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site dominated by grasses and a 15-year-old
aspen (Populus tremuloides) forest compared
with an 80-year-old black spruce (Picea mariana)
forest, primarily in spring and summer. Annual
sensible heat flux decreased by more than 50%
compared with the 80-year site, mostly in spring
and summer. During summer, the aspen forest
had the highest latent heat flux, lowest sensible
heat flux, and lowest midday Bowen ratio
(defined as the ratio of sensible heat flux to
latent heat flux).

Boreal ecosystems store a large amount of
carbon in soil, permafrost, and wetland (2) and
contribute to the Northern Hemisphere terrestrial
carbon sink (3), althoughmature forests have low
annual carbon gain (Fig. 1C). The climate forcing
from increased albedo may offset the forcing
from carbon emission so that boreal deforestation
cools climate (8). Similar conclusions are drawn
from comprehensive analysis of the climate forc-
ing of boreal fires (25). The long-term forcing is a
balance between postfire increase in surface

albedo and the radiative forcing from greenhouse
gases emitted during combustion. Averaged over
an 80-year fire cycle, the negative forcing from
surface albedo exceeds the smaller positive bio-
geochemical forcing. Yet in the first year after
fire, positive annual biogeochemical forcing from
greenhouse gas emission, ozone, black carbon
deposited on snow and ice, and aerosols exceeds
the negative albedo forcing.

Boreal forests are vulnerable to global warming
(5). Trees may expand into tundra, but die back
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Fig. 2. The current generation of climate models treats the biosphere and
atmosphere as a coupled system. Land surface parameterizations represent
the biogeophysics, biogeochemistry, and biogeography of terrestrial
ecosystems. (A) Surface energy fluxes and (B) the hydrologic cycle. These

are the core biogeophysical processes. Many models also include (C) the
carbon cycle and (D) vegetation dynamics so that plant ecosystems respond to
climate change. Somemodels also include (E) land use and (F) urbanization to
represent human alteration of the biosphere.
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site dominated by grasses and a 15-year-old
aspen (Populus tremuloides) forest compared
with an 80-year-old black spruce (Picea mariana)
forest, primarily in spring and summer. Annual
sensible heat flux decreased by more than 50%
compared with the 80-year site, mostly in spring
and summer. During summer, the aspen forest
had the highest latent heat flux, lowest sensible
heat flux, and lowest midday Bowen ratio
(defined as the ratio of sensible heat flux to
latent heat flux).

Boreal ecosystems store a large amount of
carbon in soil, permafrost, and wetland (2) and
contribute to the Northern Hemisphere terrestrial
carbon sink (3), althoughmature forests have low
annual carbon gain (Fig. 1C). The climate forcing
from increased albedo may offset the forcing
from carbon emission so that boreal deforestation
cools climate (8). Similar conclusions are drawn
from comprehensive analysis of the climate forc-
ing of boreal fires (25). The long-term forcing is a
balance between postfire increase in surface

albedo and the radiative forcing from greenhouse
gases emitted during combustion. Averaged over
an 80-year fire cycle, the negative forcing from
surface albedo exceeds the smaller positive bio-
geochemical forcing. Yet in the first year after
fire, positive annual biogeochemical forcing from
greenhouse gas emission, ozone, black carbon
deposited on snow and ice, and aerosols exceeds
the negative albedo forcing.

Boreal forests are vulnerable to global warming
(5). Trees may expand into tundra, but die back
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Fig. 2. The current generation of climate models treats the biosphere and
atmosphere as a coupled system. Land surface parameterizations represent
the biogeophysics, biogeochemistry, and biogeography of terrestrial
ecosystems. (A) Surface energy fluxes and (B) the hydrologic cycle. These

are the core biogeophysical processes. Many models also include (C) the
carbon cycle and (D) vegetation dynamics so that plant ecosystems respond to
climate change. Somemodels also include (E) land use and (F) urbanization to
represent human alteration of the biosphere.
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site dominated by grasses and a 15-year-old
aspen (Populus tremuloides) forest compared
with an 80-year-old black spruce (Picea mariana)
forest, primarily in spring and summer. Annual
sensible heat flux decreased by more than 50%
compared with the 80-year site, mostly in spring
and summer. During summer, the aspen forest
had the highest latent heat flux, lowest sensible
heat flux, and lowest midday Bowen ratio
(defined as the ratio of sensible heat flux to
latent heat flux).

