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present-day carbon cycle and its climate-driven variabil-

ity. It is also a necessary step to build confidence in

terrestrial ecosystems models’ response to the warming

and drying stresses expected in the future over many con-

tinents, and particularly in the tropics. Here we present an

in-depth analysis of the response of the terrestrial carbon

cycle to the 2015/2016 El Niño that imposed extreme

warming and dry conditions in the tropics and other sen-

sitive regions. First, we provide a synthesis of the spatio-

temporal evolution of anomalies in net land–atmosphere

CO2 fluxes estimated by two in situ measurements based

on atmospheric inversions and 16 land-surface models

(LSMs) from TRENDYv6. Simulated changes in ecosystem

productivity, decomposition rates and fire emissions are

also investigated. Inversions and LSMs generally agree

on the decrease and subsequent recovery of the land

sink in response to the onset, peak and demise of El

Niño conditions and point to the decreased strength of

the land carbon sink: by 0.4–0.7 PgC yr21 (inversions)

and by 1.0 PgC yr21 (LSMs) during 2015/2016. LSM

simulations indicate that a decrease in productivity,

rather than increase in respiration, dominated the net

biome productivity anomalies in response to ENSO

throughout the tropics, mainly associated with prolonged

drought conditions.

This article is part of a discussion meeting issue ‘The

impact of the 2015/2016 El Niño on the terrestrial tropical

carbon cycle: patterns, mechanisms and implications’.
1. Introduction
The global terrestrial CO2 sink has increased steadily in the past

decades but presents high year-to-year variations that, in turn,

dominate inter-annual variability (IAV) in the atmospheric

CO2 growth rate [1]. As the atmospheric CO2 growth rate is

highly correlated with tropical temperature [2], IAV in the land

sink has been mainly attributed to tropical forests [2], but

semi-arid ecosystems appear to be increasingly important [3–5].

The El Niño/Southern Oscillation (ENSO) is an

atmosphere–ocean variability pattern that drives temperature

and rainfall variations in the tropics, with teleconnections that

extend worldwide [6]. El Niño events strongly reduce the

global land sink by up to 2PgC [7], leading to high atmospheric

CO2 growth rates [1]. El Niño events promote drought con-

ditions in the Amazon forest, leading to increased tree

mortality and reduced carbon storage [8,9] and widespread

fires, particularly in southeast Asia [10]. ENSO impacts extend

beyond the tropics, controlling IAV in sub-tropical ecosystem

productivity [11], especially water-limited ecosystems in the

Southern Hemisphere [3,4,12]. Most Coupled Model Intercom-

parison Project Phase 5 (CMIP5) models projected a two-fold

increase in the frequency of extreme El Niño events in the

future decades [13], associated with intensification of ENSO-

related anomalies in the carbon cycle [14]. However, nonlinear

ENSO dynamics found in observations and one model might

imply suppressed extreme El Niño events under warming [15].

Additionally, ENSO affects key regions and processes that

are sources of uncertainty in future carbon cycle projections

[3,16]. It is still unclear if temperature [2] or water-availability

[3,9,11] drive ecosystems’ response to ENSO, and how gross pri-

mary productivity (GPP) and terrestrial ecosystem respiration
(TER) contribute to IAV. Analysis of model ensembles suggests

that because water availability enhances both GPP and TER, its

effects are cancelled out, and only the temperature signal

emerges [2,5]. Jung et al. [5] also showed that water availability

is the primary driver of carbon fluxes at the local scale, but

anomalies tend to compensate spatially, so temperature

emerges as a stronger driver with increasing spatial aggregation.

More generally, IAV in the carbon cycle is still not well under-

stood, and neither data-driven models [17] nor Earth-System

Models [18] capture its amplitude. In the 2017 Global Carbon

Budget [1], land–atmosphere CO2 fluxes from land-surface

models (LSMs, bottom-up) forced with observed climate and

land-use change (LUC) show good agreement with estimates

from atmospheric transport model inversions (top-down) for

global totals but differ at regional or zonal scale [1]. The 2015/

2016 El Niño is especially interesting, as 2015 registered record

atmospheric CO2 growth rate in spite of widespread record-

breaking greening and stabilization of fossil-fuel emissions

[1,19]. The 2015/2016 El Niño therefore provides a good study

case to understand the response of ecosystems to warm and dry

extremes potentially concurrent with global vegetation greening.

