
Distributed Catchment Modeling  

Christopher Duffy,  Penn State University 

csdms

http://csdms.colorado.edu/wiki/Main_Page[1/22/13 5:12:41 AM]

Explore Earth's surface with community software Tweet

Model highlight

XBeach Applied to Coral Reef
XBeach is a coastal morpho-dynamics
model that predicts sediment
transport and morphology under the
influence of wave dynamics. Xbeach is
designed to model coastal changes
under the influence of storms and
hurricanes and helps assess coastal
protection measures. Dr. van
Dongeren, one of the core model
developers, successfully applied

XBeach to investigate longwave dynamics at a remote fringing coral
reef in West-Australia. The simulations showed that on the reef
platform 50% of the bed shear stresses originates from infragravity
waves. More...

Nominate a model

Science in the spotlight

River Drainage Patterns Reveal
Tectonic Deformation
Landscape evolution modeling
suggests that river drainage patterns
along the New Zealand Alps reflect
ongoing shear and rotation.
Experiments show that rivers along
the steep and rainy westflank of the
New Zealand Alps rapidly erode and
self-organize to remain
perpendicularly oriented to the

mountain range axis. In contrast, longer rivers along the eastflank
tend to passively rotate with the shearing. If drainage patterns
indeed ‘fingerprint’ the crustal strain, modeling could help to identify
seismic hazard zones. More...
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Domain Contribution

Terrestrial 2013 January 4: LandLab

Coastal 2013 January 4: LandLab

Marine 2013 January 4: LandLab

Hydrology 2013 January 4: LandLab

Carbonate 2013 January 4: LandLab

Climate 2012 September 24: WRF

Total downloads since Nov. 2008: 10002
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•  Essential Terrestrial Variables 
•  Automating the Model Workflow  
•  National Geospatial Data  
•  Hydrologic Basis for Earth System Models 
•  PIHM development 
•  Climate Reanalysis & IPCC Projections  
•  Detecting Decadal Ecosystem Change 

Topics	
  



Why High Resolution Distributed 
Catchment Modeling? 

Hydrologic Basis for Earth System Modeling (e.g. CZO’s) 

Cyberinfrastructure for Virtual Data-Model Sharing 

Climate reanalysis and future scenario reconstructions   

Scaling up from HUC-12 to River Basin Scales  

All flood, drought and water supply impacts are local 



Motivating the Need for Water-Cycle Models 

Drinking Water 

Energy Agriculture 

Floods 

Ecosystem Services 

Drought 



Essential Terrestrial Variables Necessary for 
Catchment Modeling Anywhere in CONUS 

 
•  Atmospheric Forcing (precipitation, snow cover, wind, relative 

humidity, temperature,  net radiation, albedo, photosynthestic 
atmospheric radiation) 

•  Digital elevation models (30, 10, 3, 1m resolution)  
•  River/Stream discharge, stage, cross-section  
•  Soil (texture, C/N, organic, hydrologic & thermal properties) 
•  Groundwater (levels, extent, hydrogeologic properties, 3D 

Architecture) 
•  Land Cover (biomass/leaf area index, phenology,……. ) 
•  Land Use (human infrastructure, demography, ecosystem disturbance, 

property & political boundaries)  
•  Environmental Tracers- stable isotopes  
•  Water Use and Water Transfers 
•  Lake/Reservoir/Diversion (levels, extent, discharge, operating rules) 
•  …to be cont’d……..?? 



ETV’s -> National Data Supporting Catchment Models 

Fast access to high resolution data is a 
requirement for model development at 

relevant scales 
Detection and attribution of change for 

climate, landuse  and ecosystem impacts is 
critical for resource management and policy	
  

National (continental) geospatial data for 
catchments is served by multiple nations/

federal agencies/organizations 

A community-driven exercise in developing a 
high resolution data and models 

	
  



2,268   USGS 
HUC 8 

watersheds        

103,444 USGS 
HUC 12 

watersheds         

The Hydrologic Unit Code (HUC) 
A Basis For Catchment Model-Data Sharing 



An Initial ETV Bundle 



Need	
  workflow	
  here	
  

HydroTerre: High Resolution ETV 





HydroTerre: A Prototype for  Model-Data Access 

Land Parcel Data;  NHD: Stream, Lake, HUC’;    USDA: Soils/Crops;  NLCD: LU_LC;   



