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Figure S1: Global, annual mean total column soil moisture (kg m−2) over a 30 year simulation
period with default CLM5 parameter values. After 15 years the soil moisture has reach equilibrium.
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Figure S2: Heatmap showing the spatial pattern correlations between each pairwise parameter
combination. The pattern correlations are summed across the seven output variables, such that a
perfect correlation is 7 (as seen along the diagonal showing the correlations of each parameter with
itself). Parameter numbering follows Table S1.
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Figure S3: Scatterplot of PC1 (left column), PC2 (center column), and PC3 (right column) for
GPP from the CLM PPE, versus parameter scaling values. The y-axis of each panel shows the PC
values, and each row represents a different parameter as indicated in the y-axis labels.
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Figure S4: As in Figure S3, for LHF.
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Figure S5: Scatterplot of predicted PC1, PC2, and PC3 for GPP (left column) and LHF (right
column) from the neural network emulators, versus actual values from the second CLM PPE,
representing a large out-of-sample validation test. The one-to-one line is shown on each panel as a
dashed black line, and r2 values from a linear regression fit are included in each panel in the upper
left corner.
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Figure S6: Scatterplot of root mean squared error (RMSE) across spatial gridpoints for GPP (first
column) and LHF (second column) from the reconstructed EOF approximation relative to obser-
vations (top row), and the reconstructed neural network (NN) predictions relative to observations
(bottom row) versus RMSE from the second CLM PPE relative to observations. The fifth panel
in the bottom right shows the combined GPP/LHF normalized error relative to observations, for
the NN predictions versus the second CLM PPE. The error threshold for the history matching
experiment shown as a vertical magenta line. The default model errors are shown as a black x on
each panel. The one-to-one line is shown on each panel as a dashed black line, and r2 values from
a linear regression fit are included at the top of each panel.
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Figure S7: Permutation feature importance test of PC2 and PC3 for GPP (left column) and LHF
(right column) from the neural network emulators. The top bar (in orange) shows the mean squared
error without any permutation (original model skill), and each row (in blue) shows the emulator
performance when the information from each parameter is removed, one at a time.

8



Figure S8: Partial dependence plots of PC2 for GPP (red) and LHF (blue) from the neural network
emulators. Circles and triangles denote the fixed values used for predictions with each parameter.
The x-axis shows the parameter scaling values, and the y-axis shows the average predictions of
PC2.

9



Figure S9: As in Figure S8, for PC3 of GPP and LHF.
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Figure S10: Normalized distributions of PC1, PC2, and PC3 for GPP (left column) and LHF (right
column) comparing the neural network predictions for the inflated ensemble in orange (n=1000)
with the original CLM PPE results in blue (n=100).
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Figure S11: Annual mean bias maps comparing CLM with optimized parameters (left column) and
the default CLM configuration (right column) with observations. The differences are calculated for
the calibrated output variables (GPP and LHF), along with sensible heat flux (FSH), an additional
model output that we did not calibrate to. The optimization approach shown here used an alternate
cost function formulation to the approach shown in Eq. (6) by removing the weighting by modes
of variability. The optimization results (parameter values and CLM test simulation) are nearly
unchanged with this alternate formulation.
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Figure S12: Monthly climatology of GPP across four different regions, comparing CLM with default
parameters (black lines), CLM with optimized parameters (green lines), and observations (red lines).
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Figure S13: As in Figure S12, for LHF.
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Table S1: Names and descriptions for 34 CLM5 biophysical parameters studied in the sensitivity analysis. The last column denotes whether or not
the parameter varies with plant functional type (PFT).

Parameter Name Description (Units) Varies with PFT?

1 displar Ratio of displacement height to canopy top height Yes
2 dleaf Characteristic dimension of leaves in the direction of wind flow (m) Yes
3 froot leaf New fine root carbon per new leaf carbon (gC gC−1) Yes
4 kmax Plant segment maximum conductance (s−1) Yes
5 krmax Root segment maximum conductance (s−1) Yes
6 leafcn Leaf carbon to nitrogen ratio (gC gN−1) Yes

7 medlynslope Slope of stomatal conductance-photosynthesis relationship (µmol H2O µmol CO−1
2 ) Yes

