
Supplemental Materials for “Soil respiration phenology
improves modeled phase of terrestrial net ecosystem

exchange in northern hemisphere”

K. Arthur Endsley1, John S. Kimball1, and Rolf H. Reichle2

1Numerical Terradynamic Simulation Group (NTSG), W.A. Franke College
of Forestry and Conservation, University of Montana, Missoula, MT

2Global Modeling and Assimilation Office, NASA Goddard Space Flight
Center, Greenbelt, Maryland, USA

Appendix A: Soil Hydrology Model
The soil hydrology model developed for this study proceeds in four main steps that are
repeated for each daily time step. First, the maximum soil water infiltration rate, based on
soil ice content and the land surface saturation fraction, is calculated. Second, soil water
loss through potential transpiration is calculated based on the Priestly-Taylor method [Mu
et al., 2011] and this is converted to actual transpiration in each soil layer based on the root
distributions of Jackson et al. [1996] and soil water stress, based on the wilting point and
field capacity estimates of Balland et al. [2008]. Third, the change in soil water content, ∆ θ,
is calculated based on Darcy’s Law and the Richards equation. Finally, lateral drainage due
to sub-surface saturation is removed and the soil water content in each layer is rebalanced so
as to maintain physical limits.

The model uses daily average estimates of surface infiltration and potential transpiration rates
to estimate daily changes in volumetric soil moisture, θ, using sub-daily (e.g., hourly) time
steps. Hydraulic conductivity, soil matric potential, and soil water diffusion (based on the
Richards equation) are calculated as in CLM 5.0 [Lawrence et al., 2018], based on empirical
equations from Clapp and Hornberger [1978] and Cosby et al. [1984]. Saturated hydraulic
conductivity and saturated matric potential, both functions of soil texture, are calculated as
in CLM 4.0. Soil texture, porosity, and daily surface infiltration (mm s−1) are taken from the
Catchment land model and SMAP L4SM. The fraction of the land surface that is saturated
was calculated based on relative humidity [Mu et al., 2011], which was calculated from VPD
and the saturation vapor pressure [Allen et al., 1998, Chapter 3]. Topographic slope was
computed at each site based on the L4SM global 9-km elevation model.
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The maximum surface infiltration rate is calculated as in CLM 5.0:

qmax = (1 − fsat)Θiceksat (1)

Where fsat is the fraction of the land surface that is saturated, Θice is the impedance due
to soil ice content, and ksat is the saturated hydraulic conductivity. The actual surface
infiltration rate is taken to be the minimum of qmax and the daily average rate from L4SM.
The impedance due to ice is also calculated as in CLM 5.0:

Θice = 10−ΩFice where Fice = θ
fice

θsat

= θice

θsat

; Ω = 6 (2)

Where fice is the ice fraction of the combined liquid and ice water volumes, after the empirical
formulation by Decker and Zeng [2006, Equation 4]. For simplicity, explicit phase changes
and ice content are not tracked; instead, fice is used as an instantaneous estimate of ice
content as a fraction of total soilmoisture.

Daily potential transpiration is calculated using the Priestly-Taylor method [Mu et al., 2011]
and is reduced by a factor, β, representing plant water stress:

β =
(
θliq − θW P

θF C − θW P

)q

(3)

Where θliq is the liquid soil volumetric water content; θF C and θW P are the soil moisture at
field capacity and at wilting point, respectively; and q is an empirical coefficient describing
the curvature of the relationship between transpiration and available soil water [Verhoef and
Egea, 2014]. We set q = 1 for this study. Field capacity and wilting point were defined based
on soil texture using the empirical relationships of Balland et al. [2008]. Actual transpiration
(potential transpiration reduced by β) is partitioned across the soil layers using the empirical
root profiles of Jackson et al. [1996, Table 1], based on matching PFTs; the Evergreen
Needleleaf PFT is the average of the boreal forest and temperate coniferous types of Jackson
et al. [1996].

