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Abstract

Superimposed on the continued increase in the atmospheric CO, concentration is a
prominent seasonal cycle. Ground-based and aircraft-based observation records show
that the amplitude of this seasonal cycle has increased. Will this trend continue into
future? In this paper, we analyzed simulations for historical (1850—-2005) and future
(RCP8.5, 2006—2100) periods produced by 10 Earth System Models participating the
Fifth Phase of the Coupled Model Intercomparison Project (CMIP5). Our results show
a model consensus that the increase of CO, seasonal amplitude continues throughout
the 21st century. The seasonal amplitude of the multi-model global mean detrended
CO, increases from 1.6 ppm during 1961-1970 to 2.7 ppm during 2081-2090, and
the mean relative amplitude increases by 62 £ 19 %. This increase is dominated by a
68 + 25 % increase from Net Biosphere Production (NBP). We then show the increase
of NBP amplitude mainly comes from enhanced ecosystem uptake during Northern
Hemisphere growing season under future CO, and temperature conditions. Separate
analyses on net primary production and respiration reveal that enhanced ecosystem
carbon uptake contributes to about 75 % of the amplitude increase. Stimulated by
higher CO, concentration and high-latitude warming, enhanced net primary produc-
tion likely outcompetes increased respiration at higher temperature. Zonal distribution
and the spatial pattern of NBP change suggest that regions north of 45° N dominate
the amplitude increase. We also found that changes of NBP and its seasonal ampli-
tude are significantly (R =0.73, p < 0.05) correlated — models that simulate a stronger
carbon uptake tend to show a larger change of NBP seasonal amplitude.

1 Introduction

Since 1958, nearly continuous measurement of atmospheric CO, concentration has
been taken at Mauna Loa, Hawaii (19.5° N, 155.6° W, 3400 m altitude), which is located
within the well-mixed trade wind belt. Its record captures the CO, increase from below
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320 ppm to over 400 ppm today. Superimposed upon this upward trend is a prominent
seasonal cycle that has been primarily attributed to the seasonal imbalance of growth
and decay of the Northern Hemisphere biosphere. At Mauna Loa (MLO), CO, reaches
maximum in May and minimum in October with a peak-to-trough amplitude of about
6 ppm, which has been shown to represent a close average of a large portion of the
Northern Hemisphere biosphere (Kaminski et al., 1996), where the amplitude ranges
from 3 ppm at 10° N to 15 ppm at Point Barrow, Alaska (71° N). Early studies has spec-
ulated that global primary production would decrease because of global changes such
as acid rain and cutting forest (Whittaker and Likens, 1973; Reiners, 1973), in which
case we might observe a reduction of CO, seasonal amplitude (assuming changes in
respiration are similar at the peak and trough of the CO, seasonal cycle). However,
Hall et al. (1975) found no evidence of a long-term change in amplitude from 15years
of MLO CO, record (1958-1972). They concluded either the biosphere is too big to be
affected yet or the degradation of biosphere is balanced by enhanced CO, fertilization
and increased use of fertilizers in agriculture.

As the industrialization processes expanded during the 1970s and 1980s, it seems
likely that the metabolic activity of the biosphere became stronger, as indicated by
a rapid increase in CO, seasonal amplitude computed from MLO CO, record (Pear-
man and Hyson, 1981; Cleveland et al., 1983; Bacastow et al., 1985). Enhanced CO,
fertilization was considered as an obvious factor, and a change to climatic conditions
a possible cause (Bacastow et al., 1985). Keeling et al. (1996) further linked the am-
plitude increase with climate change by showing the two-year phase lag relationship
between trends in the relative amplitude and trends in 30—-80° N mean temperature.
They suggest the warming may also lead to a lengthening of growing season associ-
ated with phase advances of about 7 days during the declining phase of the seasonal
cycle.

