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OverviewOverview

The Baltimore Ecosystem Study (BES) isThe Baltimore Ecosystem Study (BES) is

a long term ecological research (LTER)a long term ecological research (LTER)

project funded by the National Scienceproject funded by the National Science

Foundation (NSF) and the EnvironmentalFoundation (NSF) and the Environmental

Protection Agency (EPA) in an effort toProtection Agency (EPA) in an effort to

learn how an urban area works as anlearn how an urban area works as an

ecological system. ecological system. 







The Gwynns Falls WatershedThe Gwynns Falls Watershed

!! 76°30', 39°15'76°30', 39°15'

!! It is approximately 17,150 hectaresIt is approximately 17,150 hectares

!! The watershed lies in Baltimore City andThe watershed lies in Baltimore City and

Baltimore County, Maryland and drainsBaltimore County, Maryland and drains

into the Chesapeake Bayinto the Chesapeake Bay

!! It contains 16 sub-watersheds, whichIt contains 16 sub-watersheds, which

range in size from 465 hectares to 1,855range in size from 465 hectares to 1,855

hectareshectares



Glyndon Catchment

Study sites

Upper Baisman Run Catchment 



Model DesignModel Design

!! The watershed as a landscape objectThe watershed as a landscape object
hierarchyhierarchy

!! Classes link to identifiable landforms andClasses link to identifiable landforms and
surface cover which are organized andsurface cover which are organized and
addressed around the stream networkaddressed around the stream network

!! Simulating the watershed from smallSimulating the watershed from small
instrumented catchments to that of a largeinstrumented catchments to that of a large
regional basin through a simplifiedregional basin through a simplified
landscape to determine the generation,landscape to determine the generation,
transport and fate of non-point sourcetransport and fate of non-point source
pollutants in surface water systemspollutants in surface water systems



This is a patch pattern superimposed on a land feature model 



Model DesignModel Design

!! Meteorological variables are acceptedMeteorological variables are accepted

from multiple sources including point andfrom multiple sources including point and

spatially distributed observationsspatially distributed observations

!! Some of the variables are:Some of the variables are:

"" TemperatureTemperature

"" HumidityHumidity

"" PrecipitationPrecipitation

"" InsolationInsolation

"" Wind Speed and directionWind Speed and direction



Model DesignModel Design

!! Human interaction is represented byHuman interaction is represented by

estimating flux, changes in landcover asestimating flux, changes in landcover as

well as modifications to the drainagewell as modifications to the drainage

network and flowpathsnetwork and flowpaths

!! Atmospheric layer dynamicsAtmospheric layer dynamics

!! Groundwater modelsGroundwater models

!! Biophysical and socioeconomic processesBiophysical and socioeconomic processes

as part of the extended modelas part of the extended model



Conceptual Model DesignConceptual Model Design

!! Two sets of surface process modelsTwo sets of surface process models

developed over a  decade are spatiallydeveloped over a  decade are spatially

structured within the watershedsstructured within the watersheds

geomorphologygeomorphology

"" EcosystemsEcosystems

"" HydrogeologyHydrogeology



Spatial Model ComponentsSpatial Model Components
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Model DesignModel Design

!! One dimensional estimates of terrestrial water,One dimensional estimates of terrestrial water,
carbon and nutrient cyclingcarbon and nutrient cycling

!! Export of water, carbon and nutrients in drainageExport of water, carbon and nutrients in drainage
water typically follows lateral surface orwater typically follows lateral surface or
subsurface flowpathssubsurface flowpaths

!! Flowpaths can be altered by the hydrologicFlowpaths can be altered by the hydrologic
cycle, ranging in scale from 10cycle, ranging in scale from 10’’s to 100s to 100’’s ofs of
meters in length and often mimicking that of themeters in length and often mimicking that of the
hillslope or length of the divide to the streamhillslope or length of the divide to the stream
networknetwork



Model DesignModel Design

!! Other studies indicate that nitrogen thatOther studies indicate that nitrogen that

leaches beneath the root zone can beleaches beneath the root zone can be

removed through uptake (denitrification)removed through uptake (denitrification)