Boreal ecosystems store a large amount of
carbon in soil, permafrost, and wetland (2) and
contribute to the Northern Hemisphere terrestrial
carbon sink (3), althoughmature forests have low
annual carbon gain (Fig. 1C). The climate forcing
from increased albedo may offset the forcing
from carbon emission so that boreal deforestation
cools climate (8). Similar conclusions are drawn
from comprehensive analysis of the climate forc-
ing of boreal fires (25). The long-term forcing is a
balance between postfire increase in surface

albedo and the radiative forcing from greenhouse
gases emitted during combustion. Averaged over
an 80-year fire cycle, the negative forcing from
surface albedo exceeds the smaller positive bio-
geochemical forcing. Yet in the first year after
fire, positive annual biogeochemical forcing from
greenhouse gas emission, ozone, black carbon
deposited on snow and ice, and aerosols exceeds
the negative albedo forcing.

Boreal forests are vulnerable to global warming
(5). Trees may expand into tundra, but die back
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Fig. 2. The current generation of climate models treats the biosphere and
atmosphere as a coupled system. Land surface parameterizations represent
the biogeophysics, biogeochemistry, and biogeography of terrestrial
ecosystems. (A) Surface energy fluxes and (B) the hydrologic cycle. These

are the core biogeophysical processes. Many models also include (C) the
carbon cycle and (D) vegetation dynamics so that plant ecosystems respond to
climate change. Somemodels also include (E) land use and (F) urbanization to
represent human alteration of the biosphere.
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site dominated by grasses and a 15-year-old
aspen (Populus tremuloides) forest compared
with an 80-year-old black spruce (Picea mariana)
forest, primarily in spring and summer. Annual
sensible heat flux decreased by more than 50%
compared with the 80-year site, mostly in spring
and summer. During summer, the aspen forest
had the highest latent heat flux, lowest sensible
heat flux, and lowest midday Bowen ratio
(defined as the ratio of sensible heat flux to
latent heat flux).

Boreal ecosystems store a large amount of
carbon in soil, permafrost, and wetland (2) and
contribute to the Northern Hemisphere terrestrial
carbon sink (3), althoughmature forests have low
annual carbon gain (Fig. 1C). The climate forcing
from increased albedo may offset the forcing
from carbon emission so that boreal deforestation
cools climate (8). Similar conclusions are drawn
from comprehensive analysis of the climate forc-
ing of boreal fires (25). The long-term forcing is a
balance between postfire increase in surface

albedo and the radiative forcing from greenhouse
gases emitted during combustion. Averaged over
an 80-year fire cycle, the negative forcing from
surface albedo exceeds the smaller positive bio-
geochemical forcing. Yet in the first year after
fire, positive annual biogeochemical forcing from
greenhouse gas emission, ozone, black carbon
deposited on snow and ice, and aerosols exceeds
the negative albedo forcing.

Boreal forests are vulnerable to global warming
(5). Trees may expand into tundra, but die back

