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Key Messages 

!  OCO-2 is providing us with real data constraints on the magnitude and 
phasing of  ENSO-CO2 relationship 

 
!  Oceans do contribute to the ENSO CO2 effect  

 
!  We find this effect to be consistent with observations from sparse in situ 

data  
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Background 

3 

!  Correlations between atmospheric CO2 
growth rate and ENSO activity have 
been reported since the 70s (see 
Bacastow 1976) 

!  Studying the response of  CO2 " how 
feedbacks between the physical climate 
system and global carbon cycle operates 

Nino 3.4 

fossil fuel burning, because they are too small. Rather,
these atmospheric CO2 variations must be caused by
variations in the net fluxes between the ocean and at-
mosphere on one hand and between the terrestrial
biosphere and the atmosphere on the other hand.
These variations in fluxes are presumably a conse-
quence of interannual variations in weather and cli-
mate. Nature has thus provided us with an experiment
that permits us to study how the global carbon cycle is
responding to changes in the physical climate system.
The study of this response provides one of the few
means to learn how feedbacks between the physical
climate system and the global carbon cycle operate.
Only if the longer-tem feedbacks are well understood
can one improve assessments of what might happen to
the global carbon cycle in a future changing climate
(see discussion in section 10.2 above).

Bacastow [1976] was the first to point out that these
atmospheric CO2 variations are associated with El
Niño/Southern Oscillation (ENSO) events. This result
has been confirmed in many subsequent studies using
longer records [Bacastow et al., 1980; Keeling and Revelle,
1985; Keeling et al., 1989, Keeling et al., 1995]. During an
El Niño event (positive phase of ENSO), sea surface
temperatures in the equatorial Pacific increase and the
supply of nutrient- and carbon-rich water by upwelling

ceases, thereby reducing the normally prevailing strong
outgassing of CO2 from this region (see figures 3.1.3
and 8.1.1). If net air-sea fluxes elsewhere remained
constant, this reduction in outgassing would lead to a
reduced growth rate in atmospheric CO2. Figure 10.3.1
shows that the atmospheric CO2 growth rate is, on av-
erage, indeed reduced during the early phases of an El
Niño, making the link between ENSO events and at-
mospheric CO2 plausible. However, figure 10.3.1 also
shows that the late phases of El Niños are usually as-
sociated with very high growth rates, which are difficult
to explain on the basis of the equatorial Pacific alone.

By measuring the 13C/12C ratio of atmospheric CO2

concurrently with its concentration and employing a
simple atmospheric mass balance approach, Keeling
et al. [1989] and Keeling et al. [1995] found that bio-
spheric, as opposed to oceanic, processes are the pri-
mary cause of interannual variations in atmospheric
CO2. Nevertheless, C. D. Keeling and coworkers also
predicted variations in the net air-sea flux of CO2 of up
to ± 2 PgC yr!1 (figure 10.3.2b). However, the timing of
these variations is the opposite of what is expected
from an oceanic response that is dominated by ENSO-
related variations in outgassing in the tropical Pacific.
Francey et al. [1995], Rayner et al. [1999], and Joos et al.
[1999a], using similar techniques, found rather differ-
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Figure 10.3.1: Plot of variations in growth rates of atmospheric CO2, fossil fuel emissions, and inferred net carbon sinks. Arrows
indicate the occurrence of El Niño events in the equatorial Pacific. The annual growth rates have been calculated from the annual
mean atmospheric CO2 concentrations. Data are from the Mauna Loa Observatory, Hawaii (MLO) and from the South Pole Station,
Antarctica (SPO). Adapted from Sarmiento and Gruber [2002].
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Source: Sarmiento and Gruber [2006] 

Does OCO-2 observations 
provide insight on the 

relationship between ENSO 
and the carbon cycle?  
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GOSAT-ACOS and OCO-2 era 

Coverage over Pacific ocean for a generic month 
GOSAT-ACOS (2010) and OCO-2 (2015) 