!! Small riparian zones can be catalysts forSmall riparian zones can be catalysts for

significant sinkssignificant sinks

!! This data underscores the importance ofThis data underscores the importance of

potential changes in hydrogeology whenpotential changes in hydrogeology when

incorporating vegetation near flowpathsincorporating vegetation near flowpaths





RHESSysRHESSys

!! A method of representing the landscapes spatialA method of representing the landscapes spatial
structure concentrating on the hillslope level andstructure concentrating on the hillslope level and
the interaction at and below the surface levelthe interaction at and below the surface level

!! A spatial data simulation system that solves soil,A spatial data simulation system that solves soil,
canopy, water, carbon and nutrient budgets overcanopy, water, carbon and nutrient budgets over
a set of surface patches defined  in a set ofa set of surface patches defined  in a set of
hydrologic flow fields within a watershedhydrologic flow fields within a watershed

!! Simulations are driven by meteorological inputsSimulations are driven by meteorological inputs
and execution instructions that control theand execution instructions that control the
temporal events in a Temporal Event Control ortemporal events in a Temporal Event Control or
TEC fileTEC file



Time stepsTime steps

!! Time steps are designed to operate over aTime steps are designed to operate over a

hierarchy of scales utilizing spatial datahierarchy of scales utilizing spatial data

sets and remote sensed data to representsets and remote sensed data to represent

a 3-D landscapea 3-D landscape



LandscapeLandscape

!! Watershed c-> hillslope c-> climate zone c-> patch c-> canopy zoneWatershed c-> hillslope c-> climate zone c-> patch c-> canopy zone

!! A spatial data model which represents elementsA spatial data model which represents elements

within the landscape as the watershed instead ofwithin the landscape as the watershed instead of

raster or vector dataraster or vector data

!! Land surface classes characterizeLand surface classes characterize

geographically defined components includinggeographically defined components including

landforms and vegetationlandforms and vegetation

!! At the patch level, class objects correspond to aAt the patch level, class objects correspond to a

GIS component for spatial analysisGIS component for spatial analysis



World DataWorld Data

!! World class defines both spatial andWorld class defines both spatial and

temporal data within the watershedstemporal data within the watersheds

dynamicsdynamics

!! It identifies links to the meteorological,It identifies links to the meteorological,

soils, vegetation and other land coversoils, vegetation and other land cover

!! It contains a set of basin class objects toIt contains a set of basin class objects to

define individual and contiguousdefine individual and contiguous

watershedswatersheds



Basin DataBasin Data

!! The basin class defines the watershed above aThe basin class defines the watershed above a

given output locationgiven output location

!! It contains a stream network and drainage areasIt contains a stream network and drainage areas

!! Streamflow routing is defined for this classStreamflow routing is defined for this class

indicating the runoff accumulation from hillslopesindicating the runoff accumulation from hillslopes

!! Basins are also the aggregate units forBasins are also the aggregate units for

ecosystem and hydrologic processesecosystem and hydrologic processes

!! Variables are computed at the sub-basin levelVariables are computed at the sub-basin level





Hillslope DataHillslope Data

!! Hillslope defines the area that drains into aHillslope defines the area that drains into a
specific link in the stream networkspecific link in the stream network

!! A hillslope can be derived by GIS toolsA hillslope can be derived by GIS tools

!! Each hillslope is comprised of a set ofEach hillslope is comprised of a set of
contained patchescontained patches

!! Lateral redistribution of soil moistureLateral redistribution of soil moisture
between patches and base flow arebetween patches and base flow are
defined heredefined here

!! Flow fields can be solved for each hillslopeFlow fields can be solved for each hillslope



Zone ClassZone Class

!! Zones are areas that have similar climates andZones are areas that have similar climates and
meteorological variables such as: Radiation,meteorological variables such as: Radiation,
precipitation, vapor pressure and temperature inprecipitation, vapor pressure and temperature in
conjunction with altitude, slope and aspectconjunction with altitude, slope and aspect

!! A zone contains one or more patches that isA zone contains one or more patches that is
linked to time series climate data derived fromlinked to time series climate data derived from
observation stations or modelsobservation stations or models

!! They are contained within hillslopes andThey are contained within hillslopes and
therefore obtain slope and aspect as definedtherefore obtain slope and aspect as defined
during that processduring that process



Patch ClassPatch Class

!! The highest spatial resolutionThe highest spatial resolution

!! Patches can be defined as grid cells and includePatches can be defined as grid cells and include
polygons defined to represent the variation inpolygons defined to represent the variation in
land cover, soil conditions and topography withinland cover, soil conditions and topography within
the hillslopethe hillslope