Momentum flux 
wind speed 
0 ua 

D
ep

th
 Tsoil 

D
ep

th
 Soil water 

Surface energy fluxesA HydrologyB Carbon CycleC

Reflected 
solar 
radiation Absorbed 

solar 
radiation 

Diffuse solar 
radiation 

E
m

itt
ed

 lo
ng

w
av

e 
ra

di
at

io
n 

Lo
ng

w
av

e 
ra

di
at

io
n 

La
te

nt
 h

ea
t f

lu
x 

S
en

si
bl

e 
he

at
 fl

ux
 

Soil heat flux 

Precipitation 

Interception Evaporation 

Sublimation 

Infiltration Melt 
Snow 

Transpiration 

Evaporation 

Throughfall 
stemflow 

Surface runoff 

Drainage 

Photosynthesis 

Fire 

Autotrophic 
respiration 

Foliage 

Stem 

Root 
Soil carbon 

Nutrient 
uptake 

Litterfall 

Direct 
solar 
radiation 

r s
 

r a
 

r a
 

Transpiration 

Heterotrophic 
respiration 

Mineralization 

Urbanization

F

Vegetation
dynamics

D

Land
use

E

Competition

Disturbance

Growth Establishment

Deforestation

Farm abandonment

Fig. 2. The current generation of climate models treats the biosphere and
atmosphere as a coupled system. Land surface parameterizations represent
the biogeophysics, biogeochemistry, and biogeography of terrestrial
ecosystems. (A) Surface energy fluxes and (B) the hydrologic cycle. These

are the core biogeophysical processes. Many models also include (C) the
carbon cycle and (D) vegetation dynamics so that plant ecosystems respond to
climate change. Somemodels also include (E) land use and (F) urbanization to
represent human alteration of the biosphere.
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site dominated by grasses and a 15-year-old
aspen (Populus tremuloides) forest compared
with an 80-year-old black spruce (Picea mariana)
forest, primarily in spring and summer. Annual
sensible heat flux decreased by more than 50%
compared with the 80-year site, mostly in spring
and summer. During summer, the aspen forest
had the highest latent heat flux, lowest sensible
heat flux, and lowest midday Bowen ratio
(defined as the ratio of sensible heat flux to
latent heat flux).

Boreal ecosystems store a large amount of
carbon in soil, permafrost, and wetland (2) and
contribute to the Northern Hemisphere terrestrial
carbon sink (3), althoughmature forests have low
annual carbon gain (Fig. 1C). The climate forcing
from increased albedo may offset the forcing
from carbon emission so that boreal deforestation
cools climate (8). Similar conclusions are drawn
from comprehensive analysis of the climate forc-
ing of boreal fires (25). The long-term forcing is a
balance between postfire increase in surface

albedo and the radiative forcing from greenhouse
gases emitted during combustion. Averaged over
an 80-year fire cycle, the negative forcing from
surface albedo exceeds the smaller positive bio-
geochemical forcing. Yet in the first year after
fire, positive annual biogeochemical forcing from
greenhouse gas emission, ozone, black carbon
deposited on snow and ice, and aerosols exceeds
the negative albedo forcing.

Boreal forests are vulnerable to global warming
(5). Trees may expand into tundra, but die back
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Fig. 2. The current generation of climate models treats the biosphere and
atmosphere as a coupled system. Land surface parameterizations represent
the biogeophysics, biogeochemistry, and biogeography of terrestrial
ecosystems. (A) Surface energy fluxes and (B) the hydrologic cycle. These

are the core biogeophysical processes. Many models also include (C) the
carbon cycle and (D) vegetation dynamics so that plant ecosystems respond to
climate change. Somemodels also include (E) land use and (F) urbanization to
represent human alteration of the biosphere.
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site dominated by grasses and a 15-year-old
aspen (Populus tremuloides) forest compared
with an 80-year-old black spruce (Picea mariana)
forest, primarily in spring and summer. Annual
sensible heat flux decreased by more than 50%
compared with the 80-year site, mostly in spring
and summer. During summer, the aspen forest
had the highest latent heat flux, lowest sensible
heat flux, and lowest midday Bowen ratio
(defined as the ratio of sensible heat flux to
latent heat flux).

