the deep-rooted riparian plant functional group.   
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Figure 6.  Digitized riparian polygons with RIP-GIS attribute table. 
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Figure 7. Schematic of model cell showing size of cell compared to riparian corridor 
width and effect of surface elevation variability on extinction depth. 

 

 
Fig. 8. Estimated basin scale ET rates from a) traditional MODFLOW ET package, 
b) area adjusted MODFLOW package and c) RIP-ET package.  
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Figure 9.  Average groundwater depths for S.F. Kern and No Name 
basins in relation to ET curve for the dominant plant functional 
group. 

 
 
 
 
 
 



 
 

Figure 10. Predevelopment habitat distribution (based on modeled groundwater depths) as predicted from 
traditional ET and RIP-ET methods  193 


