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Dr. Robin Silver and the Center for Biological Diversity (CBD) contacted Integrated Hydro Systems, LLC and 

requested Robert Prucha answer the following question: 

 

“How will baseflow in the Upper Verde River (at the Paulden Gage – see Figure 2) be affected by 

projected Big Chino Water Ranch (BCWR) groundwater pumping (Yavapai County Water Advisory 

Committee, 2004) and a) a 3%/decade increase in regional pumping described in a USGS study by 

Garner et al (2013) over the next 100 years, and b) a 3%/year increase in regional pumping based 

on recent growth projections estimated in a study by the U.S. Bureau of Reclamation, 2016?” 

Approach 

To answer the question posed by CBD, I first reviewed the following several reports: 

 Garner, B.D., Pool, D.R., Tillman, F.D., and Forbes, B.T., 2013.  Human Effects on the 
Hydrologic System of the Verde Valley, Central Arizona, 1910-2005 and 2005-2110, Using a 
Regional Groundwater Flow Model.  U.S. Geological Survey Scientific Investigations Report 
2013-5029, 47 p. 

 Pool, D.R., Blasch, K.W., Callegary, J.B., Leake, S.A., and Graser, L.F., 2011, Regional 
groundwater-flow model of the Redwall-Muav, Coconino, and alluvial basin aquifer systems of 
northern and central Arizona: U.S. Geological Survey Scientific Investigations Report 2010-
5180, 101 p. 

 Yavapai County Water Advisory Committee, 2004 (YCWAC, 2004).  Big Chino Subbasin 
Historical and Current Water Uses and Water Use Projections. 38 p. 

 The Town of Prescott Valley website (www.pvaz.net/241/Big-Chino-Water-Ranch). 

 Central Yavapai Highlands Water Resources Management Study Appraisal Report, Prepared 
by U.S. Bureau of Reclamation, Phoenix Area Office, Yavapai County Water Adivisory 
Committee, and Arizona Department of Water Resources, September 2016.  

I also reviewed the Northern Arizona Regional Groundwater Flow Model (NARGFM) digital model dataset 

(Pool et al, 2011) available at https://pubs.usgs.gov/sir/2010/5180 using the Groundwater Vistas (GWVistas) 

program, Version 6.   

To facilitate evaluation of spatial data associated with projected Big Chino basin pumping, ESRI Arcview 10 

software was used to develop a GIS project.  GWVistas was used to convert all relevant Modflow model 

inputs into GIS for evaluation against other datasets obtained online, including a 10-m topographic DEM. 

See Figure 1 and Figure 2 for location of the study area, and modelling details described further below. 

Review of the available reports and modflow datasets and results combined with the need to better simulate 

the strongly coupled and dynamic surface water-groundwater interaction, suggested the full hydrologic 

system should be modelled using a physically-based, fully-integrated hydrologic modelling code.  DHI’s 

MIKESHE integrated code (see Figure 3) was selected for use in this evaluation, and has been used 

throughout the U.S. and internationally in similar evaluations.  Use of this integrated code offers a number of 

distinct advantages over traditional single-process hydrologic codes (i.e., Modflow, Hec-Ras, etc.) including 

simulation of: 

1) Full hydrodynamic flow in all surface streams, 

2) Fully coupled and distributed flows between surface water and groundwater,  

3) Spatially distributed, time-varying unsaturated zone flow and evapotranspiration.  As such, the 

model relies on spatially distributed information on soils and vegetation. 

4) The model is driven by distributed and time-varying climate data, including snowmelt at sub-daily 

time-steps.  This is critical in arid/semi-arid environments to capture runoff events from the typical 

localized, short-duration, high-intensity summer monsoon events in the area which generate 

substantial runoff. 

http://www.pvaz.net/241/Big-Chino-Water-Ranch
https://pubs.usgs.gov/sir/2010/5180
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Figure 1.  Model Domain, Hydraulic Surface Water River Network (dark blue), Groundwater Pumping Wells (Modflow regional wells – yellow triangles, Big Chino Water Ranch 

pumping wells), Surface Water Gages and Groundwater Basins (colored areas). 
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Figure 2.  Big Chino Basin Transition into Upper Verde Basin 
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Figure 3.  MIKESHE Simulated Coupled Processes and Flexible Solution options. 

Development of the MIKESHE coupled model required several steps and assumptions, summarized below: 

Model Grid/Domain – The MIKESHE model uses a regularly spaced 1-Km finite difference grid (173 rows x 

178 columns), similar to the NARGFM Modflow groundwater flow model (Pool et al, 2011). 