Need	
  workflow	
  here	
  

HydroTerre: A Prototype Model-Data Workflow 



HydroTerre Prototype:  Data and Modeling Hardware  



A	
  Time	
  Line	
  for	
  	
  the	
  Penn	
  State	
  Model	
  PIHM	
  
1998-04     SAHRA  NSF Science  & Technology Center 

 Duffy sabbatical at Los Alamos 
 Yizhong Qu first PhD & early architect 
 Finite volume model first steps      

2006-08     NSF Waters/CUAHSI  Project     
         Duffy and Reed 
         Mukesh Kumar-redesign PIHM, Data-Model    
         Gopal Bhatt, PIHMgis  
         Shuangcai Li, PIHM_hydro 

2008-13      NSF Critical Zone Observatory 
         Duffy, Brantley, and CZO teams 
         Kumar-PIHM_3D 
         Gopal Bhatt/Duffy- Solute, Age Modeling 
         Yuning Shi, Ken Davis Flux_PIHM 
         Lorne Leonard: Hydroterre 
         Soil TrEC  European Community funding 

2013-16     NSF EarthCube GeoSoft BB 
       NSF INSPIRE Project Lake-Catchment Age of Water 



Why & How of  Integrated Models  

New sensors, communication networks, and characterization tools  
have made it possible to examine spatial and temporal  

phenomena over an unprecedented  
range of scales 

Multiphysics analysis is a unifying  modeling strategy that allow 
scientists and engineers to explore  
fully-coupled effects of complex  

physical phenomena 

Goal: to develop an evolvable approach to hydrologic simulation, 
to advance predictive  understanding &   

to develop the next generation  
of environmental forecasting tools 



Architecture	
  for	
  Mul<physics	
  Modeling	
  

Mike	
  Heath	
  UIUC,	
  2008	
  

	
  Sequen<al	
  Coupling	
  Approach	
  one process or field is partially solved and then passed to 
the next physics field to form an initial solution. The iteration process continues until a final 
solution is achieved. The integration interface provides the services for subsystem interaction, 
data handling, mesh generation, parallel I/O, visualization, etc. 



Kumar,	
  BhaJ,	
  Duffy,	
  2008;	
  BhaJ,	
  Kumar,	
  Duffy,	
  2014;	
  Leonard	
  and	
  Duffy,	
  2014	
  	
  

Direct	
  Coupling	
  assembles all the physics equations in one matrix and solves all equations 
together. In this example an open-source GIS and Geodatabase is used for data management, mesh 
generation, space-time data analysis, and interface to the system solver and visualization. 

ETV-­‐‑Geodata  	

(Schema,  Data,  Relationships) 

Field,  Feature  Objects,  
Non-­‐‑Spatial  Data 

User  Interface 

Vector  Processing 
Raster  Processing 
Data  Model  Loader 
Parameterization 

Data  Management 

Kernel  Physics   
Numerical  Solver 

PIHM 
Spatial 

Temporal 

Data  Analytics 

Spatio-­‐‑Temporal 
Uncertainty 

Static:  Conformed,  
constrained  Delaunay  &  
nested  triangulation 

Dynamic:  Adaptive  
triangulations 

Domain  Decomposition 

(Grid-­‐‑Shp/  Dbf)  Read,  
(Grid-­‐‑Shp/  Dbf)  Write 

Data  Access  Tool 

Architecture	
  for	
  Mul<physics	
  Modeling	
  



Open Source Programming Tools 

QGIS 
–  an open source and free "Programmable Geographic Information 

System"  
–  a mapping tool, a GIS modeling system, and a GIS application 

programming interface (API) all in one  
–  a platform independent Open Source Geographic Information System 

that runs on Linux, Unix, Mac OSX, and Windows  
–  libraries for raster and vector geospatial formats 
–  Object relational database is handled using PostgreSQL  
–  GRASS compatible 

Qt/C++   
  -  tools for programming the interface and visualization 



Fully coupled processes but with reduced physics (ASAP) 

 Qu and Duffy 2007.  Kumar, Bhatt, Duffy 2009 

NOAH Land  
Surface  
Model 



Semi-Discrete Finite Volume Formulation 



Desktop Data-Model Workflow 

Gopal	
  BhaJ	
  author	
  



PIHM GIS: Open Source tool  
for Desktop Model Setup with Tools for  

A-Priori Parameters 



Conceptual	
  Model	
  +	
  	
  ETV	
  data	
  =	
  A	
  Priori	
  Parameters	
  

Example of the GIS for the 
surface geology coverage. 