!! Flow patch information can be accumulated intoFlow patch information can be accumulated into
total runoff or through the stream networktotal runoff or through the stream network

!! Roads are integral in flow routing causingRoads are integral in flow routing causing
significant changes to the surface andsignificant changes to the surface and
subsurface flowpathssubsurface flowpaths



Patch ClassPatch Class

!! Patch themes vary and can be overlaid, thePatch themes vary and can be overlaid, the

shape of a patch should allow the flowline toshape of a patch should allow the flowline to

enter and exit onceenter and exit once

!! Soil moisture which is driven by infiltration,Soil moisture which is driven by infiltration,

exfiltration, saturation zone recharge and runoffexfiltration, saturation zone recharge and runoff

occur at this leveloccur at this level

!! Soil water are updated in the patch through theSoil water are updated in the patch through the

estimation of vertical flux through theestimation of vertical flux through the

unsaturated zone and recharge via lateral fluxunsaturated zone and recharge via lateral flux



Human ActivityHuman Activity

!! This includes, irrigation, fertilizationThis includes, irrigation, fertilization

!! Redirection of storm water (sinks)Redirection of storm water (sinks)

!! Socioeconomic dataSocioeconomic data

!! Aging infrastructure of water and sewerAging infrastructure of water and sewer

lineslines



Canopy Stratum ClassCanopy Stratum Class

!! Canopy stratum inherits spatial partitioningCanopy stratum inherits spatial partitioning
from their parent patchfrom their parent patch

!! They define multiple vertical layers andThey define multiple vertical layers and
corresponds to a overstory or understorycorresponds to a overstory or understory
within the canopy structurewithin the canopy structure

!! Litter is included as a separate stratumLitter is included as a separate stratum
layer (height of zero)layer (height of zero)

!! Layers may be sorted by height and theLayers may be sorted by height and the
total fraction of the layers must equal onetotal fraction of the layers must equal one



Canopy Stratum ClassCanopy Stratum Class

!! Canopy biological and physiologicalCanopy biological and physiological

processes are defined within the classprocesses are defined within the class

!! For example, stomatal, photosynthesis ,For example, stomatal, photosynthesis ,

transpiration and respiration are modeledtranspiration and respiration are modeled

at the canopy stratumat the canopy stratum

!! Soil water uptake, litter fall, decomositionSoil water uptake, litter fall, decomosition

and mineralization are processes thatand mineralization are processes that

exchange mass with the parent patchexchange mass with the parent patch



Stratum ClassStratum Class

!! Within the urban watershed, manmadeWithin the urban watershed, manmade

impervious surfaces must be expressedimpervious surfaces must be expressed

statistically as scales will vary immenselystatistically as scales will vary immensely

"" Parking lots, and roads verses walkwaysParking lots, and roads verses walkways

"" Single family home verses large structuresSingle family home verses large structures

"" These variables are key to runoff in urbanThese variables are key to runoff in urban

patch enviromentspatch enviroments



RHESSys Object HierarchyRHESSys Object Hierarchy

DefaultDefault

CollectionCollection
FunctionalFunctional Data FactoryData Factory OutputOutput

ObjectsObjects
Output FilesOutput Files

World DefaultsWorld Defaults WorldWorld

ProcessesProcesses
World linked listWorld linked list

Basin DefaultsBasin Defaults BasinBasin

ProcessesProcesses
Basin linked listBasin linked list

Basin dataBasin data
Basin OutputBasin Output Basin OutputBasin Output

filesfiles

HillslopeHillslope

DefaultsDefaults
HillslopeHillslope

ProcessesProcesses
Hillslope linked listHillslope linked list

Hillslope dataHillslope data
Hillslope OutputHillslope Output Hillslope OutputHillslope Output

filesfiles

Zone DefaultsZone Defaults ZoneZone

ProcessesProcesses
Zone linked listZone linked list

Zone dataZone data
Zone OutputZone Output Zone OutputZone Output

filesfiles

Patch DefaultsPatch Defaults PatchPatch

ProcessesProcesses
Patch linked listPatch linked list

Patch dataPatch data
Patch OutputPatch Output Patch OutputPatch Output

filesfiles

StratumStratum

DefaultsDefaults
StratumStratum

ProcessesProcesses
Stratum linked listStratum linked list

Stratum dataStratum data
Stratum OutputStratum Output Stratum OutputStratum Output

filesfiles



GIS InterfacesGIS Interfaces

!! Originally written in the GRASS, using a rasterOriginally written in the GRASS, using a raster
environment by defining and manipulatingenvironment by defining and manipulating
information within the regionsinformation within the regions