Unlike CO, fertilization, the combined effect of climate (temperature, precipitation,
etc.) introduces strong interannual variability to the amplitude change, and changes in
climate could either lead to an amplitude increase or decrease — it was noticed later
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that despite of the continuing rise of 30-80° N mean land temperature since 1990s,
CO, seasonal amplitude at MLO has declined. Buermann et al. (2007) attributed the
decline to the severe drought in North America during 1998-2003. They reasoned
that MLO receives mainly Eurasian air masses in the Northern Hemisphere winter but
relatively more North American air masses in summer. A decreasing trend in the 1990s
was observed at Point Barrow, Alaska.

After the mid-1990s, the increasing trend of amplitude resumed at MLO. The latest
analysis by Graven et al. (2013) shows a 16 % increase in MLO amplitude and a 30 %
increase in Point Barrow amplitude over the 1958—2011 period. They compared aircraft
measurements taken at 500 mb and 700 mb heights in 1958-1961 and 2009-2011,
and these data suggest an even larger (~ 50 %) increase of atmospheric CO, sea-
sonal amplitude north of 45°N. They also applied two atmospheric transport models
to estimate CO, amplitude using monthly Net Ecosystem Production (NEP) from the
historical simulation (Exp3.2) results of eight Coupled Model Intercomparison Project
Phase 5 (CMIP5) models. Compared with aircraft data, they found the CMIP5 models
simulated a much lower amplitude increase.

So far, the magnitude of global amplitude change is not clear. Even though the Global
Monitoring Division of NOAA/Earth System Research Laboratory (ESRL) has mea-
sured carbon dioxide for several decades at well over 100 surface CO, monitoring
sites (Conway et al., 1994), fewer than 20 of them have over 30 years of record. ESRL
provides a global monthly mean CO, time series since 1980, computed from 43 re-
mote stations that sample well-mixed marine boundary layer (MBL). Another source of
estimate is from atmospheric inversions, which give spatially explicit surface fluxes in
addition to global mean. However, their resolution and accuracy are inherently limited
due to a small number of stations used, and errors in atmospheric transport.

Process-based Terrestrial Biosphere Models (TBMs) can generate surface fluxes
over the past century or longer, usually with a spatial resolution of half to three degrees.
They offer insights in better understanding the mechanisms for the amplitude change.
McGuire et al. (2001) compared the relative change of the seasonal amplitude of total
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land-atmosphere carbon flux north of 30° N for four TBMs, and they found the trend was
overestimated by one of the four models and underestimated by the other three. They
suggest the observed trend may be a consequence of the combined effects of rising
CO,, climate variability and land use changes, which has also been noted in previous
studies (Kohlmaier et al., 1989; Keeling et al., 1995, 1996; Randerson et al., 1997,
1999; Zimov, 1999). Models show varied extent of amplitude increase, which is likely
due to their different sensitivities to CO, concentration and climate. It is especially in-
teresting that while Graven et al. (2013) found CMIP5 models might underestimate the
amplitude, previous observation indicated the models might overestimate CO, fertiliza-
tion effect (Piao et al., 2013), suggesting that our understanding of the CO, seasonal
amplitude problem is still limited.

With temperature rise and CO, increase, we may see further lengthening of growing
season over high latitudes. On the other hand, the atmospheric circulation patterns will
also change; the frequency and/or duration of heat waves are very likely to increase
over most land areas, and the Increases in intensity and/or duration of drought and
flood are likely (International Panel on Climate Change, 2013). It is not clear whether
the net effect of natural and human-induced environmental changes would result in an
increase or decrease of the amplitude in the future. In this study, we analyzed the fully
coupled CMIP5 earth system model runs as part of the Fifth Assessment Report (AR5)
of the United Nations’ Intergovernmental Panel on Climate Change (IPCC). Specifically,
we looked into the emission-driven simulations, which include many of the aforemen-
tioned processes and feedbacks. Our goal is to answer the following questions: how
does CMIP5 models predict the amplitude and phase changes of CO, seasonal cycle
in the future? Is it driven mostly by changes in production or respiration? Where the
models predict the largest amplitude changes will occur?