Topography – A 10-m DEM is used to define the surface topography across the entire model domain, and 

cross-sections for the surface water hydraulic model. 

Unsaturated Zone – Specified SSURGO soil distribution (see Figure 4) and hydraulic properties for 49 soil 

types in the 2-layer unsaturated zone flow option. 

Evapotranspiration – Specified the following sixteen 2010 Landfire Vegetation types (see Error! 

Reference source not found.) to account for spatially-distributed evapotranspiration across the model 

area: 

 Annual Graminoid/Forb 

 Deciduous open tree canopy 

 Deciduous shrubland 

 Developed 

 Evergreen closed tree canopy 

 Evergreen dwarf-shrubland 

 Evergreen open tree canopy 

 Evergreen shrubland 

 Evergreen sparse tree canopy 

 Herbaceous - grassland 

 Mixed evergreen-deciduous open tree canopy 

 Mixed evergreen-deciduous shrubland 

 Non-vegetated 
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 Perennial graminoid grassland 

 Perennial graminoid steppe 

 Sparsely vegetated 
 
Leaf Area Index (LAI) values for each vegetation type were obtained from 8-day MODIS satellite LAI 

averages from 2003 through 9/2017 and are used in the ET module within MSHE, along with estimated root 

depths (assumed constant here given regional scale and limited data), to drive estimates of spatially-

distributed, hourly actual evapotranspiration (AET), which are specific to each vegetation type. 

 Subsurface Hydraulic Model Inputs – Converted all model layers, storage and hydraulic conductivity data 

in the Modflow model into equivalent MIKESHE model at same grid spacing.  Modflow datasets such as 

recharge and drains (streams) were not needed, as these are dynamically simulated in MIKESHE.  Where 

layers 1 and 2 were defined in Modflow, data were copied exactly.  Otherwise, where absent, data from 

underlying layer(s) were used to define subsurface inputs. 

Groundwater pumping Input – The 10-stress period Modflow well package dataset was converted into an 

equivalent pumping dataset in MIKESHE, distributed in time (i.e., 1910 through 2005) and over several 

layers.  Pumping estimates were increased at different rates for the two scenarios considered (i.e., at 

3%/decade and 3%/year) from 2006 to 2056, and then held constant from 2056 to 2120 for the remainder of 

the simulations.  Regional pumping wells used in the NARGFM Modflow model are shown on Figure 1 and 

Figure 2 using yellow triangles.  Pink triangles show where future BCWR production wells were assumed in 

the model based on approximate pumping locations shown on Figure 1 (Well Field Study Area) in a 

Southwest Ground-water Consultants, Inc., April 10, 2007 Proposed Scope of Work – Hydrology Study for 

City of Prescott. 

Surface Water Hydraulic Model Input - Until recently the standalone DHI surface water hydraulic code, 

MIKE11, was used to model hydrodynamic flows in the stream network coupled to the MIKESHE portion of 

the code (finite difference model).  However a newer hydraulic code, MIKEHydro was used to model all 

surface water hydrodynamics. It uses a more robust numerical engine to simulate flows, though the coupling 

between groundwater and surface water is controlled by the MIKESHE code.  In the coupling of MIKEHydro 

with MIKESHE, the streambed conductance term was set to utilize the saturated hydraulic conductivity 

values of the underlying aquifer (which varies spatially).  This assumes flow between groundwater and 

stream is not limited by lower permeability streambed material, though this might not be the case in some 

areas. 

Twenty river branches (Figure 1) were simulated in MIKEHydro, adding up to more than 1064 kilometers: 

River Name Length (km) River Name Length (km) 

WilliamsonValleyWash 56 FrancisCreek 40 

WilderCreek 38 EightMileCreek 32 

WalnutCreek 46 CowCreek 22 

TruxtonWash 60 BurroCreek 70 

TroutCreek 80 Branch 14 18 

SycamoreCreek 59 Branch 13 17 

PartridgeCreek 93 Branch 12 21 

MintWash 31 Branch 11 32 

MeathWash 43 Branch 10 33 

GraniteCreek 32 BigChinoVerde 243 

 

Climate Data – Utilized NASA’s National Land Data Assimilation Systems hourly, spatially-distributed 

climate data (https://ldas.gsfc.nasa.gov/nldas) to define 17 different climate areas throughout the MIKESHE 

model domain (see Figure 6).  Both precipitation and corresponding potential evaporation data were 

obtained from 2003 through September 2017 for each area.   