8 psi50 Water potential at 50% loss of conductance (mm H2O) Yes
9 rootprof beta Rooting beta parameter for carbon and nitrogen vertical discretization Yes
10 z0mr Ratio of momentum roughness length to canopy top height Yes
11 baseflow scalar Scalar multiplier for base flow rate No
12 maximum leaf wetted fraction Maximum fraction of leaf that may be wet prior to drip occurring No
13 interception fraction Fraction of intercepted precipitation No
14 csoilc Drag coefficient for soil under dense canopy No

15 cv Turbulent transfer coefficient between canopy surface and canopy air (m s−1/2) No
16 a Drag coefficient under less dense canopy No
17 a2 Drag exponent under less dense canopy No
18 zlnd Momentum roughness length for soils, glacier, and wetland (m) No
19 zsno Momentum roughness length for snow (m) No
20 laidl Plant litter area index (m2 m−2) No
21 zdl Litter layer thickness (m) No
22 sy Minimum specific yield No
23 fff Decay factor for fractional saturated area (m−1) No
24 dewmx Maximum storage of liquid water on leaf surface (kg m−2) No
25 psno Maximum storage of snow on leaf surface (kg m−2) No
26 dmax Dry surface layer (DSL) parameter (mm) No
27 dint Fraction of saturated soil for moisture value at which DSL initiates No
28 kaccum Accumulation constant for fractional snow covered area No
29 nmelt Parameter controlling shape of snow-covered area No
30 kc25 Michaelis-Menten constant at 25oC for CO2 (µmol mol−1) No
31 ko25 Michaelis-Menten constant at 25oC for O2 (mmol mol−1) No
32 cp25 CO2 compensation point at 25oC (µmol mol−1) No

33 fnr
Mass ratio of total Rubisco molecular mass to nitrogen in Rubisco
(gRubisco gN(Rubisco)−1)

No

34 act25 Specific activity of Rubisco at 25oC (µmol CO2 gRubisco−1 s−1) No
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Table S2: Sensitivity ranges for the CLM5 biophysical parameters listed in Table S1. For some PFT-varying parameters, the default values are shown
as a list or a range, and the minimum and maximum values are shown relative to the default value.
Parameter Name Default Value(s) Minimum Maximum Reference(s)

displar 0.67, 0.68 0.4 0.95 [68, 45, 53]
dleaf 0.04 See Table S6 [26, 44, 6, 42]
froot leaf 1, 1.5, 2 default × 0.8 default × 1.2 [1, 31, 21, 38, 34]
kmax 2 × 10−8 2 × 10−9 3.8 × 10−8 [28, 4, 8, 55, 56, 63]
krmax 1 × 10−11–1.995 × 10−8 default × 0.1 default × 1.9 [28, 4, 8, 55, 56, 63]
leafcn 20–58 default × 0.69 default × 1.44 [62, 60]
medlynslope 1.62–9 See Table S7 [30, 37, 32, 10]
psi50 -5.3 × 105– -1.5 × 105 default × 0.9 default × 1.1 [28, 33]
rootprof beta 0.914–0.993 default × 0.995 default × 1.005 [22]
z0mr 0.055, 0.075, 0.12 default × 0.6 default × 1.5 [68, 45, 53]
baseflow scalar 1 × 10−3 5 × 10−4 0.1 Author estimates
maximum leaf wetted fraction 0.05 0.01 0.5 Author estimates
interception fraction 1 0.5 1 Author estimates
csoilc 4 × 10−3 2.5 × 10−3 1.2 × 10−2 [13, 66, 49]
cv 1 × 10−2 5 × 10−3 2 × 10−2 [11, 13, 66]
a 0.13 0.1 0.13 [67, 66]
a2 0.45 0.45 0.5 [67, 66]
zlnd 1 × 10−2 3 × 10−3 5 × 10−2 [67, 25]
zsno 2.4 × 10−3 1 × 10−5 7 × 10−2 [7, 35, 18]
laidl 0.5 0.5 1.5 [49]
zdl 0.05 0.01 0.1 [50, 49]
sy 0.02 0.01 0.02 [40]
fff 0.5 0.02 5 [39, 20, 16, 15]
dewmx 0.1 0.05 2 [46, 48, 47, 11, 36, 12, 41, 13, 27]
psno 6 1.4 9.5 [43, 19, 57]
dmax 15 10 60 [59, 61, 17, 54]
dint 0.8 0.5 1 [59]
kaccum 0.1 0.1 0.4 [58]
nmelt 200 180 220 [58]
kc25 404.9 266 454 [2, 23, 65, 24, 64, 9, 52, 3]
ko25 278.4 207 395 [2, 23, 65, 24, 64, 9, 52, 3]
cp25 42.75 35 44.7 [3, 5]
fnr 7.16 7.14 7.16 [29, 62, 60]
act25 60 40 120 [14, 51, 64, 60]
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Table S3: Parameter effect (PE) ranks for seven different outputs of interest: Gross Primary Production (GPP), Evapotranspiration (ET), Tran-
spiration Fraction (TF), Sensible Heat Flux (SHF), 10 cm Soil Moisture (SM10), Total Column Soil Moisture (SMTOT) and Water Table Depth
(WTD).