Section 2 describes the CMIP5 experiments, models used and our analyzing
method; Sect. 3 presents the major results of our multi-model analyses; Sect. 4 dis-
cusses and concludes our main findings.
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2 Method
2.1 Model descriptions

We analyzed historical and future emission-driven simulation results from 10 CMIP5
ESMs. The historical simulations, referred to as experiment 5.2 or ESM historical 1850—
2005 run (Taylor et al., 2012), were forced with gridded CO, emissions reconstructed
from fossil fuel consumption estimates (Andres et al., 2011). Unlike the concentration-
driven (no feedback on CO, concentration in the atmosphere) future simulations with
four different Representative Concentration Pathways (RCPs), the emission-driven fu-
ture simulations, referred to as experiment 5.3 or ESM RCP8.5 experiment 2006—2100,
were forced with projected CO, emissions, following only one scenario — RCP8.5 (Moss
et al., 2010). We chose the emission-driven runs because the fully coupled ESMs in
these runs have interactive carbon cycle component that can simulate climate-carbon
cycle feedback mechanisms. Global atmospheric CO, concentrations are simulated
prognostically, therefore they reflect the total effect of all the physical, chemical, and
biological processes on Earth, and their interactions and feedbacks with the climate
system. We obtained model output primarily from the Earth System Grid Federation
(ESGF), an international network of distributed climate data servers (Williams et al.,
2011). For the GFDL model, we directly retrieved the output from GFDLs Data Portal
(http://nomads.gfdl.noaa.gov:8080/DataPortal/cmip5.jsp). The main characteristics of
the 10 models are listed in Table 1.

2.2 Analysis procedure

We first analyzed the monthly output of prognostic atmospheric CO, concentrations
to evaluate the change of CO, seasonal amplitude (defined as max minus min of de-
trended seasonal cycle) from 1961 to 2099. Atmospheric CO, was obtained primarily
as the area- and pressure-weighted mean of CO, across all vertical levels — a better
representation of atmospheric carbon content than surface CO,. The INM-CM4 model
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does not provide CO, concentration, so we converted its total atmospheric mass of
CO, to mole fraction. We excluded the IPSL model from analyses in Sects. 3.1 and 3.2
because its CO, output is not available. Only CanESM2 provides three different real-
izations for both historical and future runs, and we simply use its first realization in our
comparison. We believe this choice would lead to a more representative result than
including all realizations of CanESM2 in multi-model averaging.

To extract the CO, seasonal cycle from the monthly records, we applied the curve-
fitting procedures using the CCGCRYV software developed at the National Oceanic and
Atmospheric Administration Climate Monitoring and Diagnostics Laboratory (Thoning
et al., 1989; http://www.esrl.noaa.gov/gmd/ccgg/mbl/crvfit/crvfit.ntml). This algorithm
first fits the long-term variations and the seasonal component in the monthly CO,
record with a combination of a trend function and a series of annual harmonics. Then
the residuals are filtered with fast Fourier transform and transformed back to the real do-
main. Specifically, we followed the default setup of a quadratic polynomial for the trend
function, a four-yearly harmonics for the seasonal component, and long/short-term cut-
off values of 650 days/80 days for the filtering in our analyses. We examined the phase
change of CO, detrended seasonal cycle by counting how frequent the maximums and
minimums occur in different months. We used two definitions of seasonal amplitude in
our analyses that yield similar results: one directly comes from the CCGCRYV package,
and another definition is simply max minus min of detrended seasonal cycle in each
year. For each model’s monthly global mean CO,, we first computed the detrended
CO, seasonal cycle as the annual harmonic part plus the filtered residue using the
short-term cutoff value. Then we started to investigate the global carbon budget in
each model:

