Downloaded from http://rstb.royalsocietypublishing.org/ on November 25, 2018

rstb.royalsocietypublishing.org

New insights into the variability of the
tropical land carbon cycle from the El
Niño of 2015/2016
Yadvinder Malhi1, Lucy Rowland2, Luiz E. O. C. Aragão3,4 and Rosie A. Fisher5

Introduction
Cite this article: Malhi Y, Rowland L, Aragão
LEOC, Fisher RA. 2018 New insights into the
variability of the tropical land carbon cycle
from the El Niño of 2015/2016. Phil.
Trans. R. Soc. B 373: 20170298.
http://dx.doi.org/10.1098/rstb.2017.0298
Accepted: 14 September 2018
One contribution of 22 to a discussion meeting
issue ‘The impact of the 2015/2016 El Niño on
the terrestrial tropical carbon cycle: patterns,
mechanisms and implications’.
Subject Areas:
ecology, environmental science
Author for correspondence:
Yadvinder Malhi
e-mail: yadvinder.malhi@ouce.ox.ac.uk

1

Environmental Change Institute, School of Geography and the Environment, University of Oxford, Oxford,
OX1 3QY, UK
2
Department of Geography, University of Exeter College of Life and Environmental Sciences, Exeter EX4 4RJ, UK
3
National Institute for Space Research – INPE, São José dos Campos, Brazil
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1. Introduction
A pivotal question in global change science is what role the biosphere plays in ameliorating the rate of climate change and what risks exist that there may be possible
tipping points in the Earth System where the biosphere switches from being a brake
to an accelerator of climate change [1]. Of the potential major global tipping points,
the fate of the tropical forests is among the most important and iconic, with some
studies suggesting that climate change could lead to extensive dieback of tropical
forests (and the Amazon forest in particular), resulting in further carbon release,
major loss of biodiversity, drying of regional climates and thereby further forest
dieback and intensification of global warming [2]. However, these scenarios have
been the subject of much debate, with questions about whether existing biosphere
models sufficiently capture the consequences for key ecological processes, which
are dependent on complex system attributes such as species’ functional diversity
and demography, and on factors such as forest fire that are poorly described [3].
One issue of particular concern is the interannual variability of the tropical land
carbon cycle, in particular during El Niño events. During such events, a pool of
warm surface water migrates across from the Western Pacific to the Central and
Eastern Pacific, disrupting global atmospheric circulation patterns associated
with the Walker circulation and causing warming of the tropics in particular.
The El Niño Southern Oscillation (ENSO) is the largest mode of interannual variability both in the climate system [4] and in the global carbon cycle [5]. It has long
been noted that El Niño events correlate with a surge in the rate of rise of atmospheric carbon dioxide concentrations (e.g. [6]). Global studies of the spatial
pattern of carbon dioxide concentration tend to trace the source of almost all of
this extra carbon dioxide to the terrestrial tropics and demonstrate strong correlation with the mean temperature of tropical land regions [7–9], but the exact
mechanism that causes this switch is still poorly understood. Do the tropics emit
more carbon during El Niño events because of reduced photosynthesis, enhanced
plant, necromass or soil respiration, increased incidence and intensity of fire, or
some combination of these factors? And do particular regions of the tropics play
a dominant role in this variability? Perhaps most importantly, a better understanding of the mechanisms may give us insight into a critical question: is this flickering
of the tropical carbon cycle an early warning of a potentially dangerous tipping
point or merely an interesting biogeochemical curiosity of the Earth System?
The 2015/16 El Niño was the strongest such event since at least 1997/98 and
possibly since much earlier. Moreover, because each new El Niño event occurs
in the context of a trend of anthropogenic global warming, in many regions of
the tropics it resulted in the hottest mean temperatures yet observed [10]. These
hotter and drier conditions are closer to those anticipated under future modelgenerated climate scenarios. As expected, the rate of rise of atmospheric CO2
surged during this event, increasing by a record 3.4 ppm in 2016, and resulting
in the mean global atmospheric CO2 concentration staying above the
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our scientific understanding of the functioning of the tropical
biosphere. These include opportunities to:

2. The climate context
To understand the effects and biosphere feedbacks of the El
Niño, we first need to understand its meteorological footprint. This is not as straightforward as it might seem: a
range of global meteorological products exist and are
widely employed, each using varying combinations of
ground weather station and atmospheric radiosonde observations, satellite data products and meteorological models.
The tropical forest and savanna regions can be particularly
challenging, as in situ observations are frequently sparse
and have poor continuity. Burton et al. [15] map and explore
the consistencies and discrepancies of these various
products in terms of temperature and rainfall, to provide recommendations on which products seem more robust.
Jimenez et al. [10] provide a more expansive analysis of temperature and drought anomalies associated with the 2015/16
event and compare its patterns with those of previous
strong El Niño events.
The two studies find overall temperature anomalies of
þ18C during the El Niño event, with areas up to 38C above
average in NE Amazonia in late 2015. Temperature anomalies
for Africa were smaller and more divergent between products
(0.5– 18C). Annual rainfall anomalies of around 200 mm
below the long-term mean were consistently recorded
across Eastern Amazonia and insular southeast Asia, but
not in central Africa. Despite some overall consistency,
there is large variance between alternative climate re-analysis
products across the spatial and temporal domains of the
2015/16 El Niño event. This illustrates the pressing need for
improvements in the generation of historical climate datasets,
both for attribution of other observed biospheric signals and
for driving land surface models, which have often proven
highly sensitive to their meteorological inputs [16,17].

