
Introduction Proposed model formulation Proposed domain representation Summary

A Proposed Model Development Strategy to
Incorporate 3-D Subsurface Hydrologic and

Thermal Processes within the Community Land
Model

Gautam Bisht1, Forrest M. Hoffman1, Jitendra Kumar 1,
Richard T. Mills1, and Peter E. Thornton1

1Oak Ridge National Laboratory

CCSM Land Model Working Group
29, February, 2012

Gautam Bisht Proposed 3-D CLM 1



Introduction Proposed model formulation Proposed domain representation Summary

Motivation

Assess the response of
northern peatland
ecosystems to increases in
temperature and exposures
to elevated CO2

concentrations (SPRUCE
project).

PROPOSED MEASUREMENTS AND MODELING 
• Plant community composition, growth responses, physiology, and phenology: tree 

demography and understory communities (ericaceous shrubs, tree seedlings, forbs, 
Sphagnum spp.); vascular plant production, bryophyte production, leaf and litter 
production, belowground production; photosynthesis and respiration; water relations. 

• Soil microbial community composition. 
• Meteorological and hydrological parameters needed to calculated water and energy 

budgets: water table elevations, surface water drainage from chambers, eddy 
covariance measurement of water vapor fluxes.  

• Biogeochemical cycling responses with emphases on nitrogen, carbon, phosphorus, 
metals, and dissolved organic matter. 

• Water and organic soil chemistry including nutrients, ions, metals, and organic matter 
(concentrations and compositional measures). 

• Peat physical properties and geophysical imaging of the surface and subsurface 
environments. 

• Mechanistic modeling leading to more comprehensive parameterization of peatland 
processes in general circulation models such as CLM. 

• Water and trace gas fluxes with an emphasis on CO2 and CH4. 

ADVANCING GLOBAL 
CHANGE SCIENCE AND 
ECOSYSTEM RESEARCH 

• SPRUCE will provide 
quantitative evidence of the 
effects of climatic forcing by 
temperature and elevated 
CO2 on northern peatland 
ecosystems and the vast C 
stores that are associated 
with the hydrology and 
biogeochemistry of these 
globally widespread 
landscape features.  

• The data are crucial to 
predicting feedbacks on 
global climate as well as 
ecosystem productivity, 
water availability, and 
biogeochemical 
transformations in these 
ecosystems. 

• The data will also provide 
valuable insight on climatic 
factors that affect carbon 
stocks and solute yields. 

AN OVERVIEW OF THE SPRUCE PROJECT, A LARGE-SCALE STUDY OF INCREASED 
TEMPERATURE AND CARBON DIOXIDE EFFECTS ON A NORTHERN PEATLAND 

Chambers will: 
• Be open topped with 12-m 

diameter internal study 
areas, 8-m tall sidewalls, 
and peat that is 2 to 4-m 
deep. 

• Be warmed at levels from 
ambient to +9°C (above 
and below ground). 

• Have elevated CO2 in the 
range of 800 to 900 ppm. 

ENVIRONMENTAL SETTING 
SPRUCE will occur on the 8.1 ha peatland in the S1 catchment on the Marcell 
Experimental Forest (MEF).  The MEF is a research site of the Northern Research 
Station, USDA Forest Service. Long-term monitoring began in 1961 with forest 
management experiments starting during 1969. The landscape includes uplands, bogs, 
fens, lakes, and streams within the Marcell hills moraine complex that drains to both the 
Mississippi River and Hudson Bay. 

Spruce and 
Peatland 
Responses 
Under  
Climatic and 
Environmental change 

EXPERIMENTAL DESIGN 
The final design (with 28 potential experimental units within a blocked design) will 
balance statistical demands and operating costs. A blocked ANOVA design with 
replication of warming and CO2 treatments was originally proposed. We are also 
considering the application of a regression continuum of temperature treatments to be 
duplicated at elevated CO2.  

http://mnspruce.ornl.gov 
http://nrs.fs.fed.us/ef/marcell 

ssebestyen@fs.fed.us 
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INTRODUCTION 
Scientists at the Oak Ridge 
National Laboratory and the 
USDA Forest Service are 
developing a large-scale 
ecosystem study in which 
temperature and carbon 
dioxide (CO2) will be 
experimentally increased to 
quantify effects of climatic 
forcing on a northern 
peatland – an ecosystem that 
is considered to be especially 
vulnerable to climate change 
and to have important 
feedbacks on the atmosphere 
and climate.  

The experiment will allow for 
the evaluation of responses 
across multiple spatial scales. 
Design and prototyping is 
now occurring with full 
operation planned for 10 
years starting in 2013. We 
plan to quantify thresholds for 
organism decline and 
regeneration, changing 
greenhouse gas emissions, 
and responses of 
biogeochemical and 
hydrological processes. 