GOSAT 

OCO-2 
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Panel A – ENSO 
markers 
•  ONI >= 0.5 °C 
•  SOI drops <0 

Panel B – XCO2 response 
•  initial decline followed by 

steady ramp up in XCO2 

!  Time-series 
showing the 
temporal evolution 
of  XCO2 anomalies 

 
Sep 2014 – Feb 2016 

ONSET 

MATURE 

Observable trends in 2015-2016 
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Carbon system in the eq. Pacific 

C
O

2 o
ut

ga
ss

in
g 

up
ta

ke
 

C
O

2 o
ut

ga
ss

in
g 

!  Normal conditions: strong upwelling of  cold subsurface waters that have 
high potential pCO2 + inefficient biological pump " high CO2 outgassing 

  
!  El Nino conditions: deepening of  thermocline, reduction in upwelling + 

more efficient biological pump " decreases CO2 outgassing 
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Putting it all together:  
Two phases of  CO2 response 

!  Development Phase of  ENSO: Spring-Summer 2015 
#  Typical reduction in CO2 outgassing over the Tropical Pacific – negative CO2 

anomalies throughout Nino 3 and 4 
#  This hypothesis is supported by TAO data 
 

!  Mature Phase of  ENSO: Fall 2015 onwards 
#  Increase in CO2 anomalies registered over much of  Nino 3 and Nino 4 - due to 

enhanced burning over SE Asia, reduction in biospheric activity  
#  Impact of  biomass burning emissions is supported by MOPITT CO 

observations 
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Ocean vs. Terrestrial contribution 

GEOPHYSICAL RESEARCH LETTERS, VOL. 26, NO.4, PAGES 493-496, FEBRUARY 15, 1999 

The relationship between tropical COe fluxes and the 
E1 Nifio-Southern Oscillation 

Peter J. Rayner and Rachel M. Law 
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Roger Dargaville e 
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Abstract. This paper summarizes some features of the in- 
terannual variability of tropical CO2 sources during 1980-95. 
Sources are derived from inversion of atmospheric concen- 
tration and isotopic data using three different techniques 
and two different transport models. We show that the trop- 
ical source is significantly correlated with the SOI. Compos- 
ite CO2 sources for ENSO events show an initial negative 
anomaly followed by a positive anomaly. We tentatively at- 
tribute the negative anomaly to the ocean and the positive 
anomaly to a terrestrial response. 

Introduction 

The four decades of atmospheric CO• measurements now 
available [Keeling et al., 1995] show substantial interannual 
variability superimposed on the underlying growth. Under- 
standing the causes of such variability should provide insight 
into the processes controlling the global carbon cycle. Ba- 
½astow [1976] noted the relationship between anomalies in 
the CO•. growth rate and the Southern Oscillation Index 
(SOI). Later authors, [Thompson et al., 1986; Elliot et al., 
1991, among many] found a complex but persistent relation- 
ship. 

There are many mechanisms which could link SOI and 
CO•. flux anomalies. For example, there is generally up- 
welling in the equatorial ocean. The water upwelled is su- 
persaturated in CO• and so constitutes a source to the at- 
mosphere. Marine biology acts to reduce this source by ex- 
porting carbon from the mixed layer following the uptake 
of upwelled nutrients. During an E1 Nifio Southern Oscil- 
lation (ENSO) warm event, the upwelling is suppressed in 
the Eastern Pacific, resulting in reduced CO• sources [Feely 
et al., 1987]. SOI anomalies are also associated with tem- 
perature, wind speed and precipitation anomalies. Over the 
ocean, precipitation anomalies will change surface alkalinity, 
dissolved inorganic carbon concentration and stratification, 
all with impacts on fluxes. Precipitation anomalies in the 
West Pacific occur early in an ENSO event with eastern 
Pacific anomalies occurring later so the timing of responses 
could be complex. Over land, reduced rainfall and increased 
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temperature will usually reduce photosynthesis and increase 
respiration and contribute to increased biomass burning. 
Some of these impacts will intensify over the period of a 
warm event. 