The strong El Niño event started around May 2015 and

persisted until mid-2016, being the strongest event since the

1950s [20]. Record-breaking temperatures and drought were

registered in the Amazon from October 2015 onwards. The

drought extent in the Amazon was comparable to 1997/

1998 but the extreme temperatures led to an exacerbation of

dryness, with extreme drought conditions affecting double

the extent of 1997/1998 [20].

According to LeQuéré et al. [1], the atmospheric CO2

growth rate in 2015 and 2016 was 1.6 and 1.5 PgC yr21

higher than during the 2011–2016 period, respectively, yet

CO2 emissions from fossil fuel and LUC combined were

only 0.2–0.4 PgC yr21 above the previous 5-year mean.

Ocean uptake was estimated to be slightly larger

(0.2 PgC yr21) in 2015/2016 than the 2010–2014 average.

Table 1 shows the residual sink needed to close the global

carbon budget: the terrestrial CO2 uptake had to be reduced

by 1.4 PgC yr21 in 2015 and by 1.5 PgC yr21 in 2016. In the

same period, but using the year of 2011 as a reference, Liu

et al. [21] reported much higher losses of CO2 over the pan-

tropical regions in 2015 alone (2.5 PgC). Contrary to the

1997/1998 event, the anomaly in the land sink during

2015/2016 does not appear to be associated with major fire

emissions. Although the development of El Niño coincided

with enhanced fire activity in Southeast Asia, fire emissions

in the region were reported to be only half of the emissions

during the previous El Niño in 1997/1998, following rainfall

return in November 2015 [22]. GFED4.1s [23] reports fire

emissions 0.3 PgC yr21 higher than the previous 5 years in

2015, but lower by 0.1 PgC yr21 in 2016 (table 1).

Here we quantify the response of the terrestrial carbon

cycle to El Niño in 2015/2016 using multiple data-based

and modelled datasets. We track the evolution of anomalies

in the net land–atmosphere CO2 flux during the develop-

ment and decline of the 2015/2016 El Niño estimated by

two atmospheric transport model CO2 inversions [24,25]

and compare them with the net terrestrial CO2 uptake and

its component fluxes (gross primary productivity (GPP),

total ecosystem respiration (TER), fire) simulated by 16

LSMs in the latest TRENDY intercomparison project (v6,

table 2) [1,42]. We evaluate the consistency and robustness

of carbon spatio-temporal dynamics between top-down and
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Table 1. Global carbon budget during 2015, 2016 from the latest Global Carbon Project global carbon budget estimates (GCB2017v1.2, [1]). Annual atmospheric
CO2 growth rate (GATM), fossil fuel and LUC emissions (EFF and ELUC, respectively) and the total sinks partitioned into ocean and land fluxes. The numbers in
brackets indicate the corresponding anomaly relative to the previous 5-year period. The land sink is estimated here as the residual from the global carbon
budget (i.e. EFF þ ELUC2 GATM2 O). Fire emission anomalies from GFED4.1s (1997 – 2016) are shown for comparison with the values in the terrestrial sink.

C budget
(PgC yr21) GATM EFF ELUC

sinks
(ocean 1 land) ocean land

fire
emissions

2010 – 2014 4.6 9.6 1.4 6.3 2.4 4.0 2.0

2015 6.2 (þ1.6) 9.8 (þ0.2) 1.5 (þ0.1) 4.1 (21.2) 2.6 (þ0.2) 2.6 (21.4) 2.3 (þ0.3)

2016 6.1 (þ1.5) 9.9 (þ0.3) 1.3 (20.1) 5.3 (21.0) 2.6 (þ0.2) 2.4 (21.6) 1.9 (20.1)

Table 2. LSMs used in this study. From the 16 LSMs used here, 14
contributed to the latest global carbon budget (GCB2017v1.2, [1]). All
models followed the protocol of TRENDYv6 and are therefore included here.

model GCB2017v1.2

monthly
fire
emissions reference

CABLE Y N [26]

CLASS-CTEM Y Y [27]

CLM4.5(BGC) Y Y [28]

DLEM Y N [29]

ISAM Y N [30]