Boreal ecosystems store a large amount of
carbon in soil, permafrost, and wetland (2) and
contribute to the Northern Hemisphere terrestrial
carbon sink (3), althoughmature forests have low
annual carbon gain (Fig. 1C). The climate forcing
from increased albedo may offset the forcing
from carbon emission so that boreal deforestation
cools climate (8). Similar conclusions are drawn
from comprehensive analysis of the climate forc-
ing of boreal fires (25). The long-term forcing is a
balance between postfire increase in surface

albedo and the radiative forcing from greenhouse
gases emitted during combustion. Averaged over
an 80-year fire cycle, the negative forcing from
surface albedo exceeds the smaller positive bio-
geochemical forcing. Yet in the first year after
fire, positive annual biogeochemical forcing from
greenhouse gas emission, ozone, black carbon
deposited on snow and ice, and aerosols exceeds
the negative albedo forcing.

Boreal forests are vulnerable to global warming
(5). Trees may expand into tundra, but die back
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Fig. 2. The current generation of climate models treats the biosphere and
atmosphere as a coupled system. Land surface parameterizations represent
the biogeophysics, biogeochemistry, and biogeography of terrestrial
ecosystems. (A) Surface energy fluxes and (B) the hydrologic cycle. These

are the core biogeophysical processes. Many models also include (C) the
carbon cycle and (D) vegetation dynamics so that plant ecosystems respond to
climate change. Somemodels also include (E) land use and (F) urbanization to
represent human alteration of the biosphere.
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Saturated water content  = porosity

 

 

Parameter

686 COSBY ET AL.' SOIL MOISTURE CHARACTERISTICS 

dashed line in Figure 2 represents a significance level of 
p = 0.10 for each result. Examination of the figure shows that 
at the p = 0.10 level, all parameters show significant variation 
on all descriptors (with the exception of log W, analyzed with 
horizon). Finding a significant result for all descriptors is not 
surprising given the large size of the data set. We are, however, 
interested only in robust relationships (i.e., very large values of 
F) between the hydraulic parameters and the soil descriptors. 
By this criterion, the two shaded bars for each parameter 
represent the two most important descriptors for that parame- 
ter. In all cases, texture is one of the two most important. 

Two-Way Analysis of Variance 
This led us to examine the degree of overlap in information 

between the descriptors using a two-way analysis of variance 
with texture always one of the two categories. The results of 
the two-way ANOVA are presented in Figure 3. The height of 
each bar represents the percent of the total variance in each 
parameter attributable to membership in the classes of texture 
and each other descriptor. The dashed line is equal to the 
percent of the total variance attributable to membership in the 
classes of texture alone (from the preceding one-way analysis 
of variance). For each bar representing texture with some 
other descriptor, the unshaded portion represents the percent 
of the parameter variance attributable to texture when that 
descriptor is entered first in the analysis, and the shaded por- 
tion represents the amount of residual variance attributable to 
the additional descriptor. Several things are apparent from 
Figure 3. The proportion of the total variance in a parameter 
that can be attributed to a combination of texture and some 
other descriptor is essentially the same in all cases as that 
attributable to texture alone. This implies that the information 
about parameter variability that each descriptor other than 
texture contains (see Figure 2) is redundant information. For 
the available set of data, texture alone should suffice to de- 
scribe all that can be known, in practical terms, of the parame- 
ter variability. 

In the few cases where the second descriptor explains a 
sizable proportion of the variance, the results must be inter- 
preted cautiously. For example, consider the analysis of ©s 
with texture and moist consistency. In this case, the explained 
variance is roughly equally divided between texture and moist 
consistency. However, the total variance explained is only 
slightly greater than the variance explained by texture alone. 

TABLE 4. Results of Multiple Linear Regression Analyses on the 
Means and Standard Deviations of the Parameters 

Parameter Intercept Variable Slope R2 AR2 p n 

Mean b 3.10 

Mean log W s 1.54 

Mean log K s -0.60 

Mean Os 50.5 

S.D. b 0.92 

S.D. log W s 0.72 

S.D. log K s 0.43 

S.D. Os 8.23 

% clay 0.157 0.966 0.001 11 
% sand -0.003 0.966 0 0.769 
% sand - 0.0095 0.809 0.001 11 
% silt 0.0063 0.850 0.041 0.180 
% sand 0.0126 0.839 0.001 11 
% clay -0.0064 0.872 0.033 0.193 
% sand -0.142 0.771 0.001 11 
% clay 
% clay 
% silt 
% silt 
% clay 
% silt 
% clay 
% clay 
% sand 