The variations in global net source are a sum of regional 
changes. By studying the regional sources directly rather 
than global sources inferred from the global CO•. growth 
rate, we might hope to get a clearer picture of the controlling 
processes. Regional CO•. sources can be calculated by the 
inversion of atmospheric concentration and isotopic compo- 
sition records. These records are now long enough and spa- 
tially detailed enough to estimate the interannual variability 
of regional sources. Conway et al. [1994] have previously ap- 
plied such a technique using a two-dimensional atmospheric 
transport model and zonally averaged CO2 concentrations 
interpolated from the observational network. They found 
no apparent signature in tropical fluxes with the time-scale 
of SOI. 

We have extended previous techniques to use three- 
dimensional transport models and infer regional sources of 
CO• throughout a period of reasonable data density. We use 
three different inversion techniques and two transport mod- 
els and generate time histories of CO• fluxes with higher 
spatial resolution than previous work. Comprehensive pre- 
sentations of the techniques can be found elsewhere [Raynet 
et al., 1999; Law, 1999; Dargaville and $immonds, 1997]. 
Here we present one consistent feature of these results, the 
interannual variability of the deduced sources in the tropics. 

Methods and Data 

We use three different inversion techniques to infer sources 
from transport and concentrations. The techniques take dif- 
ferent approaches so conclusions common to all three should 
be more robust. The first technique (S), which uses a syn- 
thesis inversion [Enting et al., 1995; Rayner et al., 1999], re- 
turns sources aggregated over large predetermined regions. 
The input data for S consists of COe concentrations from 
twelve NOAA/CMDL sites and 5•3C and Oe/N2 records 
from Cape Grim, Tasmania [Francey et al., 1995; Langen- 
felds et al., 1999]. The Goddard Institute for Space Studies 
transport model is used [Fung et al., 1983]. 

The second technique (M), uses a mass-balance method 
[Law et al., 1992; Law, 1999]. Concentrations are specified at 
the surface and sources diagnosed from these. The sources 
are those required to balance transport and local changes 
at each point. To specify concentrations at each point on 
the surface• data must be interpolated between the relatively 
sparse observational network. To aid this interpolation a so- 
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The Carbon Cycle Response to ENSO: A Coupled Climate–Carbon Cycle Model Study
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ABSTRACT

There is significant interannual variability in the atmospheric concentration of carbon dioxide (CO2) even
when the effect of anthropogenic sources has been accounted for. This variability is well correlated with the El
Niño–Southern Oscillation (ENSO) cycle. This behavior of the natural carbon cycle provides a valuable mech-
anism for validating carbon cycle models. The model in turn is a valuable tool for examining the processes
involved in the relationship between ENSO and the carbon cycle.
A GCM coupled climate–carbon cycle model is used to study the mechanisms involved. The model simulates

the observed temperature, precipitation, and CO2 response of the climate to the ENSO cycle. Climatic changes
over land during El Niño events lead to decreased gross primary productivity and increased plant and soil
respiration, and hence the terrestrial biosphere becomes a source of CO2 to the atmosphere. Conversely, during
El Niño events, the ocean becomes a sink of CO2 because of reduction of equatorial Pacific outgassing as a
result of decreased upwelling of carbon-rich deep water. During La Niña events the opposite occurs; the land
becomes a sink and the ocean a source of CO2.
The magnitude of the model’s response is such that the terrestrial biosphere releases about 1.8 GtC yr21 for

an El Niño with a Niño-3 index of magnitude 1 8C, and the oceans take up about 0.5 GtC yr21. (1 GtC 5 1015
g of carbon). The net global response is thus an increase in atmospheric CO2 of about 0.6 ppmv yr21. This is
in close agreement with the sensitivity of the observed CO2 record to ENSO events.