Conceptual	
  Model	
  Groundwater	
  	
  
flow	
  in	
  the	
  Allegheny	
  Plateau	
  Sec;on.	
  	
  



PIHM GIS Framework  

Geodata	

(Schema,  Data,  Relationships) 

Field,  Feature  Objects,  
Non-­‐‑Spatial  Data 

User  Interface 

Vector  Processing 

Raster  Processing 

Data  Model  Loader 

Parameterization 

Data  Management 

Kernel  Definition   

Numerical  Solver 

PIHM 

Spatial 

Temporal 

Data  Analysis 

Spatio-­‐‑Temporal 

Uncertainty 

Static:  Conformed,  
constrained  Delaunay  &  
nested  triangulation 

Dynamic:  Adaptive  
triangulations 

Domain  Decomposition 

(Grid-­‐‑Shp/  Dbf)  Read,  
(Grid-­‐‑Shp/  Dbf)  Write 

Data  Access  Tool 



PIHM	
  GIS	
  Interface:	
  Domain	
  Decomposi<on	
  



Land Cover 

Soil Classes 

Elevations 

Irregular Mesh & 
Stream Network 



Hydroclimatic Process Scales 
HUC-­‐12	
  Scale	
  



GCM	
  Grid	
  Box	
  

Resolve Uplands In Large Scale Simulations 



Unfolding A Multi-Scale  
Experiment 



Genera<ng	
  Grids:	
  resolu<on	
  depends	
  on	
  purpose	
  



Advancing interdisciplinary studies of 
earth surface processes 

Chris Duffy, PI 07-13  
Sue Brantley 
Rudy Slingerland  
David Eissenstat 
Henry Lin 
Ken Davis 
Kamini Singha 
Laura Toran 
Pat Reed 
Karen Salvage 
Eric Kirby 
Tim White 
Kevin Dressler 
Doug Miller 
Brian Bills 
Beth Boyer 
Colin Duffy 
Chris Graham 
Jennifer Williams 

CZEN 

Model Development & Testing 
The Shale Hills/Susquehanna  
Critical Zone Observatory 

 

Ray Fletcher 
Michelle Tuttle 
Paul Bierman 
Peter Lichtner 
Carl Steefel 
Rich April 
Ryan Mather 
David Harbor 
Larry McKay 
Teferi Tsegaye 
HernanSantos 
Evan Thomas 
Xuan Yu 
Yu Zhang 
Ryan Jones 
Beth Boyer 
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Model highlight

XBeach Applied to Coral Reef
XBeach is a coastal morpho-dynamics
model that predicts sediment
transport and morphology under the
influence of wave dynamics. Xbeach is
designed to model coastal changes
under the influence of storms and
hurricanes and helps assess coastal
protection measures. Dr. van
Dongeren, one of the core model
developers, successfully applied

XBeach to investigate longwave dynamics at a remote fringing coral
reef in West-Australia. The simulations showed that on the reef
platform 50% of the bed shear stresses originates from infragravity
waves. More...

Nominate a model

Science in the spotlight

River Drainage Patterns Reveal
Tectonic Deformation
Landscape evolution modeling
suggests that river drainage patterns
along the New Zealand Alps reflect
ongoing shear and rotation.
Experiments show that rivers along
the steep and rainy westflank of the
New Zealand Alps rapidly erode and
self-organize to remain
perpendicularly oriented to the

mountain range axis. In contrast, longer rivers along the eastflank
tend to passively rotate with the shearing. If drainage patterns
indeed ‘fingerprint’ the crustal strain, modeling could help to identify
seismic hazard zones. More...
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b)	
  Shaver	
  Creek	
  catchment	
  	
  