The surface infiltration rate and the transpiration from each layer represent two key source
and sink terms, respectively, in the water balance equation, which is identical to that used in
CLM 5.0 [Lawrence et al., 2018]:

∆zi
∂ θliq,i

∂ t
= −qi−1 + qi − ei

Where ∆zi is the thickness (mm) of soil layer i, qi−1 is the flow into layer i from above (layers
are enumerated downward from the surface), qi is the flow out of layer i to the layer below,
and ei is the hydraulic sink of transpiration loss. For the surface layer, qi−1 is equal to the
surface infiltration rate. Equation , applied to each soil layer, forms a sparse, tridiagonal
system of equations where the change in liquid soil moisture in each layer, ∆θliq, is solved for
simultaneously.
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There are two additional, potential hydraulic sinks that are computed separately: free
drainage from the bottom layer and lateral drainage in the presence of sub-surface saturation,
including from perched, saturated zones. The free drainage condition is equivalent to the “flux”
boundary condition of CLM 5.0 [UCAR, 2020] and is based on the hydraulic conductivity, k,
and derivative of k of the bottom layer:

qdrain = ki +
[
∂ k

∂ θliq

× ∆θliq

]
i

(4)

When the soil column is saturated from the bottom-up, lateral drainage from the saturated
layer(s) is calculated after CLM 4.5 [Oleson et al., 2013]:

qdrain = Θice 10 sin(γ) exp(−fdrainz∇) where fdrain = 2.5 m−1 (5)

Where γ is the topographic slope and z∇ is the depth to the water table (top of saturated
zone). Lateral drainage from a perched, saturated zone is also calculated after CLM 4.5:

qperch = 10−5sin(γ)
(∑i=k

i=j Θice,i ksat(zi) ∆zi∑i=k
i=j ∆zi

)
(zfrost − z∇,perch) (6)

Where j and k are the soil layers that are perched and frozen (first such layer counting
down from the surface), respectively, and zfrost and z∇,perch are the depths to the frozen and
perched layers.

After the change in liquid soil moisture is applied and lateral drainage is removed, soil
moisture is manually re-balanced so as to maintain each layer within physical limits of
1 mm ≤ θliq,i∆zi ≤ (φ − θice,i)∆zi, as described in Lawrence et al. [2018]. While the
maximum surface infiltration rate and the actual transpiration rate are calculated once per
day, the remaining steps are taken using sub-daily time intervals, usually less than 1 hour,
and the soil moisture of the time final step is recorded as a daily snapshot and used as the
initial conditions for the next day. The sub-daily time step varies according to the adaptive
time-stepping scheme of CLM 5.0 [Lawrence et al., 2019]. All modeled sites are spun-up over
a 20-year period to equilibrium soil moisture using a 365-day climatology of driver datasets.
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Supplemental Tables

Table S1: The 25 COSORE datasets used in this study.
*These sites provided concurrent, daily soil moisture and
temperature measurements along with CO2 flux. **This
site was reported as “Open shrubland” and was mapped
to the MOD12Q1 PFT “Shrubland.” ***This “wetland”
site is a northern peatland and was mapped to MOD12Q1
PFT “Grassland.”