3. Remote sensing
The 2015/16 El Niño was the first major global climate fluctuation when a wide range of satellite observations were
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(1) test our integrated understanding of the Earth System:
how well do different scientific disciplines converge
in explaining the causes, patterns and mechanisms of
the biosphere carbon emissions during the El Niño?
(2) identify and quantify the relative importance of the key processes (e.g. photosynthesis, respiration, mortality) involved
in driving the variability in the tropical carbon sink;
(3) briefly explore vegetation responses to mean temperatures not previously experienced for many centuries or
millennia;
(4) explore what possible clues this El Niño event gives into
long-term pathways of how the tropical biosphere is
responding to a warming and more variable climate;
(5) identify areas that are particularly impacted or sensitive,
and that may be more at risk to current and future climate
change and climate extremes;
(6) examine whether human-modified forests (e.g. logged,
secondary, fragmented or previously burnt), an increasingly prevalent feature of the tropics, differ from intact
forests in their sensitivity to extreme climate events.
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symbolically significant value of 400 ppm for the entire year
[6]. One-quarter of this record rise was caused by the biosphere’s response to the El Niño (the rest was from direct
anthropogenic emissions) and in particular response of the
tropical biosphere [7,11].
The original concept of a potential tropical forest tipping
point was raised through biosphere modelling studies (e.g.
[2,12]), but the topic has engaged a much wider range of
approaches in the burgeoning, many-stranded disciplines of
the Earth System Sciences. These disciplines include (i) spaceborne and airborne remote sensing of vegetation cover and
properties, fire patterns and impacts, atmospheric conditions
and trace gas concentrations; (ii) in situ monitoring of ecosystem
demography and dynamics at timescales ranging from annual
or multi-annual, through forest inventories reaching back a
decade or more; (iii) intensive studies of vegetation and soil
ecophysiological processes connected to carbon and water
cycling; (iv) inversion techniques applied to the spatial pattern
of CO2 and other trace gas concentrations, obtained either
from global networks of in situ observations or more recently
from satellite observations; (v) ecosystem models of vegetation
and soil processes, many of these nested in Earth System models.
All these methodologies have made major conceptual and
analytical advances over the past decade and already interact
with each other. El Niño events provide an opportunity to
test and challenge our integrated understanding across
these disciplines. The global observed enhanced rise of CO2
during an El Niño is an unambiguous benchmark observation
that these various approaches can dissect and disentangle to
arrive at a consistent mechanistic understanding.
In 1997/98, both field and satellite observation networks
for the tropics had been nascent. There were no extensive
forest observation networks with high temporal resolution
(e.g. [13]) and a few detailed field studies of ecophysiological
processes. Satellite observations were limited [14]: for example,
there were no RADAR-platform satellites focused on tropical
rainfall, no high-frequency coverage of land cover change, no
routine monitoring of moisture, canopy fluorescence, biomass
and structure, no monitoring of atmospheric column concentrations of carbon monoxide, formaldehyde and other
fire-associated pollutants, and global biosphere models, and
atmospheric inversion studies were at a relatively primitive
stage with no operational global model incorporating carbon
cycle feedbacks from the biosphere.
The 2015/16 El Niño, in contrast, received much more attention and provided a natural showcase for these multiple strands
of Earth System monitoring, with the advent of novel and multiple satellite-based systems, networks of forest monitoring
plots, detailed ecophysiological studies and flux tower networks. However, given that such events are hard to predict,
international efforts were not coordinated and coherent across
the broad reach of field observation, atmospheric observation,
remote sensing and biosphere modelling.
This paper introduces a thematic issue that attempts to
combine and integrate these various approaches to arrive at
a multidisciplinary synthesis of our understanding of the
carbon dynamics associated with the El Niño. Research is
presented focusing on the range of techniques available
across the Earth System Science community to obtain a
more coherent picture of the scale, geography, impact and
understanding derived from the 2015/16 El Niño.
A multidisciplinary synthesis of the 2015/6 El Niño
provides a number of opportunities for the advancement of
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A key tool employed in global carbon cycle studies is the integration of atmospheric CO2 observations with meteorological
models with the goal of identifying the spatial pattern of CO2
emissions and absorption (inversion models). While potentially very powerful, these approaches are challenged by
the sparse observations of CO2 concentrations in tropical latitudes, coupled with the vigorous mixing of the tropical
atmosphere that rapidly dilutes spatial variation in CO2
concentrations.

