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Terrestrial hydrologic cycle: many coupled 
processes 

Water resources 

Weather generating processes 

Biogeochemical cycles (N, C) 



Yet it is usually simulated with disconnected 
models 

Atmospheric Model 

Land Surface Model 

Groundwater/Vadose 
Model 

Surface Water Model 











These models explicitly incorporate fluxes 
at air/land‐surface/subsurface interfaces 



ParFlow is a combinaGon of: 

•  Physics 
•  Solvers 
•  Parallelism 

Ground Surface 

Water Table 

Infiltration Front 

Saturated Zone 

Vadose Zone 
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ParFlow Watershed 
Model 

Groundwater 

Land Surface 
•  PF.CLM= Parflow (PF) + 

Common Land Model (CLM)  
Kollet and Maxwell (2008), Kollet and Maxwell 
(2006), Maxwell and Miller (2005), Dai et al. 
(2003), Jones and Woodward (2001); Ashby 
and Falgout (1996) 

•  Surface and soil column/root 
zone hydrology calculated by 
PF (removed from CLM) 

•  Overland flow/runoff handled 
by fully-coupled overland flow 
BC in PF (Kollet and Maxwell, AWR, 2006) 

•  CLM is incorporated into PF as 
a module- fully coupled, fully 
mass conservative, fully 
parallel 

Dynamically coupled, 2D/
3D OF/LS/GW Model 

Root Zone 
Flow Divide 

Air 

Flow
 Lines 

Vadose Zone 
Water Table 

Routed Water 

Vegetation 

Atmospheric Forcing 



Overland Flow: The Conductance Concept 

m` qe ? interface ? 

Kinematic wave eq 

Richards’ eq 

e.g. VanderKwaak and Loague (2001); Panday and 
Huyakorn (2004) 
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Overland Flow: General Pressure FormulaGon 

The greater of ψ and 0 

Kollet and Maxwell, AWR (2006) 

ground 
surface 

Kinematic wave eq 

ψs  = ψp = ψ


qbc=qe 

Neumann type BC 
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SimulaGon 
Example 

Kollet & Maxwell, AWR, 2006 

Water table below 
ground surface 

not to scale 

3m 

400m 
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Coupled Model Example: Subsurface Heterogeneity can 
influence the Hydrograph 

Small Monte Carlo Simulation 

Kgeo = qrain 

Kollet and Maxwell, AWR (2006) 

Random (Gaussian) Heterogeneity 

Water table below 
ground surface 

not to scale 
400m 

3m 



Land Surface Models 

• Simulates water and energy 
balance near the land 
surface 

• Single column soil‐snow‐
vegetaGon biogeochemical 
model 

• Atmospheric forcing 

• Can be coupled to 
atmospheric models 

• SimplisGc, shallow, 
subsurface component 

Baker, et al, 2003; Dia, Zeng and Dickinson, 
2001 



Soil SaturaGon 

•  Run offline, WY 1999 
used as forcing (NARR) 

•  Spinup: Run over 
successive years unGl 
beginning‐ending 
water and energy 
balances drop below 
threshold 

Kollet and Maxwell (2007) 



ParFlow Synopsis ‐ Physics 
•  Fully parallel, mulGgrid‐precondiGoned, finite 
difference/finite volume 3D flow 

•  Groundwater equaGon (steady‐state, e.g. Ashby 
and Falgout 1996) 

•  Richards’ equaGon (transient, 3D; e.g. Jones and 
Woodward 2001) 

•  Fully‐coupled overland flow (via Kollet and Maxwell 
2006, overland flow boundary condiGon approach) 

•  NCAR‐Land Surface Model CLM integrated into 
ParFlow as module, all biogeophyiscal, energy 
budget at land surface, snow/snowmelt/
compacGon, some dynamic plant interacGons 



ParFlow Synopsis – Physics (cont) 

•  Coupled to U of Oklahoma mesoscale 
atmospheric code ARPS (e.g. Maxwell, 
Chow, Kollet 2007) 

•  Coupled to NCAR Weather Research and 
ForecasGng (WRF) Code (Maxwell et al 
2009) 

•  Couples to (integrates with) Lagrangian 
contaminant transport code (SLIM)  



ParFlow‐ performance 

•  Efficient implementaGon results from 
–  efficient linear precondiGoning (HyPre) 
–  efficient nonlinear solver (Kinsol –SUNDIALS) 
–  efficient coupling and code operaGon/architecture 

•  All implementaGons scale linearly with problem size 
•  All implementaGons demonstrate excellent parallel 
scaling to large (~1000) processors 

•  For 3D, Steady‐state groundwater ~100 X faster than 
typical GW code 

•  For 2D, transient Richards’ variably saturated ~10X 
faster than typical var‐sat codes in 2D, much greater 
speedup in 3D 



Performance: Making the problem “harder” 
Ashby and Falgout (1996) 



Performance: Making the problem bigger 

Ashby and Falgout (1996) 



ParallelizaGon 

P2 

P1 

P3 

P4 



ParallelizaGon 

Falgout and Jones (1999) 



ParallelizaGon‐ Distributed Memory 

P1  P2 
Falgout and Jones (1999) 