!! Spatial processing automated statisticalSpatial processing automated statistical
summaries and computation of hillslope, basin,summaries and computation of hillslope, basin,
patch and strata attributes through which thepatch and strata attributes through which the
world file was created for exportworld file was created for export

!! Independent execution of command lines linkingIndependent execution of command lines linking
data input and output then reimported to GRASSdata input and output then reimported to GRASS
for additional analysis and reportingfor additional analysis and reporting



ARCView InterfaceARCView Interface

!! ““Using Avenue script for ArcView, RAIMEntUsing Avenue script for ArcView, RAIMEnt
(RHESSys ArcView Integration and Modeling(RHESSys ArcView Integration and Modeling
Environment) provides enhanced functionalityEnvironment) provides enhanced functionality
and a tighter coupling of the GIS/modelingand a tighter coupling of the GIS/modeling
environmentenvironment”” (Tenenbaum 1998) (Tenenbaum 1998)

!! RAIMEnt reproduces the GRASS structuredRAIMEnt reproduces the GRASS structured
functions as well as all other steps to establishfunctions as well as all other steps to establish
the model, execute the simulation and visualizethe model, execute the simulation and visualize
the productthe product



Additional ArcView FeaturesAdditional ArcView Features

!! Model tracking and documentation that storesModel tracking and documentation that stores

information on the set of GIS layers,information on the set of GIS layers,

meteorological data and other controls used inmeteorological data and other controls used in

specific simulationsspecific simulations

!! Automated reinforcement of spatial dataAutomated reinforcement of spatial data

assumptionsassumptions

!! Dialog boxes to facilitate data layer decisionsDialog boxes to facilitate data layer decisions

and model setupand model setup



!! Visual spatial data output, mapped back toVisual spatial data output, mapped back to

specific class partitions and time stepsspecific class partitions and time steps

!! Facilities to operate and incorporate externalFacilities to operate and incorporate external

code results through linked libraries, therebycode results through linked libraries, thereby

extending spatial analytical capabilities beyondextending spatial analytical capabilities beyond

those ofthose of

ArcViewArcView

!! Easier distribution among usersEasier distribution among users

!! Object level information is stored in tables linkedObject level information is stored in tables linked

to class shapefilesto class shapefiles

!! The user does not work directly with the WorldThe user does not work directly with the World

File that is created upon model executionFile that is created upon model execution



Spatial fields of standing stem carbon defined at the patch level for hillslope 1 with greySpatial fields of standing stem carbon defined at the patch level for hillslope 1 with grey

values ranging from values ranging from ~1.4 kg.C.m~1.4 kg.C.m-2 -2 toto  ~ 1.7 kg.C.m~ 1.7 kg.C.m-2-2. Differences are largely accounted for. Differences are largely accounted for

by variations in soil moisture, with steep midslope area being better drained and typicallyby variations in soil moisture, with steep midslope area being better drained and typically

experiencing greater soil water limitations through the summer growing season.experiencing greater soil water limitations through the summer growing season.



ConclusionConclusion

!! Implemented a spatially distributedImplemented a spatially distributed
hydroecological model as an object orientedhydroecological model as an object oriented
containment hierarchycontainment hierarchy

!! Processes were defined for specific landscapeProcesses were defined for specific landscape
classes that correspond to the scale at whichclasses that correspond to the scale at which
they occurthey occur

!! Produced a system that integrates differentProduced a system that integrates different
processes in space and time that representsprocesses in space and time that represents
human interaction within the watershedhuman interaction within the watershed’’ss
hillslope down to the catchment levelhillslope down to the catchment level



!! Further exploration is desiredFurther exploration is desired

incorporating census data and betterincorporating census data and better

defining socioeconomic indices at thedefining socioeconomic indices at the

patch level to determine how significantlypatch level to determine how significantly

the population influences nutrient andthe population influences nutrient and

water budgetswater budgets

!! The key component of this system isThe key component of this system is

embedding the 1-D ecosystem modelembedding the 1-D ecosystem model

within the multiple strata and patcheswithin the multiple strata and patches
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