Peatland boundary

Peatland boardwalks

Upland trails

Experimental chambers

Off ice / storage

Parking

CO2 tanks

Propane tanks

Roads

RESEARCH QUESTIONS AND OBJECTIVES 
• How vulnerable are peatland ecosystems and their component organisms to 

atmospheric and climatic change?  
• To what degree will changes in plant physiology under elevated CO2 impact a 

species’ sensitivity to climate or competitive capacity within the community?  
• Will full belowground warming release unexpected amounts of greenhouse gases 

and solutes from high-C-content northern forests? 
• What are the critical air and soil temperature response functions for ecosystem 

processes and their constituent organisms?  
• Will ecosystem services (e.g., biogeochemical, hydrological, or societal) be 

compromised or enhanced by atmospheric and climatic change?  
 

The SPRUCE experiment is being developed to determine ecological responses 
across a broad range of above- and belowground temperature increases, and how 
those responses to increased temperature will be altered by elevated atmospheric 
CO2 concentration. The study will focus primarily on warming with elevated CO2 acting 
as an important interacting factor that may negate enhanced decomposition (CO2 or 
CH4 release) from increased photosynthetic allocation of carbon belowground. 

• Canopy albedo changes. 
• Remote sensing of canopy function. 
• Microscale LiDAR. 
• Bole respiration. 
• Biogeochemical cycling of trace elements 

(e.g. Hg). 
• Trace gas emissions other than CH4. 
• Mycorrhizal studies. 

• N fixation. 
• Herbivory. 
• Arthropod populations. 
• Amphibian and reptile populations. 
• Food web linkages. 
• Lichen productivity and decomposition. 
• Pests and pathogens (host defenses vs. 

pathogen virulence). 

S1 bog 

Picea mariana (black 
spruce) on left and Larix 

laricina (tamarack) 

Kalmia polifolia (bog 
rosemary) 

Ledum groenlandicum 
(Labrador tea) 

Smilacina trifolia (3-
leaved false solomon’s 

seal) 

Chamaedaphne 
calyculata (Leatherleaf) 

Mosses and Sphagnum 
spp. on a hummock 

OPPORTUNITIES FOR COLLABORATION 

Sponsor: 
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A belowground corral will isolate 
peat to prevent lateral exchange of 

water through deep peats, yet 
allow outflow from the 

hydrologically-active surface layer. 
An outlet drains to a reservoir for 
measurement of intermittent flow.

Forced-air heaters with 
internal  air mixing provide 

above ground heating.

Gradual belowground heating 
from deep probes located 

away from the target biology.

EXPERIMENTAL
CHAMBER

Subsurface flow barrier 
(vinyl sheet piling) with 

walls of greenhouse 
sheeting to form the 

aboveground chamber.

Drain.

Refrigerated 
autosampler to 
collect  runoff.

Outflow collection 
tank with flow
recorder and

evacuation pump.

Perimeter boardwalk 
with removable sections 

for interior access. 

for vegetation, microbial, 
biogeochemical, hydrological, 

and meteorological 
measurements.
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PERCHED WATER 
TABLEGLACIAL TILL
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• The Picea mariana (black spruce) – 
Sphagnum spp. bog is 
ombrotrophic and located at the 
southern margin of the boreal zone. 

• Peatlands at the MEF like S1 
contain deep peat deposits that are 
perched several meters above the 
regional groundwater table.  

• Responses of vegetation, large 
carbon pools in peat, and the water 
cycle are expected to have 
important feedbacks on the 
atmosphere and climate through 
changes in net emissions of CO2 
and CH4 
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across a broad range of above- and belowground temperature increases, and how 
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Sphagnum spp. bog is 
ombrotrophic and located at the 
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contain deep peat deposits that are 
perched several meters above the 
regional groundwater table.  

• Responses of vegetation, large 
carbon pools in peat, and the water 
cycle are expected to have 
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and CH4 

Credit: Sebestyen et. al, 8th Annual Forestry,
Wildlife and Natural Resource Research
Review, 2011
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Motivation

Landscapes in transition 

Must understand 
mechanisms that 

underlie the 
processes that 

control carbon and 
energy transfer in 

the biosphere. 

...integrates hydrology, vegetation 
dynamics, soil processes, and 

energy in the Arctic. 