Dataset PFT Citation
d20190424_ZHANG_maple DBF [Zhang et al., 2018]
d20190424_ZHANG_oak DBF [Zhang et al., 2018]
d20200212_ATAKA* DBF [Ataka et al., 2014]
d20200212_KAYE_LNE* DBF n.a.
d20200212_KAYE_LNW* DBF n.a.
d20200212_KAYE_LSE* DBF n.a.
d20200212_KAYE_LSW* DBF n.a.
d20200212_KAYE_UNE* DBF n.a.
d20200212_KAYE_USE* DBF n.a.
d20200212_KAYE_USW* DBF n.a.
d20200221_MATHES DBF [Curtis et al., 2005]
d20200224_MATHES DBF [Detto et al., 2013]
d20200328_UEYAMA_TESHIO DNF [Ueyama et al., 2018]
d20200228_RENCHON EBF n.a.
d20200108_JASSAL ENF [Jassal et al., 2008]
d20200114_CARBONE_SC_EMBUDO* ENF [Carbone et al., 2011]
d20200114_CARBONE_SC_SAUCE* ENF [Carbone et al., 2013]
d20200120_CHANG* ENF [Chang et al., 2008]
d20200122_BLACK ENF [Gaumont-Guay et al., 2014]
d20200220_GAVAZZI ENF [Noormets et al., 2010]
d20200417_ARAIN_TP39 ENF [Arain, 2018]
d20200331_PEICHL GRS*** [Järveoja et al., 2018]
d20200423_OYONARTE* GRS [Vargas et al., 2018]
d20191017_BALDOCCHI SHB [Baldocchi et al., 2006]
d20200423_SANCHEZ-CANETE* SHB** [Sánchez-Cañete et al., 2016]
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Table S2: Day-of-year (DOY) of NEE minimum, RECO
maximum for EC flux towers (“Towers”) and mean dif-
ference in DOY (experiment minus Towers), in days, for
each experiment, based on the mean NEE seasonal cycle,
identified using a low-pass filter, for all sites above 40
degrees N latitude.

Product Peak RECO DOY Peak NEE DOY RECO Phase (days) NEE Phase (days)
Towers 197 181 n.a. n.a.
NRv8.3 183 196 -14 +15
NRv8.3 + Kok Effect 184 196 -13 +15
NRv8.3 + Litterfall Phenology 187 182 -10 +1
NRv8.3 + O2 Limit 186 186 -11 +5
NRv8.3 + Soil Profile 185 186 -12 +5
NRv8.3 + O2 Limit + Litterfall 187 182 -10 +1
NRv8.3 + Soil Profile + Litterfall 186 183 -11 +2
NRv8.3 + Soil Profile + O2 Limit 186 186 -11 +5
NRv8.3 + Soil Profile + O2 Limit + Litterfall 186 183 -11 +2
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Table S3: Mean difference in day-of-year (DOY) of NEE
minimum, RECO maximum for each experiment com-
pared to that of EC flux towers (experiment minus Tow-
ers), based on the seasonal cycle north of 40 degrees N
latitude using Fourier regression. Standard deviation
across PFTs is shown in parentheses.

Product RECO Phase (days) NEE Phase (days)
Towers n.a. ( 4.7) n.a. (14.6)
NRv8.3 -12.0 ( 4.7) 26.2 (17.6)
NRv8.3 + Kok Effect -11.9 ( 5.1) 22.8 (15.4)
NRv8.3 + O2 Limit -7.4 ( 4.5) 11.0 (13.4)
NRv8.3 + Litterfall Phenology -1.6 ( 7.3) -4.7 ( 9.3)
NRv8.3 + Soil Profile -9.4 ( 3.4) 15.6 (13.1)
NRv8.3 + O2 Limit + Litterfall -0.6 ( 6.2) -17.9 (21.1)
NRv8.3 + Soil Profile + O2 Limit -4.4 ( 5.5) -7.2 (21.1)
NRv8.3 + Soil Profile + Litterfall -4.8 ( 4.6) 4.2 ( 9.6)
NRv8.3 + Soil Profile + O2 Limit + Litterfall -2.3 ( 6.2) -13.5 (18.4)

Table S4: Day-of-year (DOY) of RECO maximum for EC
flux towers (“Towers”) and difference in DOY (experiment
minus Towers), in days, for each experiment, based on
the mean RECO seasonal cycle, identified using Fourier
regression, for all sites above 40 degrees N latitude.

