
Benchmarking large-scale carbon fluxes in the 
CMIP6 ensemble using novel CO2 observations

Gretchen Keppel-Aleks1, Morgan Cheatham1, Britton Stephens2, Ke Xu1, and Nate Collier3

1University of Michigan, 2National Center for Atmospheric Research, 3Oak Ridge National Laboratory

gkeppela@umich.edu

RGMA PI Meeting  
October 2020



We have developed new metrics to quantify large scale land-atmosphere carbon 
exchange using atmospheric CO2 observations
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Given strong relationships between net carbon exchange and heterotrophic 
respiration (HR) in CMIP6 models, we will leverage multiple datasets within 

ILAMB to drill into processes 
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the observed CO2 growth rate anomaly was calculated for
1982 to 2010 using ESRL CO2 observations and the Climatic
Research Unit’s gridded temperature product (CRU TS4.01;
Jones et al., 2012), which is derived from interpolated ground
station measurements.

We also assess the influence of individual regions on
the global-mean signal for both component land fluxes
(NPP, HR) and simulated atmospheric CO2 (CONPP

2 , COHR
2 ,

CONEP
2 ). We first quantify the magnitude of variability in

each region relative to the magnitude of global variability
(�REL) as the ratio of regional IAV standard deviation to
global IAV standard deviation. This ratio is calculated for
monthly flux IAV from each of the five flux regions and for
the global-mean CO2 time series that arises from fluxes in
each of the five flux regions (e.g., the global CO2 response
to NHL fluxes, or the global CO2 response to NML fluxes).
The value of �REL has a lower bound of 0, which would indi-
cate that a region contributes no IAV, but has no upper bound,
since a value greater than 1 simply indicates that the fluxes
in a given region are more variable than global fluxes.

We note that the timing of IAV in a given region may be in-
dependent of IAV in other regions and thus may or may not
be temporally in-phase with global IAV. We therefore also
calculate correlation coefficients (r) for the time series of re-
gional flux IAV and CO2 IAV with the global signal. Thus, if
an individual region were responsible for all observed global
flux or CO2 variability, it would have both �REL and r values
equal to 1 in this comparison. The value for r will be small
if a regional signal is not temporally coherent with the global
signal, even if the magnitude of variability is high.

3 Results

3.1 Seasonal imprint of heterotrophic respiration

Our evaluation of CO2 simulated using test-bed fluxes re-
vealed that all test-bed models overestimated the mean an-
nual cycle amplitude of atmospheric CO2 observations. In
the Northern Hemisphere, the bias was largest for MIM-
ICS, as the COMIMICS NEP

2 amplitude was overestimated
by up to 100 % (Fig. 3). The mismatch was smallest in
COCORPSE NEP

2 , which was within 70 % of the observed an-
nual cycle amplitude where CORPSE simulates the largest
seasonal HR fluxes (Fig. 3a–c, Table 1). Within the modeled
carbon dioxide concentrations resulting from land fluxes,
CONPP

2 and COHR
2 show the largest seasonality in the NHL,

with seasonal amplitudes decaying toward the tropics and
Southern Hemisphere. In the NHL, the peak-to-trough am-
plitude of CONPP

2 is 39 ± 2 ppm, with a seasonal maxi-
mum in April and a seasonal minimum in August (Fig. 4a;
note this CONPP

2 peak reflects the sign reversal in the driv-
ing NPP flux (Sect. 2.3)). The seasonal cycles for COHR

2
simulated from all test-bed models are out of phase with
that of CONPP

2 , and there are large amplitude differences in

Figure 3. Climatological annual cycle (median) of CO2 for obser-
vations (black) and global net ecosystem productivity flux (CONEP

2 ,
colors) between 1982 and 2010. Monthly climatology values were
created after detrending the CO2 time series for atmospheric sam-
pling bands in the (a–c) Northern Hemisphere (d–f) and Southern
Hemisphere. Note the change in y-axis scale between the two hemi-
spheres and the sign of CONEP

2 reflects the combination of CONPP
2

and COHR
2 (Eq. 3). Shading on the observed line represents one

standard deviation due to interannual variability in the seasonal cy-
cle.