JSBACH Y Y [31]

JULES Y N [32]

LPJ Y annual [33]

LPX-Bern Y Y [34]

OCN Y N [35]

ORCHIDEE Y N [36]

ORCHIDEE-

MICT

Y Y [37]

SDGVM Y annual [38]

SURFEX N Y [39]

VEGAS N N [40]

VISIT Y Y [41]
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bottom-up approaches and compare the results from LSMs

with anomalies with satellite-based datasets.
2. Material and methods
(a) Atmospheric CO2 inversion fluxes
Here we use three observation-based datasets of net land–

atmosphere surface fluxes: the Copernicus Atmosphere Monitoring

Service (CAMS) atmospheric inversion (henceforth simply ‘inver-

sion’) version 16r1 [24,43], and the Jena CarboScope inversion

(update of [25,44] compare with Rödenbeck et al. [45]) versions

s76_v4.1 and s04_v4.1 (CarboScope76 and CarboScope04 hence-

forth). The inversions provide terrestrial (and oceanic) surface CO2

fluxes, CAMS weekly fluxes at 1.98latitude � 3.758longitude resol-

ution, and CarboScope daily fluxes at 48latitude � 58longitude

resolution. CAMS 16r1 uses 119 atmospheric stations over the differ-

ent time frames for which they provide data, starting in 1979.

CarboScope76 (CarboScope04) uses 10 (59) stations continuously
available throughout 1976–2016 (2004–2016). All inversions are reg-

ularized by a priori information. CAMS uses climatological natural

fluxes and time-varying ocean, wildfire and fossil-fuel fluxes with

error correlation lengths of 4 weeks and 500 km (1000 km) over

land (ocean) [46]. CarboScope uses a zero land prior, and a priori
correlations of about 1600 km in longitude direction, 800 km in lati-

tude direction and about 3 weeks. The inversions further differ in the

transport model used, and other characteristics. Thus, they provide a

range of uncertainty for observation-based top-down CO2 flux esti-

mates [19]. We focus on the 38-year period from 1979 until 2016

and calculate monthly anomalies of net land–atmosphere fluxes

by subtracting the mean seasonal cycle and the monthly long-term

trend (using a simple linear fit). We aggregate the inversion results

over large regions (global terrestrial surface and tropical band

between 238S and 238N), as flux estimates from inversions carry

smaller relative uncertainties on the larger spatial scale [47].
(b) Land-surface models
LSMs simulate the key energy, hydrological and carbon cycle

processes in ecosystems, allowing insights on the mechanisms

controlling anomalies in land–atmosphere CO2 fluxes and their

drivers. The TRENDY intercomparison project coordinated his-

torical LSM simulations and compiled outputs of CO2 fluxes

among other variables [42]. We use 16 LSMs from the latest

TRENDYv6 simulations [1] (table 2), which provide monthly

CO2 fluxes during 1860–2016. In TRENDYv6 S3 simulations,

models are forced by historical data of (i) atmospheric CO2 con-

centrations, (ii) climate observations from CRU-NCEP v8 [48,49]

and (iii) human-induced land-cover changes and management

from the HYDE [50,51] and the Land-Use Harmonization

LUH2 v2 h [52] datasets (extended to 2016 as described in [1]).

We analyse monthly values of net biome productivity (NBP),

GPP, total ecosystem respiration (TER) and fire emissions simu-

lated by the models (only 7 models) and annual leaf-area index

(LAI, 12 models). NBP corresponds to the simulated net atmos-

phere–land flux (positive sign for a CO2 sink) and is

comparable to top-down estimates of net land–atmosphere

CO2 fluxes, although the latter include lateral C fluxes (the

land–ocean transport of C in freshwater and coastal areas and

C fluxes due to trade/import export) [1,53] not simulated by

the models. However, we focus on flux anomalies that should

not be substantially affected by lateral fluxes because they are

assumed to vary little between years. To produce a spatially con-

sistent ensemble, model outputs were remapped to a common

regular 18 � 18 grid. The model data were selected for the

38-year long period 1979–2016, common to inversions.
(c) Satellite-based data
We compare anomalies from inversions and LSMs with two

remote-sensing datasets that provide proxies for ecosystem

activity and a satellite-based GPP product.
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