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No biosphere

“To use the general circulation model the 
following parameters must be prescribed 
for each grid point: 
surface characteristics (open ocean, ice-
covered ocean, bare land, and land 
covered by glacial ice); elevation of the 
land; surface roughness; thickness of the 
sea ice; and ocean surface temperature.”

(and surface albedo)



GCM land physics        vs.    Ecological gap models
● 1D Fluxes of water & energy
● 2D Area coupling with atmosphere

● Quanta: individual plants
● Stochastic rules, carbon allometry

Hansen et al. 1983

Shugart et al. (2018)

Top down Bottom up



Adding vegetation, coupling energy, H2O, CO2 - SiB2
Sellers et al. (1985, 1986, 1992, 1996)

with Two-stream canopy radiative 
transfer
(Dickinson, 1983;  Sellers et al. 1985)

L = cumulative leaf area index (LAI) 
µ = cos(θ), θ = solar zenith angle
K = G(µ)/µ = direct beam optical depth 

per leaf area
G(µ) = relative projected leaf 

area

How to get K?

How does L(z) vary?



Converging toward
Demographic Dynamic Global Vegetation Models

Fisher et al. (2017) GCB DOI: 10.1111/gcb.13910

LM3-PPA ED & ED2

CLM (ED) SEIB-DGVM

Problem:  No gaps!  Or formulated for 30 m scale, fixed solar zenith. Rule-
based rather than physics-based canopy radiative transfer. 



LiDAR 

Physics: What does remote sensing see?
Boundary conditions: vegetation structure & quality

Horizontal 
Area (cover, LAI)
Spectra

Vertical
Height
Shape profiles of 
foliage/stem 
density

Spectral
Albedo
Physiological status 
(NDVI, PRI, etc.)
Activity (SIF, NDVI)
Diversity (PFTs, species)

K.J. Lees et al. / Science of the Total Environment 615 
(2018) 857–874

NASA/
ICESat-GLAS



Gap-probability Geometric-Optical radiative transfer 
(GORT) for demographic DGVMs - consistent with LiDAR

Ent TBM: 
Analytical Clumped
Two-Stream (ACTS)
(Ni-Meister et al., 2010;  
Yang et al. 2010)

• Ellipsoidal crowns
• Analytical clumping factor for 

effective two-stream parameters
• LAI layering
• Trunks

• Non-intersecting crowns
• Optional branch effect

POP-DGVM (after LPJ-GUESS): 
Canopy Semi-analytic Pgap 
And Radiative Transfer 
(CanSPART)
(Haverd et al., 2012, 2014)

• Poisson-distributed crowns

FAST



Canopy radiative transfer modeling
RAdiation transfer Model Intercomparison (RAMI) 
((Pinty et al., 2001, 2004; Widlowski et al., 2007, 2008, 2011, 2013, 2015)

(shortwave/VIS/NIR/hyperspectral, energy balance, 



RAMI-
4PILPS
Widlowski et al. 
(2011)

ABSORPTION TRANSMISSIONREFLECTANCE

Reference model:
raytran
(Monte Carlo ray-
tracing)

MODEL GCM/
DGVM

Type

JULES HadCM SiB

JR2CS ? inverse 2-
stream

IAGL ? 2-stream

CoLM CSM/SiB mosaic 2-
stream

AddingS - SAIL+ 
layers

FLiES - voxels

1-D

3-D

MixFor3D HadCM3

JRCTIP ? 2-stream

IAGL ?

EALCO - ray-trace

CoLM CSM/SiB

ACTS GISS/Ent GO 2-
stream

FLiES - voxels

idealized 
canopy
scenarios



RAMI-
4PILPS
Widlowski et al. 
(2015)

Reference model:
raytran
(Monte Carlo ray-
tracing)

“actual” 
canopy
scenarios

ACTS
CanSPART

rayspread (ref)

Effective scattering 
parameters 
clumping:

Poisson
=

CanSPART
>

Actual canopy 
clumping?