COHR
2 among the model ensemble members. Specifically, the

NHL amplitude of COCORPSE HR
2 is 28 ± 3 ppm, while the

amplitudes for COMIMICS HR
2 and COCASA-CNP HR

2 are only
17 ± 1 ppm, accounting for about 40 %–70 % of the ampli-
tude from CONPP

2 (Table 1). However, in all latitude bands,
the largest COHR

2 amplitude comes from the microbially ex-
plicit model – CORPSE for the Northern Hemisphere. In
the Southern Hemisphere extratropics, the amplitudes for all
components were less than 3 ppm (Table 1).

The three soil carbon models in the test bed impart dif-
ferent fingerprints on atmospheric CO2 variability. Specif-
ically, the phasing of COHR

2 is an important driver of the
overall comparison between CONEP

2 and observed CO2 sea-
sonality (Fig. 3). When the contributions of NPP and HR
seasonality are considered together (i.e., COHR

2 + CONPP
2 ),

the simulated amplitude of CONEP
2 is larger than the ob-

served CO2 across all latitude bands (Fig. 3). The largest
mismatch is in the NHL zone, where the observed mean an-
nual cycle is 15 ± 0.9 ppm, while the peak-to-trough CONEP

2
ranges from 23 ± 1.3 ppm for CORPSE to 33 ± 1.4 ppm for
MIMICS (Fig. 3a). The smaller CONEP

2 amplitude simu-
lated by CORPSE is due to the large COHR

2 seasonality that
counteracts the seasonality in NPP (Fig. 4a–b). Furthermore,
COMIMICS HR

2 and COCASA-CNP HR
2 have similar amplitudes

in the NHL (Fig. 4a; Table 1), but the CONEP
2 amplitude
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Table 1. Atmospheric CO2 mean annual cycle amplitude (in ppm) simulated from heterotrophic respiration (HR), net primary productivity
(NPP), and net ecosystem productivity (NEP). The median annual cycle amplitudes for observed CO2 (COOBS

2 ) averaged over latitude bands
are also reported.

61–90� N 24–60� N 0–23� N 1–23� S 24–60� S 61–90� S

COCASA-CNP HR
2 17.6 11.4 4.3 4.3 1.1 1.9

COCORPSE HR
2 28.2 16.6 6.4 4.9 1.4 2.2

COMIMICS HR
2 17.2 11.8 5.1 4.4 1.9 2.5

COCASA-CNP NPP
2 39.3 24.6 11.9 6.0 3.1 3.1

COCASA-CNP NEP
2 26.2 16.3 9.3 1.6 2.2 2.2

COCORPSE NEP
2 23.4 14.8 8.7 1.3 2.2 2.4

COMIMICS NEP
2 32.8 19.0 10.4 1.7 1.9 2.1

COOBS
2 15.3 10.6 6.1 0.9 0.8 1.4

from these two models differs (33 ± 1.2 ppm versus 26 ±
1 ppm, respectively; Fig. 3a; Table 1). This occurs because
COMIMICS HR

2 peaks 1 month later than COCASA-CNP HR
2 and

has a zero crossing that is more closely aligned with the
trough of CONPP

2 (Fig. 4a), leading to the larger amplitude
in COMIMICS NEP

2 (Fig. 3a; Table 1). Although the amplitude
mismatch decreases towards the south (Fig. 3b–f), the overall
bias in the Northern Hemisphere suggests that either the sea-
sonality of NPP is too large or that all test-bed models under-
estimate the seasonality of HR. Within the ST region, ensem-
ble COHR

2 minima are opposite to those in CONPP
2 , leading to

a small annual cycle in simulations, consistent in magnitude
with that of the observations (Figs. 3d, 4d).

3.2 Interannual imprint of heterotrophic respiration

The test-bed ensemble reasonably simulates the magnitude
and timing of interannual variability (IAV) compared with
CO2 observations (Fig. 5). Across the six latitude bands an-
alyzed, simulated CONEP

2 IAV generally falls within 1 stan-
dard deviation of the median variation from observations for
most of the study period (Fig. 5). Taking a closer look at the
CO2 from the component fluxes (NPP and HR), across all
six latitude bands, the CONPP

2 IAV standard deviation is be-
tween 0.9 and 1.1 ppm (Fig. 6b). COCASA-CNP HR

2 IAV shows
standard deviation similar to that of CONPP

2 IAV, whereas
the standard deviations of COCORPSE HR

2 and COMIMICS HR
2

range from 0.7 to 1.4 ppm and 0.5 to 1.1 ppm, respectively
(Fig. 6b).