dCo,
dt
The left term is the change of CO, concentration (or CO, growth rate), which we
simply computed as the difference between the current month and previous month’s
concentration — this leads to a half-month shift earlier than the results indicate. The
785
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right side comprises of fossil fuel emission (FFE), net biosphere production (NBP, or
net terrestrial-atmosphere carbon exchange, positive if land is a carbon sink) and net
ocean-atmosphere flux (FOA, positive if ocean releases carbon). Previous studies have
limited the impact of FFE and FOA on trends in CO, amplitude to less than a few per-
cent change (Graven et al., 2013). Therefore we focused on examining the seasonal
cycle of NBP in this study.

For each model, we checked and ensured that the sum of individual flux terms in
Eqg. (1) equals to the CO, growth rate. However, further breakdown of NBP may look
very different. For example, the GFDL-ESM2m model’s NBP has component fluxes in-
cluding Net Primary Production (NPP), heterotrophic respiration (Ay,), fluxes from land
use change (fLuc), fire (fFire), harvest (fHarvest) and grazing (fGrazing). In contrast,
NBP approximately equals to NPP minus A, in CanESM2. To investigate whether the
amplitude change is mostly due to enhanced production or respiration, we examined
the seasonal cycle of NPP and respiration separately. The INM model does not provide
NPP output, so it is excluded in this part of analyses. For respiration, instead of directly
adding all flux components such as A,, and fLuc for each model (which would be un-
necessary and difficult since not all fluxes are provided), we defined R;, (dominated by
Ry) such that

R* = NPP — NBP. 2)

Additionally, we analyzed the spatial patterns of NBP changes between future (2081—
2090) and historical (1961-1970) period. We examined the peak seasons of carbon
uptake and release by the biosphere, namely May—July and October-December aver-
ages, respectively. The difference between the two periods gives us an approximate
representation of NBP amplitude change. We chose three-month averages for multi-
model ensemble, because not all models simulate peak uptake in June and peak re-
lease in October. Monthly output of NBP, NPP and R, (derived from NBP and NPP)
from all models were first resampled to 2° x 2° grids. Then the spatial and zonal means
for both May—July and October—December were computed.
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3 Results
3.1 Changes of CO, and NBP seasonal amplitude

The CMIP5 models project that the increase of CO, seasonal amplitude continues in
the future. Figure 1a shows detrended and globally averaged monthly column atmo-
spheric CO, from 1961 to 2099, averaged over nine models (no IPSL). The models
project an increase of CO, seasonal amplitude (defined as max minus min in each
year) by 74 % over 120years, from 1.6 ppm during 1961-1970 to 2.7 ppm in 2081—
2090. The increase is faster in the future than in historical period. Another feature is
that the trend of minimums (-0.63 ppm century‘1) has a larger magnitude than the
trend of maximums (0.41 ppm century‘1), suggesting that enhanced vegetation growth
contributes more to the amplitude increase than higher respiration. Figure 1b and c
present detrended global mean CO, growth rate (1 ppm=2.12 Pngonth'1 for unit
conversion) and —NBP, two quantities showing very similar characteristics as expected.
All models simulate an increase in amplitude, although considerable model spread is
found (Table 2). Excluding models beyond one standard deviation range yields similar
results.

We further calculated the change of relative amplitude (relative to 1961-1970) for
each model. Here amplitude is computed by the CCGCRV package. As illustrated in
Fig. 2, all nine models show an increase in both global mean CO, and NBP seasonal
amplitude. CO, seasonal amplitude has increased by 62 + 19 % in 2081-2090, com-
pared to 1961-1970; whereas NBP seasonal amplitude has increased by 68 £ 25 %
over the same period (see Table 3 for details of individual models). The trend of in-
crease is much higher in the future (CO,/NBP: 0.70 %/0.73 % per year during 2006—
2099) than in the historical period (0.25 and 0.28 % per year during 1961-2005 for CO,
and NBP), albeit the model spread also becomes larger in the future.