 

Initial Conditions – Overland flow depths were assumed to remain zero at model boundaries, while 

groundwater boundary conditions were obtained from the Modflow model results (at 2005).  It was assumed 

https://ldas.gsfc.nasa.gov/nldas
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that heads remain constant in time, even for historical (i.e., 1910 to 2017) and future model simulations 

(2017 to 2120). 

 

Boundary Conditions – Saturated zone lateral boundary conditions are no-flow where they overlap the 

NARGFM Modflow model (mostly western/southern and part of northern boundary – see Figure 1).  All 

overland flow boundary conditions are set at constant depth of zero to permit outflow if flows are generated.  

All boundary conditions for unsaturated and the surface hydraulic network are calculated internally.  The 

only exception is a constant 1.0 m water level imposed at the Verde outlet, which permits outflow from the 

model without impacting internal flows upstream.   



7 

 

  

Figure 4.  SSURGO Soil Distribution (49 types) - Saturated Hydraulic Conductivity (m/s). 
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Figure 5.  Landfire Vegetation Types (x16) and Distribution. 
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Figure 6.  NASA NLDAS Hourly Precipitation and Potential Evapotranspiration Areas (x17). 
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Model Simulations – Several simulations were conducted to obtain predicted response in the Upper Verde 

discharge at the Paulden Gage.  These are summarized below: 
 
1) Pre-Development Conditions.  Like in the Modflow modelling (Pool et al, 2011), it was necessary to 

obtain a stabilized, pre-development, integrated hydrologic state for the model domain.  This was 
accomplished by simulating a long-term (100 year) period without pumping (i.e., pre-1910).  In an 
integrated model, driven by hourly climate input, this is the equivalent to the steady state condition 
modelled in stress period 1, by Pool et al (2011).  Hourly climate data outside of 2003 to 2017 period 
were generated by simply cycling the 2003 to 2017 period.   

2) 1910 – 2005 Conditions.  Like in the NARGFM Modflow modelling, output from the pre-development 

conditions (i.e., heads at model boundaries for all layers) was specified as initial conditions to the long-
term historical development conditions from 1910 through 2005.  As all upstream hydraulic boundary 
conditions are defined dynamically in the model (i.e., distributed runoff or lateral inflow/outflow), 
conditions were not required for the hydraulic network.  For this period, the same largely decadal well 
pumping stresses specified in the Modflow model were specified in the MIKESHE/MIKEHydro model.  
Hourly climate data were determined by cycling the 2003 to 2017 climate sequence to 2006.  After 
2006, the climate sequence was calculated by recycling 2006 to 2017 to 2120. 

3) 2006 – 2020 Conditions.  Output from the 1910 through 2005 simulation was used as initial conditions 

for a simulation.  In one scenario, regional pumping rates are increased by 3%/decade, similar to 
assumptions made in Table 1 in Garner et al, 2013.  In the other scenario, rates are increased by 
3%/year based on a review of available projected growth trends from 2006 to 2050 in the Chino Valley 
(3.7%), Paulden CBD (2.2%) and Williamson Valley WPA (1.9%) areas determined by the U.S. 
Department of Interior, Bureau of Reclamation in 2006 report “Central Yavapai Highlands Water 
Resources Management Study Appraisal Report” (see Table 2 in 
https://www.usbr.gov/lc/phoenix/programs/CYHWRMS/CYHWRMSRepwApp.pdf).  For simplification, 
pumping rates were uniformly increased by 3%/year in all existing wells across the model domain, 
noting that some areas exceed 3%/year growth (Chino Valley), and others are slightly lower (Paulden 
CBD and Williamson Valley WPA).  In both scenarios, regional pumping is increased at respective rates 
at all existing wells from 2006 to 2056, and then kept constant afterwards.  These two scenarios bracket 
likely future population growth and water deman in the area. 

4) 2020 – 2056 Conditions.  Output from 2006 to 2020 was specified as initial conditions.  Regional 

pumping rates were increased by 3%/decade and 3%/year, based on Table 1 in Garner et al, 2013 and 
the U.S.BOR 2006 report, respectively, with the same assumptions as for 2006 - 2020.  BCWR 
pumping (10 wells, fully penetrating the 3 groundwater model layers along the Big Chino Wash) rates of 
8068 ac-ft/yr (based on information in the Town of Prescott Valley website on BCWR – 
www.pvaz.net/241/Big-Chino-Water-Ranch) were specified equally among 10 fully-penetrating wells (to 
layer 3) with assumed distribution within the BCWR area.  YCWAC, 2004 (Table 9) indicates 8700 ac-
ft/year from 2020 to 2050, which if extended out to 2120, would further deplete the Upper Verde.   