1. Introduction

Records of atmospheric carbon dioxide (CO2) con-
centration have been kept for Mauna Loa, Hawaii, and
the South Pole since 1958 and are described in detail
in Keeling et al. (1989). These records show a clear
seasonal cycle with a long-term upward trend attributed
to the burning of fossil fuel. However, once the long-
term trend and the seasonal cycle have been removed
(Keeling et al. 1989), the data shows interannual vari-
ability that cannot be readily explained by changes in
fossil fuel burning.
The correlation between these anomalous changes in

atmospheric CO2 and the El Niño–Southern Oscillation
(ENSO) cycle was first reported in the 1970s (Bacastow
1976; Bacastow et al. 1980). It was noticed that during
El Niño events, atmospheric CO2 concentrations in-
creased at four monitoring stations (Mauna Loa 198N,
South Pole 908S, Fanning Island 48N, Ocean Station P
508N), and was thus assumed to be a signal of global
extent. Conversely, during La Niña events, atmospheric
CO2 was reduced at each station. The magnitude of the
response to ENSO was found to be 60.5–1 ppmv.

Corresponding author address: Chris D. Jones, Hadley Centre, Met
Office, London Road, Bracknell, Berkshire RG12 2SY, United King-
dom.
E-mail: chris.d.jones@metoffice.com

In this study we use observational data of atmospheric
CO2 concentration and the ENSO cycle to validate a
coupled climate–carbon cycle, ocean–atmosphere gen-
eral circulation model (GCM). The comparison of model
and data gives us confidence that the model is capturing
the important responses of the carbon cycle to ENSO.
We subsequently use the model to examine the behavior
of the terrestrial biosphere and the ocean carbon cycle
in more detail and to try to explain the mechanisms
linking ENSO and the response of the carbon cycle.
Similar studies of the ocean or terrestrial carbon cycle
have been performed before, but the ability of our model
to include both as interactive elements of a GCM, allows
them to be compared within a consistent framework.
Another motivation for studying the impact of the

ENSO cycle on the carbon cycle is that several studies
have found that the pattern of anthropogenic climate
change over the next century in some GCM simulations
resembles an El Niño–like warming pattern (Roeckner
et al. 1999; Meehl et al. 2000; Boer et al. 2000). Hence
an understanding of how the carbon cycle responds to
ENSO forcing may provide valuable insight into how
it may respond to future climate change.
The observational record is described further in sec-

tion 2 along with a discussion of published theories
regarding the mechanisms linking ENSO and the carbon
cycle. In section 3 the model configuration is described

Rayner et al. [1999] 

Jones et al. [2001] 

Schwalm et al. [2011] 
Peylin et al. [2005] 

Multiple constraints on regional CO2 flux variations over land

and oceans

Philippe Peylin,1 Philippe Bousquet,2,3 Corinne Le Quéré,4 Stephen Sitch,5,6

Pierre Friedlingstein,2 Galen McKinley,7 Nicolas Gruber,8 Peter Rayner,9

and Philippe Ciais2
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[1] To increase our understanding of the carbon cycle, we compare regional
estimates of CO2 flux variability for 1980–1998 from atmospheric CO2 inversions
and from process-based models of the land (SLAVE and LPJ) and ocean (OPA and
MIT). Over the land, the phase and amplitude of the different estimates agree well,
especially at continental scale. Flux variations are predominantly controlled by El
Niño events, with the exception of the post-Pinatubo period of the early 1990s.
Differences between the two land models result mainly from the response of
heterotrophic respiration to precipitation and temperature. The ‘‘Lloyd and Taylor’’
formulation of LPJ [Lloyd and Taylor, 1994] agrees better with the inverse estimates.
Over the ocean, inversion and model results agree only in the equatorial Pacific
and partly in the austral ocean. In the austral ocean, an increased CO2 sink is
present in the inversion and OPA model, and results from increased stratification of
the ocean. In the northern oceans, the inversions estimate large flux variations in line
with time-series observations of the subtropical Atlantic, but not supported by the
two model estimates, thus suggesting that the CO2 variability from high-latitude
oceans needs further investigation.