Performance: Serial and Parallel 

•  Performance and parallel performance are 
intricately linked 

•  To get good parallel performance the 
numerical algorithm must scale linearly with 
problem size 

•  If we want to run large problems and our 
solver does not scale parallel performance will 
not be sustained 



Scaled Parallel Efficiency‐ Scaled 
Speedup 

Scaled parallel efficiency, E, is defined as the 
raGo of Gme to run a problem of varying size 
as we keep the per‐processor work constant 

T = run Gme 

n = problem size 

p = number of processors € 

E n, p( ) =
T n,1( )
T pn, p( )



Parallel Performance: Scaled Speedup 
of the Linear Problem 

Ashby and Falgout (1996) 



Scaled Parallel Efficiency of Coupled 
Model 

Perfect efficiency: double problem size and processor #  
same run Gme => E = 1  

Kollet and Maxwell, AWR (2006) 



Parallel Performance: Correlated GRF 
SimulaGon 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ParFlow Synopsis‐ code 
operaGon 

•  ParFlow wrioen in ANSI C with object‐oriented 
structure 

•  Parallel from “booom‐up” with ability to handle many 
communicaGon sublayers (serial, shared‐memory and 
distributed memory implementaGon from one common 
physics core) 

•  OctTree technique to allow any general domain shapes 
and geometries (topography, large‐intermediate‐scale 
geology) 

•  TCL/TK scripGng interface w/ object‐oriented structure 
•  Parallel Gaussian and Parallel Turning Bands stochasGc 
random field generators with ability to follow any 
geometry (e.g. Maxwell et al 2009) 



ParFlow Synopsis‐ code 
operaGon (cont) 

•  Recently released under GNU LPGL license, 
open‐source, free sorware 

•  MulGplasorm, “Laptop to supercomputer” 
with OSX, Windows and Linux Unix porGng 

•  Build system now handled by GNU Autoconf 
makes porGng simple 

•  Robust toolset (PFTOOLS) to manipulate/post‐
process files 

•  Output now fully integrated with VISIT 
visualizaGon system among others 



Model Input Structure 

•  TCL/TK scripGng language 
•  All parameters input as keys using pfset 
command 

•  Keys used to build a database that ParFlow 
uses 

•  ParFlow executed by pfrun command 

•  Since input file is a script may be run like a 
program 



ComputaGonal Grid (Input File) 

#--------------------------------------------------------- 
# Computational Grid 
#--------------------------------------------------------- 
pfset ComputationalGrid.Lower.X           0.0 
pfset ComputationalGrid.Lower.Y           0.0 
pfset ComputationalGrid.Lower.Z           0.0 

pfset ComputationalGrid.NX                30 
pfset ComputationalGrid.NY                30 
pfset ComputationalGrid.NZ                30 

pfset ComputationalGrid.DX                10.0 
pfset ComputationalGrid.DY               10.0 
pfset ComputationalGrid.DZ                 .05 

Comment character for tcl/tk 

Coordinates 
(length units) 

Cell size 
(length units) 

Grid 
dimensions 
(integer) 



SolidFile Geometry 
•   A triangulated 

informaGon network 
file that can delineate 
geometries of any 
shape 

•  Read in as a .pfsol file 
•  Geometries and 

patches are defined 
from within the file 

•  May be used to 
delineate acGve and 
inacGve cells 

nx 

ny 

X0,Y0 

XL,YL 

XU,YU 

inacGve 

acGve 



Octree used to delineate geometries 

Source: Wikipedia 



SolidFile Geometry 



Take Home Messages… 

•  We can strive towards an integrated picture, 
model and understanding of the hydrologic 
cycle 

•  This requires new equaGons, process 
descripGons, solvers and parallel architecture 

•  This enables new understanding about 
connecGons between components 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ParFlow – Gexng the Code, more 
informaGon 

Old (LLNL) ParFlow web page: 
hops://computaGon.llnl.gov/casc/parflow/

parflow_home.html 

Reed Maxwell’s web page (code secGon updated soon w/ PF 
download, etc) 

hop://inside.mines.edu/~rmaxwell/ 

ParFlow Blog 
hop://parflow.blogspot.com/ 

Email: rmaxwell@mines.edu 



Water Table Depth, Cross SecGon 

•  Water table driven by topography 

•  Very deep (~40m) at hilltops (drier) 

•  Very shallow in valleys (we(er) 

•  Cross secGon shows variaGon of WT and 
SaturaGon 

Maxwell, Chow and Kollet, AWR (2007) 

groundwater 

valleys 

hilltops 



Comparison to ouslow and saturaGon observaGons 

•  Overall favorable 
comparisons 

•  Trends (parGcularly 
SM) match very well 

•  Difficulty comparing 
due to resoluGon and 
scale of observaGons 

•  Intent not to 
calibrate/predict but 
to understand 
process 

Kollet and Maxwell (2007) 



Influence of Groundwater Dynamics on Energy Fluxes 

Kollet and Maxwell (2008) 

VegetaGon 
effect: 15 Wm‐2 

Groundwater 
effect: 25 Wm‐2 

(yearly averaged) 