5) 2056 – 2120 Conditions.  Initial conditions were taken from the 2020 to 2056 simulation.  The only 

pumping change was specifying constant regional well pumping rates from 2056 through 2120 for both 
scenarios. 

 
Notes: 
 
1) It is important to note that no efforts were made to re-calibrate any of the original Modflow model inputs 

converted into the MIKESHE model, though, because important input like recharge are calculated 
internally in the integrated code, rather than being specified as external (and typically highly uncertain) 
input. 

2) No effort was made to compare MIKESHE model results with those produced with the NARGFM 
Modflow model. 

 
  

https://www.usbr.gov/lc/phoenix/programs/CYHWRMS/CYHWRMSRepwApp.pdf
http://www.pvaz.net/241/Big-Chino-Water-Ranch
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Modelling Results – Figure 7 shows simulated and observed flows along the Upper Verde at the Paulden 

Gage in m
3
/s.  Results show simulated baseflow is close to observed, though the model doesn’t capture 

peak events.  Simulated peak flows at Clarkdale more closely reproduce peaky observed flows at this 

location, probably because of steeper topography and lower permeability rock in the area between the 

Paulden and Clarkdale gages.  Deviations at the Paulden Gage are probably due to several reasons, 

including the following: 

1) With changes to NARGFM Modflow modelled recharge to a dynamic and spatially-distributed calculated 

recharge based on unsaturated zone dynamics that depend on soil properties (not aquifer), vegetation 

growth dynamics, topography and climate data, it is likely that aquifer properties would also need to be 

adjusted accordingly.  Recharge and aquifer hydraulic properties are typically closely correlated. 

2) Assumed constant annual pumping may over-estimate actual pumping rates, particularly after 2005 

when regional rates are assumed to increase by 3%/year. 

3) Climate data used in the model may not capture higher intensity rainfall events (and lack of peaky 

discharge response), despite using hourly climate data.  The NASA NLDAS data provide continuous 

spatially distributed datasets, but can underestimate peak intensities. 

4) The 3-dimensional configuration of basin deposits and hydraulic properties upstream of Sullivan Lake in 

Big Chino Basin probably need further revision.  Improvements in these properties upstream and even 

downstream of Sullivan Lake would likely improve seasonal bank storage response evident in the 

observed Paulden gage data.   

5) Decreasing grid size and better mapping riparian vegetation would likely also produce better seasonal 

discharge response. 

6) The model simulates very low Williamson valley inflows, under-predicting observed flows from January 

2017 through February 2017 showing more than 6,500 ac-ft of flow (based on recent 2016-2017 annual 

monitoring data at Lower Williamson Valley Wash from Comprehensive Agreement No. 1, Fourth 

Annual Report FY17 (July 1, 2016 – June 30, 2017) Big Chino Sub-Basin Water Monitoring Project (Oct 

2017)).  It is likely that NARGFM model hydraulic properties need further revision in this area to better 

capture these large winter flows, which would likely contribute to baseflows at the Paulden Gage.  

Figure 8 shows simulated discharge along the Upper Verde at the Paulden Gage for the entire 1910 to 2120 

sequence.  Two curves are presented from 2006 to 2120, showing results of increasing regional pumping at 

existing well locations by 3%/decade (Garner, 2013 report) and 3%/year (based on U.S. Bureau of 

Reclamation, 2016).  For the 3%/decade regional pumping increase (2006 to 2056) scenario, baseflow at 

the Paulden Gage declines approximately 40% from October 2017 to 2120.  For the 3%/year regional 

pumping increase scenario, baseflow at the Paulden Gage declines approximately 75% from October 2017 

to 2120.  These relative declines in flow would be higher if 8700 ac-ft/yr BCWR pumping had been used 

instead of the 8068 ac-ft/yr.  Results therefore indicate declines between 40 to 75% are likely given 

projected BCWR and regional increases in pumping. 
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Figure 7.  Simulated and Observed Discharge along Verde at the Paulden Gage (2003 to 9/2017) 
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Figure 8.  Simulated Discharge along Upper Verde at Paulden Gage - 1910 to 2120.  From 2006 to 2056, regional pumping rates are increased 3%/year (U.S. BOR, 2016) and 

3%/decade (Garner, 2013).  Constant pumping of 8068 ac-ft/yr is assumed distributed at 10 fully penetrating wells in the BCWR area, from 2020 to 2120. 