CZO Data ->lidar, Soil, Regolith,Veg 



February 4, 2014 Xuan: Ph.D. Dissertation Defense 35 

PIHM 
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Macropore depth

m=0: canopy intercpetion/snow accumulation and meltm=1: overland !low
m=2: unsaturated zone
m=3: saturated zone

m=4: channelm=5: sub-channel



Basic Output: Water balance 



CZO Reanalysis:  
Shale Hills Storm Library 
1979-2011 
 

Shale Hills CZO: 1979-2010 Reanalysis Storm Library  



	
  hJp://www.pihm.psu.edu/applica<ons.html	
  

CZO	
  Catchment	
  Reanalysis	
  <me	
  series:	
  1979-­‐Present	
  



stream bank
0.1679 - 1.509
1.51 - 1.631
1.632 - 1.657
1.658 - 1.665
1.666 - 1.674
1.675 - 1.683
1.684 - 1.692
1.693 - 1.7
1.701 - 1.718
1.719 - 1.753
1.754 - 1.805
1.806 - 2.388

stream bank
0.1679 - 1.509
1.51 - 1.631
1.632 - 1.657
1.658 - 1.665
1.666 - 1.674
1.675 - 1.683
1.684 - 1.692
1.693 - 1.7
1.701 - 1.718
1.719 - 1.753
1.754 - 1.805
1.806 - 2.388

b) Wet watershed: During-event groundwater table depth and HEF path. 
Horizontally, the stream is mainly recharging the aquifer;
Vertically, all the reaches have dynamic HEF with the river beds.  

a) Dry watershed: Pre-event groundwater table depth and HEF path.
Horizontally, HEF vaies (gaining/losing) with stream reaches .
Vertically,  some reaches have no exchange with the river beds. 
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T=2009/10/23 00:00:00 before precipitation T=2009/10/24 00:00:00 during precipitation

Hyporheic exchange flow (HEF) path shows stream-groundwater interactionStream-Groundwater Interaction                          



 
30 km^2  Meso-Scale Experiment   

 
Integrated Modeling in a Coastal Watershed 

 
Freshwater Discharge: Groundwater or Surface Water? 

 
Gopal Bhatt 

 
In cooperation with the Smithsonian  

Environmental Research Center 



Domain  used  in  decomposition	




Triangular  Irregular  Mesh  	

(Number  of  Mesh  =  1862)	




SSURGO  Soil  Classification	




30m  NLCD  Data	




Stream  Gauge  Locations	
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Freshwater Discharge to the Chesapeake  



Physically-­‐based	
  land	
  surface	
  
hydrologic	
  model:	
  Flux-­‐PIHM	
  

48	
  

Penn	
  State	
  Integrated	
  Hydrologic	
  Model	
  (PIHM)	
  	
  Flux-­‐PIHM	
  

Shi	
  et	
  al.	
  2013	
  Hydrometeorology	
  



Flux-­‐PIHM	
  data	
  assimila<on	
  system	
  
Ini<al	
  

Condi<ons	
  

Flux-­‐PIHM	
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Constrained	
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  Prmts	
  

49	
  Shi	
  et	
  al.	
  2014	
  WRR	
  



Flux-­‐PIHM	
  
Coupled	
  land	
  surface	
  hydrologic	
  
model	
  
•  Noah	
  land	
  surface	
  +	
  PIHM	
  hydrology	
  
•  Physically-­‐based	
  
•  Spa<ally-­‐distributed	
  

Shi	
  et	
  al.	
  2013	
  Hydrometeorology	
  







Spatial pattern of soil water content 

Calibrated only using 
outlet discharge and 
SWC and WTD at one 
location, and driven 
by spatially uniform 
forcing data 



Flux-­‐PIHM	
  DA	
  system	
  for	
  parameter	
  
es<ma<on	
  

54	
  Shi	
  et	
  al.	
  2014	
  WRR	
  



Flux-­‐PIHM	
  

•  Flux-­‐PIHM	
  provides	
  accurate	
  predic<ons	
  of	
  
water	
  and	
  energy	
  fluxes	
  both	
  in	
  <me	
  and	
  
space	
  

•  It	
  is	
  now	
  being	
  coupled	
  with	
  different	
  models	
  
to	
  explore	
  watershed	
  processes:	
  
– Weathering	
  models	
  (Flux-­‐PIHM-­‐WITCH)	
  
– Reac<ve	
  transport	
  models	
  (RT-­‐Flux-­‐PIHM)	
  
– Biogeochemistry	
  models	
  (Flux-­‐PIHM-­‐BBGC)	
  
– …	
  

Sullivan	
  et	
  al.	
  in	
  prep.,	
  Bao	
  et	
  al.	
  in	
  prep.,	
  Shi	
  et	
  al.	
  in	
  prep.	
  