Product ENF DNF DBF SHB GRS CCR BCR
NRv8.3 -11.9 -20.2 -10.9 -6.2 -4.8 -10.5 -19.6
NRv8.3 + Kok Effect -11.5 -20.8 -10.7 -6.0 -4.0 -11.0 -19.3
NRv8.3 + O2 Limit -8.8 -18.8 -5.0 -3.1 -2.4 -4.4 -9.0
NRv8.3 + Litterfall Phenology -8.0 -11.3 2.7 -1.6 0.9 -1.4 7.7
NRv8.3 + Soil Profile -10.3 -18.2 -6.1 -7.2 -3.7 -6.6 -14.0
NRv8.3 + O2 Limit + Litterfall -5.9 -10.3 2.1 1.0 1.1 1.5 6.1
NRv8.3 + Soil Profile + O2 Limit -8.4 -15.5 -1.4 -4.7 -2.9 0.7 1.3
NRv8.3 + Soil Profile + Litterfall -9.0 -12.3 -0.9 -5.7 -1.9 -2.4 -1.0
NRv8.3 + Soil Profile + O2 Limit + Litterfall -7.4 -12.6 1.0 -3.7 -1.2 2.2 5.6
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Table S5: Difference in day-of-year (DOY) of NEE mini-
mum and RECO maximum for each experiment and for
the EC flux towers (“Towers”) compared to that of FLUX-
COM (experiment/ Towers minus FLUXCOM), based on
the seasonal cycle north of 40 degrees N latitude using
Fourier regression.

Product RECO Phase (days) NEE Phase (days)
Towers +5.7 -2.2
NRv8.3 -5.9 +16.1
NRv8.3 + Kok Effect -5.8 +16.2
NRv8.3 + Litterfall Phenology +3.4 -8.2
NRv8.3 + O2 Limit -0.9 +1.3
NRv8.3 + Soil Profile -2.7 +6.5
NRv8.3 + O2 Limit + Litterfall +4.7 -20.5
NRv8.3 + Soil Profile + Litterfall +1.0 -3.3
NRv8.3 + Soil Profile + O2 Limit +2.1 -24.6
NRv8.3 + Soil Profile + O2 Limit + Litterfall +3.9 -28.2

Table S6: The mean RH :RS ratios, and standard deviation
in ratio across studies, from the Soil Respiration Database
(SRDB) version 5, based on inferring Plant Functional
Types from reported biome, ecosystem type, and leaf
habit.

PFT Rh:Rs Ratio Std. Dev.
DBF 0.581 0.192
EBF 0.597 0.172
ENF 0.599 0.198
GRS 0.584 0.192
SHB 0.637 0.230
Cropland 0.642 0.210
Other 0.634 0.198
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Supplemental Figures

Figure S1: The mean seasonal cycle of soil moisture (SM) across USCRN and SCAN sites at
the same depth north of 40 degrees N latitude. Very high variability is seen in the winter
months, when in situ soil moisture measurement is less reliable, but a clear increase in
surface soil moisture can be seen in spring. SM data were first cleaned, removing spikes and
measurements during freezing conditions. SM measurements are unreliable at near or below
freezing, which is the cause of the high variability seen in winter months.
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Figure S2: NEE and RECO seasonal cycles at each EC flux tower site in each PFT group, as
modeled in the NRv8.3 + Kok Effect experiment.

Figure S3: NEE and RECO seasonal cycles at each EC flux tower site in each PFT group, as
modeled in the NRv8.3 + Litterfall Phenology experiment.
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Figure S4: NEE and RECO seasonal cycles at each EC flux tower site in each PFT group, as
modeled in the NRv8.3 + O2 Limit experiment.

Figure S5: NEE and RECO seasonal cycles at each EC flux tower site in each PFT group, as
modeled in the NRv8.3 + Soil Profile experiment.
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Figure S6: NEE and RECO seasonal cycles at each EC flux tower site in each PFT group, as
modeled in the NRv8.3 + Soil Profile + O2 Limit experiment.

Figure S7: NEE and RECO seasonal cycles at each EC flux tower site in each PFT group, as
modeled in the NRv8.3 + Soil Profile + Litterfall experiment.
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Figure S8: NEE and RECO seasonal cycles at each EC flux tower site in each PFT group, as
modeled in the NRv8.3 + O2 Limit + Litterfall experiment.