>
ACTS

>
Uniform



Gap-probability based canopy radiative transfer for 
demographic DGVMs

Ent: Analytical Clumped Two-Stream 
(ACTS) (Ni-Meister et al., 2010;  Yang et al. 2010)

• Cohorts of identical individuals
• Non-intersecting crowns

PAR transmittance
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ht
 (m

)

Harvard Forest

measured

ACTS model
GORT model

BOREAS diurnal

ALBEDO-diurnal

ALBEDO-seasonal



Gap-probability based canopy radiative transfer for 
demographic DGVMs

● Cohort structure:  
○ Vertical:  variable height instead of identical?
○ Horizontal:  early->mature : random->uniform
○ Allometry, geometry:  ellipticity by age, light status?
○ Branch effect:  data

● Optical properties of end members:
○ Data
○ Seasonal variation - prognostic modeling

● RT theory:
○ Vertically heterogeneous optical properties (e.g. tree above grass)

● Spatial scale:
○ Ecology (carbon) vs. Remote Sensing (light)

Current challenges:
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MODIS + 
climate 

LIDAR
ICESAT/
GLAS 

MODIS

Ent TBM Global Vegetation 
Structure Data Set (Ent GVSD)

Single-cohort from RH100 ± std. dev.
VEGETATION TYPE 

CANOPY HEIGHT

MAX LEAF AREA INDEX

DEMOGRAPHY (Simard et 
al. 2011)

PLANT DENSITIES

ALLOMETRY

height

DBH

crown radiuscrown 
depth

root 
depth

leaf 
area

ACTS

GLOBAL ALBEDO (snow-free)

Gap-probability based canopy radiative transfer for 
demographic DGVMs



Gap-probability based canopy radiative transfer for 
demographic DGVMs

Ent: Analytical Clumped Two-Stream 
(ACTS) (Ni-Meister et al., 2010;  Yang et al. 2010)

• Cohorts of identical individuals
• Non-intersecting crowns

LiDAR 
Vegetation Height + Foliage Density Profiles

Credit:  NASA / ICESat-GLAS



Scaling up Ecology & LiDAR waveforms



Scaling up Ecology & LiDAR waveforms



Vertical foliage profiles (VFP) from LiDAR
(Tang et al. 2014, Remote Sensing of Environment, 154:8-18)



Conclusions
• Accurate vegetation structure boundary conditions 

→ Accurate fluxes
→ Better community light competition

• Rethink cohort description in demographic DGVMs
• Global data sets of vegetation community structure possible with LiDAR 

data -- HOW-TO translate VFP to cohorts bins:
• Vertical partitioning
• Horizontal spatial scale

• Data needs:   seasonal variation in leaf albedo ~ C, N
• Theory needs:  

• Two-stream RT with systematic heterogeneity in leaf spectra
• Allometry ~ climate ~ PFT

5

10

15

20

LiDAR
GLAS 
waveform



Ent Terrestrial Biosphere Model: 
A demographic Dynamic Global Vegetation model
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Ent Canopy Radiative Transfer: Analytical Clumped Two-Stream (ACTS)
(Ni-Meister et al., 2010;  Yang et al. 2010)
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LiDAR Vegetation Structure
PHOTOSYNTHESIS/CONDUCTANC
E

CO2 GPP

R_auto

COHORT-COMMUNITY 
COMPETITION/ECOLOGICAL DYNAMICS

ALBEDO

VIS July NIR July

measured

ACTS model
GORT model

BOREAS diurnal

CO2 GPP

R_auto



Ent Biophysics: All models can simulate NEE
(GIVEN correct LAI and biophysics tuning)

Broadleaf deciduous temperate
Morgan-Monroe State Forest, IN

Broadleaf evergreen tropical
Tapajo, Brazil

Needleleaf evergreen boreal
Hyytiala, Finland

Annual grassland
Vaira Ranch, CA

Except in the 
tropics…

To do:
Photosynthesis 
and respiration 
parameter sets 
for global 
diversity

measured
Ent model
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