To illustrate how well the models simulate the seasonal variations of CO,, we com-
pared the multi-model ensemble global CO, at the lowest model level — not equivalent
to the height of surface CO, measurement, but relatively close — with ESRLs global
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mean CO, over 1981-2005 (Fig. 1d). The surface CO, amplitude increase estimated
by the models is lower than ESRLs global CO, estimate, however the changes of
amplitude are similar (Table 4). This surface station-based global CO, estimate also
indicates that the amplitude increase is dominated by the trend of minimums.

3.2 Phase change

Atmospheric CO, rises from fall (Northern Hemisphere) to early spring, when carbon
uptake is smaller than release. The peak values are simulated to occur in April based
on the multi-model ensemble. Then carbon uptake surpasses release, and global con-
centration decreases over spring and summer — the growing season of Northern Hemi-
sphere biosphere — until reaching the minimum in September/August. This “clocklike”
breathing behavior of biosphere will probably change: models simulate a shift of min-
imum CO, concentration occurrence from mixed September/August in the historical
period to August in the future (Fig. 3a).

The minimums and maximums of the CO, growth rate and —NBP (Fig. 3b and c)
indicate the model-simulated months of maximum carbon imbalance associated with
peak vegetation growth and decay. As shown in Fig. 3b, both the maximums and mini-
mums of the CO, growth rate are more likely to be found at an earlier time of year, as if
the biosphere clock is turning back: minimums occurred mostly in July, but shift to June
in the second half of the 21st century; maximums were in November/January, but shift
to more October in the last quarter of the 21st century. Similarly, peak carbon uptake
by terrestrial biosphere (minimum —NBP, or maximum NBP) occurs in June, and peak
carbon release shifts from March/January to October, November and January towards
the end of the time series.

3.3 Production vs. respiration

Our next question is whether the amplitude change of NBP is largely driven by NPP
or respiration. We computed the mean seasonal cycle of —-NBP, —NPP (reverse signs
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so that negative values always indicate carbon uptake) and A, in two periods: 1961—
1970 (black) and 2081-2090 (red), for the nine models (for this and following analyses,
we excluded INM which does not provide NPP, and included the IPSL model). The
shaded areas represent model spread (one standard deviation). The seasonal ampli-
tude of NBP, computed as max minus min (June—October), has increased from 2.7
to 4.7 Pngonth'1 (Fig. 4a). The 2Pngonth'1 amplitude change is the sum of
enhanced net carbon uptake in June and higher net release in October, and the up-
take increase (1.4 PgC month_1) is nearly three times as large as the release increase
(0.5 Pngonth'1). The biggest increases of carbon uptake mostly take place during
a short period from May to July, while carbon release shows a more even change from
August to January.

We then investigate the June and October changes of —NPP and R}, respec-
tively. By definition, their sum should equal to the amplitude change of —NBP. NPP
has increased in all months (Fig. 4b), with much larger changes during the North-
ern Hemisphere growing season. The amplitude of NPP has increased from 4.8 to
7.1PgC month'1, and the amplitude of Fy’; from2.7t0 4.3PgC month™". In June, NPP
increase (4.5PgC month_1) is larger than that of R, (3.1PgC month™’ ), resulting in en-
hanced net uptake. In October, NPP increase (1.9PgC month'1) is smaller than that of
R/ (2.4PgC month™"), leading to enhanced net release. These results are consistent
with trends of maximums and minimums in Fig. 1.The models also indicate a shift in
peak NPP from July to June, consistent with the shift of CO, minimums.