Combining the CO2 responses from component fluxes
to CONEP

2 reveals a latitudinal gradient in IAV standard
deviation similar to that of ESRL observations, with the
largest standard deviation found in the northern extratrop-

Figure 4. Climatological annual cycle (median) of atmospheric
CO2 simulated from land fluxes (CONPP

2 , COHR
2 ) between 1982 and

2010. Monthly climatology values were created after detrending the
CO2 time series for atmospheric sampling bands in the (a–c) North-
ern Hemisphere (d–f) and Southern Hemisphere. Note the change in
y-axis scale between the two hemispheres, and the sign of CONPP

2
reflects the sign reversal of the underlying NPP (positive flux to the
atmosphere; Eq. 2).

ics (Fig. 6a). Among the three test-bed models, the standard
deviation of COCASA-CNP NEP

2 agrees best with observations
across all latitude bands (COCASA NEP

2 : 0.5–0.9 ppm; ESRL:
0.6–1.0 ppm; Fig. 6a). COCORPSE NEP

2 overestimates IAV by
up to 30 % in NHL and NML but agrees better with observa-
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ics (Fig. 6a). Among the three test-bed models, the standard
deviation of COCASA-CNP NEP

2 agrees best with observations
across all latitude bands (COCASA NEP

2 : 0.5–0.9 ppm; ESRL:
0.6–1.0 ppm; Fig. 6a). COCORPSE NEP

2 overestimates IAV by
up to 30 % in NHL and NML but agrees better with observa-
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the observed CO2 growth rate anomaly was calculated for
1982 to 2010 using ESRL CO2 observations and the Climatic
Research Unit’s gridded temperature product (CRU TS4.01;
Jones et al., 2012), which is derived from interpolated ground
station measurements.

We also assess the influence of individual regions on
the global-mean signal for both component land fluxes
(NPP, HR) and simulated atmospheric CO2 (CONPP

2 , COHR
2 ,

CONEP
2 ). We first quantify the magnitude of variability in

each region relative to the magnitude of global variability
(�REL) as the ratio of regional IAV standard deviation to
global IAV standard deviation. This ratio is calculated for
monthly flux IAV from each of the five flux regions and for
the global-mean CO2 time series that arises from fluxes in
each of the five flux regions (e.g., the global CO2 response
to NHL fluxes, or the global CO2 response to NML fluxes).
The value of �REL has a lower bound of 0, which would indi-
cate that a region contributes no IAV, but has no upper bound,
since a value greater than 1 simply indicates that the fluxes
in a given region are more variable than global fluxes.

We note that the timing of IAV in a given region may be in-
dependent of IAV in other regions and thus may or may not
be temporally in-phase with global IAV. We therefore also
calculate correlation coefficients (r) for the time series of re-
gional flux IAV and CO2 IAV with the global signal. Thus, if
an individual region were responsible for all observed global
flux or CO2 variability, it would have both �REL and r values
equal to 1 in this comparison. The value for r will be small
if a regional signal is not temporally coherent with the global
signal, even if the magnitude of variability is high.

3 Results

3.1 Seasonal imprint of heterotrophic respiration

Our evaluation of CO2 simulated using test-bed fluxes re-
vealed that all test-bed models overestimated the mean an-
nual cycle amplitude of atmospheric CO2 observations. In
the Northern Hemisphere, the bias was largest for MIM-
ICS, as the COMIMICS NEP

2 amplitude was overestimated
by up to 100 % (Fig. 3). The mismatch was smallest in
COCORPSE NEP

2 , which was within 70 % of the observed an-
nual cycle amplitude where CORPSE simulates the largest
seasonal HR fluxes (Fig. 3a–c, Table 1). Within the modeled
carbon dioxide concentrations resulting from land fluxes,
CONPP