Parameter Name GPP ET TF SHF SM10 SMTOT WTD
Average Value of PE Ranks

Across Outputs
Overall PE Rank

medlynslope 4 1 1 1 2 2 3 2 1
kmax 1 2 3 2 5 5 4 3.14 2
fff 5 4 5 4 1 1 2 3.14 2
dint 9 3 6 3 4 3 5 4.71 4
dmax 12 5 4 5 3 4 6 5.57 5
leafcn 2 7 7 7 6 7 7 6.14 6
maximum leaf wetted fraction 13 6 2 6 8 9 8 7.43 7
krmax 6 10 14 11 7 8 9 9.29 8
cv 11 9 9 9 10 12 10 10 9
dleaf 14 8 13 8 9 10 11 10.43 10
act25 3 11 18 13 13 11 12 11.57 11
kc25 7 12 15 14 12 13 13 12.29 12
ko25 8 15 10 17 16 15 15 13.71 13
dewmx 17 13 12 16 19 18 14 15.57 14
zsno 23 18 16 10 11 16 16 15.71 15
z0mr 19 14 20 15 17 22 17 17.71 16
baseflow scalar 22 23 32 27 14 6 1 17.86 17
zlnd 20 17 22 12 18 19 22 18.57 18
psi50 15 20 17 22 22 17 20 19 19
cp25 10 19 25 20 21 20 18 19 19
rootprof beta 16 21 31 25 20 14 19 20.86 21
interception fraction 21 16 28 18 25 23 21 21.71 22
csoilc 24 22 19 23 27 25 23 23.29 23
froot leaf 18 24 26 28 23 21 24 23.43 24
kaccum 29 28 21 24 15 24 26 23.86 25
displar 25 25 8 26 29 28 28 24.14 26
a 26 26 23 21 24 26 27 24.71 27
a2 27 27 27 19 26 27 25 25.43 28
psno 28 30 11 29 30 30 31 27 29
nmelt 31 29 29 30 28 29 29 29.29 30
zdl 32 31 24 31 31 31 30 30 31
laidl 33 32 30 32 32 32 32 31.86 32
fnr 30 33 33 33 33 33 33 32.57 33
sy 34 34 34 34 34 34 34 34 34
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Table S4: Spatial pattern correlations and ranks summed across seven different outputs (as shown
in Fig. S2) and averaged across each parameter combination.
Parameter Name Average Pattern Correlation Pattern Correlation Rank

sy 0.389 1
baseflow scalar 1.169 2
fnr 1.189 3
zsno 1.306 4
nmelt 1.350 5
laidl 1.368 6
zdl 1.369 7
psno 1.438 8
kaccum 1.452 9
rootprof beta 1.836 10
froot leaf 1.930 11
act25 1.974 12
a 1.990 13
a2 2.020 14
zlnd 2.038 15
dint 2.057 16
krmax 2.114 17
dmax 2.244 18
fff 2.267 19
csoilc 2.490 20
displar 2.51987 21
interception fraction 2.51991 22
dleaf 2.528 23
kmax 2.532 24
psi50 2.534 25
z0mr 2.593 26
maximum leaf wetted fraction 2.624 27
dewmx 2.864 28
cp25 2.887 29
cv 2.890 30
kc25 2.933 31
ko25 2.963 32
medlynslope 3.016 33
leafcn 3.037 34
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Table S5: Parameter Effect (PE) ranks and Pattern Correlation (PC) ranks, along with the average
and overall ranks across these metrics.
Parameter Name PE Rank PC Rank Average Rank Overall Rank