3.4 Spatial and latitudinal contributions

To further investigate the regional contribution to NBP change, we plotted the 10-model
mean —NBP changes (Fig. 5) over peak Northern Hemisphere growing season (May—
July) and dormant season (October—December). Because the models disagree on the
time of maximum and minimum NBP, our choice of doing seasonal averages would be
more representative of the models than averaging over one month. We saw stronger
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net carbon uptake in May—July almost everywhere north of 45° N, and also over the Ti-
betan Plateau and some places near equator. Net carbon uptake weakens over West-
ern US and Central America, South and Southeast Asia and Central South America.
The change of net carbon release in October—December generally shows an opposite
spatial pattern, but the relative magnitude of change over 45-90° N is much smaller.

In addition, we calculated the zonal averages of the changes in May—July (black
line) and October—-December (red line). The green shaded areas contribute positively
to the amplitude increase, whereas the yellow shades contribute negatively. It is ap-
parent that the seasonal amplitude increase of NBP is dominated by regions north of
45°N with a weak contribution by the Southern Hemisphere tropics (-25-0° S). The
Northern subtropical region and Southern Hemisphere (10-30° N, 55-35° S) partly off-
set the amplitude increase. It is also clear from this figure that the amplitude increase
is dominated changes in peak growing season.

3.5 Relationship with mean carbon sink

Since CO, fertilization effect is a major mechanism causing the amplitude increase,
we expect models with a larger change in mean carbon sink would simulate a larger
change in seasonal amplitude. By plotting the —NBP change against NBP seasonal
amplitude change for all 10 models (Fig. 6), we found there is indeed a negative cor-
relation (R = -0.73, p < 0.05), indicating models with enhanced net carbon sink are
likely to simulate a larger change in NBP seasonal amplitude. Again all models show
an increase in NBP seasonal amplitude, even though they disagree on the direction
of future NBP change. While our study hint at the relationship between mean carbon
sink and seasonal amplitude, it is beyond our scope to discuss further on why models
show such different mean sink estimate. Interested readers may refer to the insightful
discussion on this issue in Friedlingstein et al. (2013).
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4 Discussions and conclusions

Under the RCP8.5 emission scenario, all models we examined project an increase in
seasonal amplitude of both CO, and NBP. In addition, the models indicate an earlier
onset and peak of Northern Hemisphere biosphere growth and decay under future cli-
mate and CO, conditions. The year-to-year variability in simulated amplitude is large
in many models, possibly reflecting the models’ sensitivity to climate variations. Our
analyses also suggest the amplitude increase is dominated by changes in net primary
productivity, and in regions north of 45° N. While we focused on the change of amplitude
instead of mean carbon sink (a more frequently discussed topic), our results suggest
models simulating a stronger mean carbon sink are likely to project a larger change
in NBP seasonal amplitude. Considerable model spread is found, likely due to differ-
ent model setup and complexity, different climate conditions simulated by the models,
sensitivity to CO, and climate and their combined effects, and strength of feedbacks.
Our findings indicate factors including enhanced CO, fertilization and lengthening of
growing season in high-latitude regions outcompetes the loss of biosphere productivity
due to possible severe drought and forest degradation in the future, according to the
CMIP5 models we studied.

Despite of high consistency on amplitude increase, the results of the models are
highly uncertain. On one hand, the simulated future amplitude increase may be on the
high side, because the RCP8.5 scenario is used to drive the ESMs. Also, the emission-
driven runs simulate higher CO, than observed over the historical period, and such
biases are likely to increase through time as the atmospheric CO, growth rate accel-
erates (Hoffman et al., 2014). On the other hand, the models may underestimate the
historical amplitude increase, because apart from CO, fertilization and lengthening of
high latitude growing season, other factors at play for the past may not be represented
in the CMIP5 models (Graven et al., 2013; Zeng et al., 2014). Therefore, it is unlikely
that models have accounted for all important factors in the future simulations.
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A logical next step is to understand the underlying mechanisms for the amplitude
change — the contribution of CO, fertilization, high latitude warming and other factors.
CMIP5 has recommended additional experiments for this purpose: Fixed Feedback 2
(esmFdbk2) and Fixed Climate 2 (esmFixClim2). The former keeps CO, concentra-
tion fixed but allow physical climate change responding to increasing historical and
future (RCP4.5) concentrations; the latter keeps climate fixed under preindustrial CO,
condition but allow the carbon cycle to respond to historical and future (RCP4.5) CO,
increase. We found it difficult to separate the contribution of CO, fertilization and high
latitude warming with this setup: one major difference is the use of RCP4.5 concentra-
tions instead of RCP8.5 emissions. Also, much fewer modeling groups have submitted
results for these two experiments (only 4 out of the 10 models we examined). For such
reasons, we are unlikely to draw meaningful conclusions by analyzing the output of four
models for the two additional experiments.