Figure S9: NEE and RECO seasonal cycles at each EC flux tower site in each PFT group, as
modeled in the NRv8.3 + Soil Profile + O2 Limit + Litterfall experiment.
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Figure S10: Predicted (modeled) RECO versus observed RECO at COSORE sites for
each experiment, for all COSORE sites within an eddy covariance tower footprint or with
independent driver data. Soil wetness and RH are averaged within bins of 0.25 g C m−2 d−1.
Dotted line is the 1:1 line; red dashed line is the line of best fit.
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Figure S11: Change in modeled RECO residuals between NRv8.3 and the NRv8.3 + Kok
Effect experiment (NRv8.3 minus experiment) for each PFT; shown as mean change in
residual for each bin of PAR values by month. A black dot indicates that the change in
RECO residual represents an improvement; i.e., a decrease in a high-biased RECO residual
or an increase in a low-biased RECO residual.
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Figure S12: Change in modeled RECO residuals between NRv8.3 and the NRv8.3 + Litterfall
Phenology experiment (NRv8.3 minus experiment) for each PFT; shown as mean change in
residual for each bin of soil moisture values by month. A black dot indicates that the change
in RECO residual represents an improvement; i.e., a decrease in a high-biased RECO residual
or an increase in a low-biased RECO residual.
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Figure S13: Change in modeled RECO residuals between NRv8.3 and the NRv8.3 + O2 Limit
experiment (NRv8.3 minus experiment) for each PFT; shown as mean change in residual for
each bin of soil moisture values by month. A black dot indicates that the change in RECO
residual represents an improvement; i.e., a decrease in a high-biased RECO residual or an
increase in a low-biased RECO residual.
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Figure S14: Change in modeled RECO residuals between NRv8.3 and the NRv8.3 + Soil
Profile (NRv8.3 minus experiment) for each PFT and each soil layer; shown as mean change
in residual for each bin of soil moisture values by month. A black dot indicates that the
change in RECO residual represents an improvement; i.e., a decrease in a high-biased RECO
residual or an increase in a low-biased RECO residual.
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Figure S15: For each PFT, the normalized, mean seasonal cycle of RH for NRv8.3 and mean seasonal cycle of RH by depth
for the NRv8.3 + Soil Profile experiment. The seasonal amplitude, in carbon units, for both NRv8.3 (blue, dotted line) and
NRv8.3 + Soil Profile (red, solid line) are shown in the upper-left of each subplot. Note that the NRv8.3 results are not vertically
stratified and therefore do not change across the rows, i.e., they are shown for reference in each soil layer but do not correspond
to any single soil layer.

18



Figure S16: Litterfall input distribution functions, based on the NRv8.3 average daily litterfall
(fraction of annual NPP sum). The median SoilGrids profile is from the global SoilGrids
250m product. The CLM/ Jackson et al. (1996) function is described in Lawrence et al.
[2018], Equation 2.11.1.
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Figure S17: The analytical steady-state soil organic carbon (SOC) distribution, by depth,
based on different litterfall input distribution functions and using a negative-exponential
extinction function for heterotrophic respiration. The dotted, green line shows the reference
SoilGrids 250m SOC profile.

20



Figure S18: The numerical (final) steady-state soil organic carbon (SOC) distribution, by
depth, based on different litterfall input distribution functions and using a negative-exponential
extinction function for heterotrophic respiration. The dotted, green line shows the reference
SoilGrids 250m SOC profile.
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Figure S19: Total soil organic carbon (SOC) content distribution for each experiment, across all sites and all dates.
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Figure S20: Observed (COSORE) or modeled RH flux for select experiments, showing only those date ranges wherein COSORE
data are available. Of the single-factor experiments, NRv8.3 + Litterfall Phenology is not shown because its dynamics are very
similar to NRv8.3.
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Figure S21: Observed (COSORE) or modeled RH flux, normalized by each site and product’s range in values, for select
experiments, showing only those date ranges wherein COSORE data are available. Of the single-factor experiments, NRv8.3 +
Litterfall Phenology is not shown because its dynamics are very similar to NRv8.3.
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