Wetland Vulnerability to 
Climate Change 

Team 
Chris Duffy 
Xuan Yu 
Gopal Bhatt 
Ray Najaar 
Michael Nassry 
Denice Wardrop 

Watersheds (7) 
Muddy Creek 
Kettle Creek 
Shaver’s Creek 
Young Womans Creek 
East Mahantango Creek 
Little Juniata River 
Lackawanna River Ecoregions (4) 

Ridge and Valley 
Piedmont 
Unglaciated Plateau 
Glaciated Plateau 

20-Year Climate Scenarios (2) 
Historical: 1979 - 1998 
Future: 2046 - 2065 









Workflow 

Use relative gwl change to measure wetland 
vulnerability 

Set up models using HydroTerre data 

Calibrate catchments on historic data (1979-1998)  
   

Run IPCC future climate scenario (2046-2065)    
   

HydroGeoMorphic (HGM) classification of wetlands 
•  Riverine 
•  Slope   
•  Depression 

     



Forcing
NLDASII

Topography
GDEM

Landcover
NLCD

Soil
SSURGO

Wetland Responses

Landuse Change
 Scenarios

Temporal Constraint
USGS streamflow

Spatial Constraint
NWI maps

Distributed Hydrologic Modeling
PIHM

Catchment
Reanalysis

Calibration

Climate Change 
Scenarios

Catchment-­‐Wetland	
  
Response	
  



Historical -  IPCC Precip-Temp 



Historical vs  IPCC Simulations 

1979-1998 

2046-2065 
Evapotranspiration 

Recharge 
2046-2065 

1979-1998 
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(a) KC

(b) YWC

(c) LJR

(d) SC

(e) EMC

(f ) MC

(g) LR

“Constrain” Model on Streamflow & NWI Wetlands 



FDC Young Woman’s Creek 

Future:	
  
peak	
  flows	
  -­‐	
  increase	
  	
  
low	
  flows	
  -­‐	
  lower	
  



FDC Shaver Creek 

Future:	
  
peak	
  flows	
  -­‐	
  increase	
  	
  
low	
  flows	
  -­‐	
  increase	
  slightly	
  



FDC Lackawanna  

Future:	
  
peak	
  flows	
  increase	
  	
  
low	
  flows	
  increase	
  



Simulated-Observed Wetlands 

Working	
  defini<on:	
  wetland	
  is	
  defined	
  as	
  having	
  a	
  water	
  table	
  within	
  30	
  cm	
  of	
  the	
  surface	
  	
  	
  



Seasonal GW Change Anomaly Shavers Creek 

Drier 
 
Stable 
 
Wetter 

Winter 

Annual   

Spring Summer 

Fall 



Drier 
 
Stable 
 
Wetter 

Seasonal GW Change Anomaly: Muddy Creek 

Winter Spring Summer 

Fall 

Annual 



Catchment-Wide Results 

NWI Wetlands PIHM Depression 
Drier Wetter Drier Wetter Ecoregion 

Lackawanna River 74% 26% 71% 29% Glaciated Plateau 

Young Womans Creek 62% 38% 63% 37% Unglaciated Plateau 
        

Kettle Creek 47% 53% 62% 38% Unglaciated Plateau 

East Mahantango Creek 40% 60% 50% 50% Ridge and Valley 
        

Shaver’s Creek 20% 80% 27% 73% Ridge and Valley 
        

Little Juniata River 71% 29% 64% 36% Ridge and Valley 
        

Muddy Creek 35% 65% 35% 65% Piedmont 



•  Scaling Concepts and 
Models From HUC-12’S 
to Major River Basins 

Future Large Scale, High Resolution Model-Data Access & Scalability 



•  Essential Terrestrial Variables 
•  Automating the Model Workflow  
•  National Geospatial Data  
•  Hydrologic Basis for Earth System Models 
•  PIHM development 
•  Climate Reanalysis & IPCC Projections  
•  Detecting Decadal Ecosystem Change 
•  Other examples 

Topics	
  

hJp://www.pihm.psu.edu/
announcement_20141026.html	
  

hJps://www.youtube.com/watch?v=1uRpMR6SpoI&feature=youtu.be	
  