Fortunately, other model intercomparison projects like TRENDY (http://dgvm.ceh.ac.
uk) and MsTMIP (http://nacp.ornl.gov/MsTMIP.shtml) have designed sets of sensitivity
experiments to isolate the influencing factors. Models participating in these two projects
are not fully coupled to simulate both climate and carbon cycle changes; instead they
are forced by observed climate, CO, and land use conditions, simulating only for the
historical period and aiming at understanding the past. We plan to use model output
from these two projects to investigate the contribution of CO, fertilization, high latitude
warming and other factors in future studies. It is our hope that improved understandings
of the past would shed light on how the Earth’s ecosystem would adjust its “breathing”
under future environmental changes.
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Table 1. List of models used and their characteristics.
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CMIP5 Earth System

Models Modeling Center Land Resolution Reference Models
Component  (Lon x Lat) T
BNU-ESM Beijing Normal University, China CoLM3 2.8125° x 2.8125° Jietal. (2014) O F. Zhao and N. Zeng
CanESM2 Canadian Centre for Climate Model- CTEM 2.8125° x 2.8125° Arora et al. (2011) §
ing and Analysis, Canada @
CESM1- Community Earth System Model CLM4 1.25° x 0.9° Long et al. (2013) o Title Page
BGC Contributors, NSF-DOE-NCAR, USA 2 E
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Table 2. Amplitude (max minus min) of global mean column atmospheric CO,, CO, growth rate
(CO,g) and global total NBP, averaged over 1961-1970 and 2081-2090 for the nine models,
and their multi-model ensemble (MME) and standard deviation (SD).

1961-1970 2081-2090

CO,g (PgCmonth™)
1961-1970 2081-2090

—-NBP (PgC month™)
1961-1970 2081-2090

Models CO, (ppm)
BNU-ESM 1.54
CanESM2 0.9
CESM1-BGC 1.2
GFDL-ESM2m 2.37
INM-CM4 0.27
MIROC-ESM 2.55
MPI-ESM-LR 3.45
MRI-ESMH1 1.97
NorESM1-ME 1.23
MME" 1.72
SD 0.97

2.96
1.53
1.76
3.81
0.41
3.92
5.47
4.04

1.8

2.86
1.59

2.2
1.12
1.51
3.42
0.38
3.93
4.35
2.37

1.6

2.32
1.34

4.9
2.05
2.59
5.93
0.57
5.98
6.37
5.21
2.63

4.03
2.09

1.88
1.2
1.6

3.52
0.3

3.77

4.61

2.63

1.74

2.36
1.38

4.42
1.83
2.38
6.24
0.49
5.37
7.51

5.7
2.73

4.07
2.33

* The multi-model ensemble (MME) here is a simple average over the nine models in the table. The values are slightly larger
than given in text because of averaging method (in the main text, multi-model averaging of detrended variables are done first,

then their amplitude are computed and mean amplitude changes are derived).
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Table 3. Column atmospheric CO, and NBP amplitude (computed by CCGCRY, slightly differ-
ent from max minus min) Increases of nine models by 2081-2090 relative to their 1961-1970

F. Zhao and N. Zeng

values and their multi-model ensemble (MME).
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Table 4. Amplitude change (ppm) and trends of maximums/minimums of surface CO, from

eight models, their multi-model ensemble (MME), and ESRLs Global mean CO, (CO,GL).