Citation: Peylin, P., P. Bousquet, C. Le Quéré, S. Sitch, P. Friedlingstein, G. McKinley, N. Gruber, P. Rayner, and P. Ciais (2005),
Multiple constraints on regional CO2 flux variations over land and oceans, Global Biogeochem. Cycles, 19, GB1011,
doi:10.1029/2003GB002214.

1. Introduction

[2] Year-to-year fluctuations in the atmospheric CO2

growth rate (Figure 2a in section 3.1) are one of the clearest
signals of the global carbon cycle. Those fluctuations are of
the same magnitude as the long-term annual mean accumu-
lation in the atmosphere. They are caused mostly by the
impact of climate variability on the ocean and land carbon
reservoirs, since fossil fuel emissions increase smoothly

year to year. The existence of interannual variability (IAV)
in the carbon cycle shows that CO2 fluxes react to varying
climate patterns in a fairly coherent manner at large spatial
scales, despite strong heterogeneity at small spatial scales.
Understanding of the IAV signal is necessary to assess the
future response of the carbon cycle to climate change [Cox
et al., 2000].
[3] The IAV has been the object of numerous studies,

aiming at deciphering which of the ocean or land exchange
causes the largest fluctuation. Those studies belong either to
the so-called ‘‘top-down’’ atmospheric approach or to the
‘‘bottom-up’’ approach (predictions from biogeochemical
models or in situ observations).
[4] Top-down studies used atmospheric observations of

CO2 [Keeling et al., 1995], CO2 and d13C [Keeling et al.,
1996; Francey et al., 1995; Joos et al., 1999], and O2:N2,
13C, and CO2 [Battle et al., 2000] to apportion the global
IAV signal between land and oceans, with conflicting
results. Some of the differences, particularly those involving
d13C, can be attributed to differences in d13C data sets linked
to the difficulty in maintaining an accurate 13C calibration.
Other studies [Ciais et al., 1995; Rayner et al., 1999;
Keeling and Piper, 2001] similarly used CO2 and d13C to
estimate the IAV in carbon fluxes over broad latitude
bands. In recent years, modelers have estimated IAV in
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sariat à l’Energie Atomique, Gif sur Yvette, France.
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Does terrestrial drought explain global CO2 flux anomalies
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Abstract. The El Niño Southern Oscillation is the domi-
nant year-to-year mode of global climate variability. El Niño
effects on terrestrial carbon cycling are mediated by associ-
ated climate anomalies, primarily drought, influencing fire
emissions and biotic net ecosystem exchange (NEE). Here
we evaluate whether El Niño produces a consistent response
from the global carbon cycle. We apply a novel bottom-
up approach to estimating global NEE anomalies based on
FLUXNET data using land cover maps and weather reanal-
ysis. We analyze 13 years (1997–2009) of globally gridded
observational NEE anomalies derived from eddy covariance
flux data, remotely-sensed fire emissions at the monthly time
step, and NEE estimated from an atmospheric transport in-
version. We evaluate the overall consistency of biospheric
response to El Niño and, more generally, the link between
global CO2 flux anomalies and El Niño-induced drought.
Our findings, which are robust relative to uncertainty in both
methods and time-lags in response, indicate that each event
has a different spatial signature with only limited spatial co-
herence in Amazônia, Australia and southern Africa. For
most regions, the sign of response changed across El Niño
events. Biotic NEE anomalies, across 5 El Niño events,
ranged from –1.34 to +0.98 PgC yr�1, whereas fire emis-
sions anomalies were generally smaller in magnitude (rang-
ing from –0.49 to +0.53 PgC yr�1). Overall drought does
not appear to impose consistent terrestrial CO2 flux anoma-
lies during El Niños, finding large variation in globally in-

Correspondence to: C. R. Schwalm
(cschwalm@clarku.edu)

tegrated responses from –1.15 to +0.49 PgC yr�1. Despite
the significant correlation between the CO2 flux and El Niño
indices, we find that El Niño events have, when globally inte-
grated, both enhanced and weakened terrestrial sink strength,
with no consistent response across events.