baseflow scalar 17 2 9.5 1
zsno 15 4 9.5 1
dint 4 16 10 3
fff 2 19 10.5 4
act25 11 12 11.5 5
dmax 5 18 11.5 5
krmax 8 17 12.5 7
kmax 2 24 13 8
rootprof beta 21 10 15.5 9
zlnd 18 15 16.5 10
dleaf 10 23 16.5 10
kaccum 25 9 17 12
maximum leaf wetted fraction 7 27 17 12
medlynslope 1 33 17 12
sy 34 1 17.5 15
nmelt 30 5 17.5 15
froot leaf 24 11 17.5 15
fnr 33 3 18 18
psno 29 8 18.5 19
laidl 32 6 19 20
zdl 31 7 19 20
cv 9 30 19.5 22
a 27 13 20 23
leafcn 6 34 20 23
a2 28 14 21 25
z0mr 16 26 21 25
dewmx 14 28 21 25
csoilc 23 20 21.5 28
kc25 12 31 21.5 28
interception fraction 22 22 22 30
psi50 19 25 22 30
ko25 13 32 22.5 32
displar 26 21 23.5 33
cp25 19 29 24 34
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Table S6: Plant functional type (PFT) specific sensitivity ranges for dleaf, the characteristic dimension of leaves in the direction of wind flow. The
leaf width and PFT identifying data is from [44] and the calculation of dleaf from leaf width is based on the equations of [6]. Due to lack of data,
Crop PFTs use the minimum and maximum leaf width values from grasses and shrubs combined.

PFT Name
Minimum observed
leaf width (cm)

Maximum observed
leaf width (cm)

Assumed leaf
shape

Minimum dleaf (m) Maximum dleaf (m)

Needleleaf Evergreen Temperate Tree 0.03 0.15 Needle 2.16 × 10−4 1.08 × 10−3

Needleleaf Evergreen Boreal Tree 0.03 0.15 Needle 2.16 × 10−4 1.08 × 10−3

Needleleaf Deciduous Boreal Tree 0.1 0.5 Needle 7.2 × 10−4 3.6 × 10−3

Broadleaf Evergreen Tropical Tree 1 7 Circular 8.1 × 10−3 5.67 × 10−2

Broadleaf Evergreen Temperate Tree 1 7 Circular 8.1 × 10−3 5.67 × 10−2

Broadleaf Deciduous Tropical Tree 1 30 Circular 8.1 × 10−3 0.243
Broadleaf Deciduous Temperate Tree 1 30 Circular 8.1 × 10−3 0.243
Broadleaf Deciduous Boreal Tree 1 30 Circular 8.1 × 10−3 0.243
Broadleaf Evergreen Shrub 1 10 Circular 8.1 × 10−3 8.1 × 10−2

Broadleaf Deciduous Temperate Shrub 0.05 15 Circular 4.05 × 10−4 0.1215
Broadleaf Deciduous Boreal Shrub 0.02 6 Circular 1.62 × 10−4 4.86 × 10−2

C3 Arctic Grass 0.02 2.5 Needle 1.44 × 10−4 1.8 × 10−2

C3 Non-Arctic Grass 0.02 2.5 Needle 1.44 × 10−4 1.8 × 10−2

C4 Grass 0.02 2.5 Needle 1.44 × 10−4 1.8 × 10−2

Crops 0.02 15 Circular 1.62 × 10−4 0.1215
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Table S7: Plant functional type (PFT) specific sensitivity ranges for medlynslope, the slope of
stomatal conductance-photosynthesis relationship. The slope data is from [30]. Due to lack of
data, C3 Arctic Grasses use a +/- 10% perturbation from the default value.

PFT Name
Minimum medlynslope

(µmol H2O µmol CO−1
2 )

Maximum medlynslope

(µmol H2O µmol CO−1
2 )

Needleleaf Evergreen Temperate Tree 1.29 4.70
Needleleaf Evergreen Boreal Tree 1.29 4.70
Needleleaf Deciduous Boreal Tree 1.29 4.70
Broadleaf Evergreen Tropical Tree 1.63 4.59
Broadleaf Evergreen Temperate Tree 1.63 4.59
Broadleaf Deciduous Tropical Tree 3.19 5.11
Broadleaf Deciduous Temperate Tree 3.19 5.11
Broadleaf Deciduous Boreal Tree 3.19 5.11
Broadleaf Evergreen Shrub 2.25 9.27
Broadleaf Deciduous Temperate Shrub 2.25 9.27
Broadleaf Deciduous Boreal Shrub 2.25 9.27
C3 Arctic Grass 2.00 2.44
C3 Non-Arctic Grass 3.05 9.45
C4 Grass 0.53 4.03
C3 Crop 3.46 7.70
C4 Crop 0.53 4.03
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