Models 1981-1985 2001-2005 Percent Trend of Trend of
(ppm) (ppm) Change Minimums Maximums

(ppm10yr™')  (ppmi0yr)

BNU-ESM 2.71 3.1 14.39% —-0.099 0.096
CanESM2 3.04 324 6.58% -0.064 0.02
CESM1-BGC 2.05 2.18 6.34 % -0.032 0.044
GFDL-ESM2m 3.71 376 1.35% -0.033 0.095
MIROC-ESM 3.39 3.61 6.49% -0.078 0.045
MPI-ESM-LR 6.19 7.02 13.41% -0.25 0.171
MRI-ESM1 3.69 3.85 4.34% —-0.095 0.031
NorESM1-ME 2.37 247 4.22% -0.024 0.016
MME 3.1 337 8.71% -0.084 0.065
CO, GL 4.11 44  7.06% -0.102 0.024
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Figure 1. Nine-model (excluding IPSL) averaged monthly detrended (a). Global mean CO,
(ppm, column average); (b). Global mean CO, growth rate (PgCmonth™'); and (c). Global

total —NBP (PgC month™') from 1961 to 2099. (d) presents Eight-model (excluding IPSL and
INM) averaged monthly detrended global mean CO, (ppm) at lowest model level and ESRLs
global mean detrended surface CO, observation (shown in green).
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Figure 2. Time series of the relative seasonal amplitude (relative to 1961-1970 mean) of (a).
Global mean atmospheric CO, and (b). Global total NBP from 1961 to 2099. Thick black line
represents multi-model ensemble, and one standard deviation model spread is indicated by
grey shade.
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Figure 3. Phase change of seasonal cycles associated with growth and decay of biosphere: Q
(a). COy; (b). CO, growth rate; and (c). -NBP. The arrows and wedges represent maximums 9
and minimums, respectively. Their length denotes their probabilities of occurring in their pointed  ©
months (not shown if probability < 0.1). Historical (1961-2005) period is represented in black, )
and future (2006—2099) in red. Future maximums and minimums seem to occur at an earlier % B

time of the year, as if the annual clock of biosphere is turning back.
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Figure 4. Nine-model mean (excluding INM) seasonal cycle of global total (a). —NBP; (b)
-NPP; and (c). R}, (computed as NPP-NBP), averaged over 1961-1970 (red) and 2081-2090
(black). Shades indicate one standard deviation range among the models. Blue arrows mark
the changes in June and October (maximum and minimum values of NBP). We show —NBP
and —NPP so that the negative values represent carbon uptake by the biosphere, and positive
values indicate carbon release from the biosphere.
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Zonal Mean —NBP change
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Figure 5. Spatial patterns and Latitudinal distributions of 10-model mean —NBP (g C m™2 day_1)
changes between 2081-2090 and 1961-1970, during mean peak growing season (May-July)
and dormant season (October—December). Further reduction of —NBP in peak growing season
(where the black curve falls below zero) and increase of —NBP in dormant season (where the
red curve goes above zero) both contribute to amplitude increase, shaded in green in the zonal
mean plot. The reversed case, shaded in yellow, indicates changes in regions that reduce
seasonal amplitude. It is clear that the amplitude increase is dominated by the boreal regions,
and by changes in peak growing season.
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2081-2090 — 1961-1970
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Figure 6. Relationship between —NBP change and change of NBP seasonal amplitude, calcu-
lated as the differences between 2081-2090 and 1961-1970 for the 10 CMIP5 ESMs. A neg-
ative correlation (R = -0.73, p < 0.05) is found, suggesting models with enhanced net carbon
sink are likely to simulate a larger change in NBP seasonal amplitude.
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