1 Introduction

The El Niño/Southern Oscillation (ENSO), a global atmo-
spheric circulation feature linked to atmospheric pressure
patterns and sea surface temperature anomalies in the trop-
ical Pacific (McPhaden et al., 2006), is the dominant mode
of global year-to-year climate variation (Buermann et al.,
2003; Trenberth et al., 2007). Although ENSO originates in
the equatorial east Pacific ocean it influences terrestrial car-
bon cycling globally through teleconnections to water bal-
ance (McPhaden et al., 2006; Ropelewski and Halpert, 1986,
1987; Reichenau and Esser, 2003; Williams and Hanan,
2010; Woodward et al., 2008), temperature (McPhaden et
al., 2006; Nagai et al., 2007), and fire emissions (Page et al.,
2008; van der Werf et al., 2004, 2006). The net effect of
ENSO on terrestrial carbon cycling is assumed to be linked
to its phase, with the warmer El Niño phase commonly as-
sociated with a decrease in terrestrial uptake of CO2 (e.g.,
Gurney et al., 2008; Jones et al., 2001; McGuire et al., 2001;
Rödenbeck et al., 2003; Qian et al., 2008); although Bosquet
et al. (2000) showed both anomalous CO2 uptake and efflux
during El Niño years.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Causes of  uncertainty 

!  Signals captured in the XCO2 anomalies 
#  can XCO2 represent local effects?  
#  or are the anomalies representative of  a global trend and simply responding to 

global patterns? 
 

!  Stitching together two disparate data sources, i.e., GOSAT-ACOS and 
OCO-2 datasets 
#  changes in sampling density, observation strategy 
#  changes in instrument type 
#  data gaps 
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OCO-2 estimate: 0.153 GtC/yr 

12 of 21 and 13 of 21

Figure 7. Flux IAVestimated for North America (three individual regions of Figure 1 grouped together)
for different inverse setup and for bottom-up models: mean inversion (black), inversion where we stop
assimilating new stations after 1989 (dark blue), inversion with all 67 sites extrapolated over the entire
period (1980–1998) from Globalview (orange), and mean inversion plus some corrections computed
from the interannual wind experiment (i.e., inversion of the concentration differences from a direct
simulation with and without interannual winds; see section 3.3; light blue).

Figure 8. Flux anomalies for the equatorial Pacific Ocean from our ensemble of inversions (gray zone
for the full range and dark line for the mean), from the mean inversion plus some corrections computed
from the interannual wind experiment (i.e., inversion of the concentration differences from a direct
simulation with and without interannual winds; see section 3.3), from the OPA and MIT ocean models,
and from a compilation of oceanic data [Feely et al., 1999]. The SOI index is overplotted (right axis).
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What do OCO-2 inversions tell us? 

10 

!  We see a robust and 
credible pattern of  flux 
behavior well 
synchronized with 
ENSO 

!  Geostatistical inversions 
to keep the estimates as 
data driven as possible 

Peylin et al. [2005] 
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Key Messages 

!  OCO-2, with its unprecedented coverage over the Pacific Ocean, provides us 
with actual data constraints on the magnitude and phasing of  ENSO-CO2 
relationship 

 
!  Oceans do contribute to the ENSO CO2 effect  

#  suppressed outgassing from the oceans happen early, followed by a larger (and 
lagged) response from terrestrial land masses 

#  if  it weren’t for the reduction in outgassing from the ocean, the impact from 
terrestrial sources would be larger 

 
!  We find this effect to be consistent with observations from sparse in situ 

data 
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