Must also understand 
how those processes 

play out in a changing 
landscape. 
!Source: http://ngee.ornl.gov

“How does permafrost degradation,
and the associated changes in
landscape evolution, hydrology, soil
biogeochemical processes, and
plant community succession, affect
feedbacks to the climate system”
(Next- Generation Ecosystem
Experiments: NGEE Arctic)
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Motivation
 PANEL REPORT:  

DECADAL PREDICTABILITY AND PREDICTION 
 

Challenges in Climate Change Science and the Role of Computing at the Extreme Scale 19  

 
Figure 2.  Resources tradeoffs.  Image courtesy of Jim Kinter (Center for Ocean-Land-Atmosphere Studies). 

observational datastreams into climate models would be required.  It is, however, unclear how to readily 
translate this data assimilation into the best possible initial condition for the prediction problem.  Indeed, 
multiple approaches are likely for initializing decadal predictions, and the research community needs to 
develop strategies and processes for documenting best practices in forecast initialization.  Finally, it is 
critical to acknowledge the importance of a continued and vigorous effort in model improvement.  This 
problem has implications in both defining the modeling requirements and in the data assimilation/forecast 
initialization issues.  

Addressing These Challenges 

The recommendations outlined here are separated into two time scales:  near-term (2009 to 2015) and 
long-term (beyond 2015).  We also discuss an important challenge that crosscuts both time horizons; 
namely, the training of the next generation of climate scientists that have a high level of competency in 
high-performance computing. 

A Partnership for Decadal Predictability and Prediction: Using extreme computing to meet the 
scientific challenge of the next decade.  In the near-term, we recommend that a multi-agency, multi-
institutional partnership be established for sharing models, data, and predictions.  Although this 
partnership should extend beyond the near-term, on this shorter time scale, it should focus on supporting 
the international CMIP5 Fifth Intergovernmental Panel on Climate Change Assessment Report (AR5) 
decadal prediction experiment.  This support should not only include meeting the computational needs for 
completing the numerical experiment but also facilitating the collection and sharing (i.e., dissemination) 

Credit: DOE ASCR report - Challenges in Climate Change Science and the Role of Computing at the Extreme

Scale, 2008.
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Model development pathways

time

"Hybrid-3D"1 Richards 
equation in CLM

"Full-3D" Richards 
equation in CLM
( CLM+PFLOTRAN)

1Terminology proposed in Xubin Zeng's (UofA) SciDAC project
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Model development pathways: Lateral flows within CLM

Richards equation in CLM-4.0
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Richards equation: With lateral flows

∂θ

∂t
= −∂qz

∂z
− Q−∂qx

∂x
− ∂qy

∂y
(2)
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Shortcoming of unsaturated-saturated zone interaction in
CLM4.0

Month

D
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Ann. Cycle of Soil Saturation at Amazon Point
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Credit: Zack Subin, LBNL/UCB.
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Model development pathways: Lateral flows within CLM

Proposed variably saturated flow equation with lateral flow(
θSy
η

+ C (h)

)
∂h

∂t
= −∂q

∂z
− Q−∂qx

∂x
− ∂qy

∂y
(3)

where C (h) = dθ
dh .

“Hybrid-3D” equation: Lateral fluxes (qx , qy ) will be
computed from state values (h,θ) of previous time-step.
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CLM subgrid representation
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Figure 1.1.  Current default configuration of the CLM subgrid hierarchy emphasizing the 

vegetated landunit. 
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CLM subgrid representation: Soil columns
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CLM subgrid representation: Soil columns
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CLM subgrid representation: Soil columns
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An example within 0.5◦ CLM grid
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Unstructured mesh file format

−105.55 −105.545 −105.54 −105.535 −105.53 −105.525 −105.52 −105.515 −105.51

39.97

39.975

39.98

39.985

39.99

39.995

40

Latitude/Longitude of cell center

Latitude/Longitude of cell vertex

Ids of vertices forming a cell

Currently supporting arbitrary n-th vertex 2D cell (Would like
to advocate for triangular mesh i.e. n = 3)
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Domain decomposition: ParMETIS-based partitioning
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Domain decomposition: Halo cells
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Domain decomposition: Halo cells
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Domain decomposition: New data structure

−105.65 −105.6 −105.55 −105.5 −105.45 −105.4 −105.35
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40.02
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40.06

Cell1 Cell2 . . . CellnActive CellnActive+1 CellnActive+2 . . . Celln

where
nActive: Number of active cells
n : Total cells (active + halo cells)
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Summary

Proposed CLM development:

Variably saturated subsurface flow formulation

Explicit representation of soil columns within a grid cell and
input file format

Domain decomposition

Data structures to accomodate halo cells

Across processor communication to update halo cells

Use higher-resolution surface dataset to generate meshes at
varying resolution
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Learning from other model components: Space filling
curves

Credit: John M. Dennis, June 22, 2006
Software Engineering Working Group Meeting

Parallel Ocean Program Model
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Questions?
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Peter Thornton : thorntonpe@ornl.gov
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