-0.037 0.785 0.014 0.484 
0.0492 0.524 0.012 11 
0.0144 0.584 0.060 0.314 

-0.0026 0.096 0.355 11 
0.0012 0.111 0.015 0.716 
0.0032 0.369 0.047 11 
0.0011 0.403 0.034 0.519 

-0.0805 0.567 0.007 11 
-0.0070 0.574 0.007 0.721 

15 

io 4b 5'o %cov 
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Fig. 4. Plots of the mean values of the hydraulic parameters for 
each textural class versus the most important variable (percent sand, 
silt, or clay) determined from the multiple linear regression analysis. 
The solid line is the univariate regression line. 

The total explainable variance is fixed by the data; the appor- 
tioning of that variance to each descriptor when the infor- 
mation in each descriptor is redundant will be determined by 
the design of the analysis and may vary as the design varies. 
Also note that while all 1448 samples were assigned to a tex- 
tural class, some of the samples were not classified on the 
other physical descriptors (e.g., moist consistency, see Table 1). 
This resulted in different degrees of freedom for each two-way 
ANOVA and is responsible for the different apportioning of 
the variance and the fact that in some cases the total ex- 
plained variance in an analysis containing texture with a 
second descriptor is slightly less than the variance explained 
by texture alone. Put another way, several of the two-way 
ANOVA's in Figure 3 were performed on a subsample of the 
total data set and thus cannot be expected to apportion the 
variance identically to an analysis performed on the entire 
data set. Nonetheless, by the previous criterion of robustness it 
is apparent from Figure 3 that the additional information 
from a second descriptor beyond that provided by texture 
alone is marginal. 

Multiple Linear Regression Analysis 
As a first step in examining the dependence of the parame- 

ters on textural class, the means and standard deviations of 
each parameter for each textural class were calculated. The 
values are given in Table 3. Multiple linear regression (MLR) 
analysis was performed on the means and standard deviations 
of each parameter using the percent sand, silt, and clay values 
for each textural class as the independent variables. Note that 
there are really only two independent variables for each class 
since the sum of percent sand plus silt plus clay must equal 
100. The MLR analysis was designed to pick the most impor- 
tant variable (in the sense of most parameter variance ex- 

(Cosby et al. 1984)
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Soil evaporation resistance
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Specific leaf area
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Slope stomatal conductance

Soil evaporation resistance

Soil water properties,
e.g. p3 = porosity parameter
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Specific leaf area
Vc,max
Slope stomatal conductance

Soil evaporation resistance

Soil thermal properties

Soil water properties,
e.g. p3 = porosity parameter
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Figure 3. a) B and b) PI indices of all 66 parameters
and for all three output fluxes, sensible heat H, latent
heat �E and photosynthesis A. The indices are normal-
ized by their respective total sums.
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Figure 4. a) PI indices with the soil respiration pa-
rameter #31 (cf. Tab. 1) included (PI66) and excluded
(PI65). The PI indices are normalized by the sum of the
respective PIs, i. e. either 66 or 65 PIs. b) Entries of
the first and second eigenvectors of the M matrix
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First order variations
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Select parameters that contribute to 
the eigenvalues by more than ε = 1% 

Parameter Selection

 Vegetation Soil / Atmosphere

Parameter Importance Index PI
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Conclusions
• Global sensitivity analysis of Community 

Land Model CLM3.5

• Eigendecomposition takes covariations 
between parameters into account

• Propose new parameter ranking & 
selection criteria

• Retains 44 of 66 parameters for ε = 1%
and 10 of 66 for ε = 10%

• Photosynthesis most informative
Sensible heat least sensitive output flux

• Vc,max and slope of gs very sensitive for 
photosynthesis
soil water parameters important for 
latent heat

 Vegetation Soil/Atmosphere
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