2 and COHR
2 show the largest seasonality in the NHL,

with seasonal amplitudes decaying toward the tropics and
Southern Hemisphere. In the NHL, the peak-to-trough am-
plitude of CONPP

2 is 39 ± 2 ppm, with a seasonal maxi-
mum in April and a seasonal minimum in August (Fig. 4a;
note this CONPP

2 peak reflects the sign reversal in the driv-
ing NPP flux (Sect. 2.3)). The seasonal cycles for COHR

2
simulated from all test-bed models are out of phase with
that of CONPP

2 , and there are large amplitude differences in

Figure 3. Climatological annual cycle (median) of CO2 for obser-
vations (black) and global net ecosystem productivity flux (CONEP

2 ,
colors) between 1982 and 2010. Monthly climatology values were
created after detrending the CO2 time series for atmospheric sam-
pling bands in the (a–c) Northern Hemisphere (d–f) and Southern
Hemisphere. Note the change in y-axis scale between the two hemi-
spheres and the sign of CONEP

2 reflects the combination of CONPP
2

and COHR
2 (Eq. 3). Shading on the observed line represents one

standard deviation due to interannual variability in the seasonal cy-
cle.

COHR
2 among the model ensemble members. Specifically, the

NHL amplitude of COCORPSE HR
2 is 28 ± 3 ppm, while the

amplitudes for COMIMICS HR
2 and COCASA-CNP HR

2 are only
17 ± 1 ppm, accounting for about 40 %–70 % of the ampli-
tude from CONPP

2 (Table 1). However, in all latitude bands,
the largest COHR

2 amplitude comes from the microbially ex-
plicit model – CORPSE for the Northern Hemisphere. In
the Southern Hemisphere extratropics, the amplitudes for all
components were less than 3 ppm (Table 1).

The three soil carbon models in the test bed impart dif-
ferent fingerprints on atmospheric CO2 variability. Specif-
ically, the phasing of COHR

2 is an important driver of the
overall comparison between CONEP

2 and observed CO2 sea-
sonality (Fig. 3). When the contributions of NPP and HR
seasonality are considered together (i.e., COHR

2 + CONPP
2 ),

the simulated amplitude of CONEP
2 is larger than the ob-

served CO2 across all latitude bands (Fig. 3). The largest
mismatch is in the NHL zone, where the observed mean an-
nual cycle is 15 ± 0.9 ppm, while the peak-to-trough CONEP

2
ranges from 23 ± 1.3 ppm for CORPSE to 33 ± 1.4 ppm for
MIMICS (Fig. 3a). The smaller CONEP

2 amplitude simu-
lated by CORPSE is due to the large COHR

2 seasonality that
counteracts the seasonality in NPP (Fig. 4a–b). Furthermore,
COMIMICS HR

2 and COCASA-CNP HR
2 have similar amplitudes

in the NHL (Fig. 4a; Table 1), but the CONEP
2 amplitude
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Relationship to White paper

• Evaluate plant physiological and land surface responses to changing atmospheric CO2 levels, surface energy 
budgets, nutrient availability, and regional environmental conditions.

Atmospheric CO2 is the ultimate carbon-climate feedback.  Our understanding of land surface 
responses must result in getting the atmospheric CO2 mole fraction correct for the right reasons.

• Characterize  and  evaluate  soil  dynamics  (e.g.,  decomposition,  nutrient  cycling,  cryoturbation)  to  better 
understand  distributions  of  soil  organic  matter  and  influences  of  turnover  time  using  isotope  data  and 
advanced tracer methods.

Our research suggests that atmospheric observations contain a lot more direct or proxy information 
about heterotrophic respiration that can be used as a top-down constraint on process level information 
solicited here. 

• Develop and distribute model benchmarking tools employing novel metrics for evaluating model fidelity of 
ESMs in terms of representation of biogeochemical processes and feedbacks to the Earth system.

We are continuing to develop methods to use atmospheric CO2 to evaluate modeled fluxes, both by 
comparing mole fractions directly and by translating atmospheric observations into robust flux signals 
that can be directly compared with local to regional scale flux constraints.
 