5. Biosphere models
Land surface models (LSMs) provide an opportunity to test
the sensitivity of the global or regional carbon and water
cycle responses to anomalies in temperature and drought
that arise from El Niño events. An analysis of 16 LSMs,
driven with common atmospheric driver data, demonstrates
that the ensemble mean of all the LSMs was able to reproduce
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4. Atmospheric models

Gloor et al. [7] conduct a detailed inversion analysis for
the 2015/16 El Niño, bringing in valuable additional datasets
such as CO2 observations from South America, water content
information derived from gravitational anomalies from the
Gravity Recovery and Climate Experiment (GRACE) mission,
CO column measurements from the Measurements Of Pollution In The Troposphere (MOPITT) sensor as an indicator
of fire-associated carbon emission and SIF as a metric of
photosynthetic activity. They find a positive anomaly 1.9 –
2.1 Pg C of carbon emissions from land regions during the
event, a magnitude consistent with previous strong El
Niños. The combination of these biospheric emissions with
steadily increasing fossil fuel-associated emissions led to
record atmospheric CO2 rises in 2015 and 2016 (as documented by Betts et al. [6]). The sensitivity of the tropical biosphere
carbon cycle to ENSO is large, but they find no evidence that
it is increasing over time (in contrast to the remote sensing
analysis for Brazilian Amazonia presented by Anderson
et al. [21]). The carbon anomaly appears predominantly
caused by water stress in central and eastern Amazonia
(releasing 0.5 Pg C), tropical Africa (0.5 Pg C) and, to a
lesser extent, southern Africa (0.2 Pg C) and southeast Asia
(0.2 Pg C). The Amazonian anomaly is consistent with a
drought-related decrease in photosynthesis inferred from
the SIF observations, and the Asian anomaly seems predominantly associated with fires. These fires were less intense and
extensive than SE Asia’s substantial fire emissions in 1997/
98, partially because conditions were not as dry for a prolonged period this time. The African source is the most
puzzling as there was a limited indication of strong drought
affecting photosynthesis, but high temperatures may have
increased plant and soil respiration. Except for this large tropical African source, the analysis of Gloor et al. [7] is broadly
consistent with a previously published inversion analysis
based primarily on satellite data [22], once the different
baselines in the two studies are factored out.
Rödenbeck et al. [8] provide a longer-term perspective on
interactions between ENSO, climate anomalies and the
carbon cycle. By employing a limited subset of atmospheric
observations that stretch back several decades, they present
a carbon anomaly analysis spanning the period 1957–2017.
They demonstrate a strong correlation between ENSO, temperature anomalies and tropical carbon emissions. A
potentially important indicator of tropical carbon cycle
instability would be if the sensitivity of the CO2 anomaly to
the temperature anomaly increased over time. They find a
long-term pattern of increasing sensitivity until the early
2000s, followed by decreasing sensitivity. However, they
suggest that these trends are partially explained by a shifting
spatial pattern of where El Niño’s impacts are greatest. Their
analysis suggests the key carbon anomaly regions tend to be
eastern Amazonia and south-central Africa, a pattern confirmed in the 2015/16 event. This is consistent with the
more data-rich but shorter-term analysis by Gloor et al. [7].
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available that simultaneously observed land, ocean and
atmospheric properties associated with the carbon cycle.
Palmer [14] provides an overview of these new technologies,
which include satellite-retrieved data to characterize photosynthesis (solar-induced fluorescence, SIF), fire (active fire
data, burned area), vegetation cover and leaf phenology (vegetation indices), hydrology (water storage inferred from
gravitational anomalies) and column atmospheric concentrations of carbon dioxide and other informative trace gases
such as carbon monoxide and formaldehyde (both indicators
of fire emissions). Many of these new methods (in particular
SIF) still have methodological and interpretation challenges,
and the El Niño provided an excellent opportunity to test
these approaches. The full potential of these multiple simultaneous datasets has yet to be exploited, but several of the
studies in this theme issue use some of these data, including
SIF [7,18,19], gravitational anomalies [7] and atmospheric
trace gases (e.g. [7,20]).
Luo et al. [18] explore six models of changes in gross primary productivity (GPP) with satellite-derived inputs,
together with four remote-sensed datasets of SIF. During the
El Niño, the models suggest a consistent reduction in GPP in
the tropical forests of eastern Amazonia and central Africa,
with large negative anomalies also observed in the savannah
regions of southern Africa and eastern Australia. The four
SIF datasets show both substantial inter-product variance as
well as less of a decline in 2016, but overall their results agree
with the GPP models, suggesting a strong decline in photosynthesis in Amazonia and in southern Africa and Australia. In
total, this analysis suggests an overall negative anomaly in
pan-tropical photosynthesis of around 1 Pg C over the duration of the El Niño. Koren et al. [19] present a more detailed
study of SIF variation in Amazonia. They find a similar result
of strongest declines in photosynthesis in eastern Amazonia,
particularly focused in the dry season of late 2015. The decline
appears strongly predictable from atmospheric water vapour
deficit (more so than from soil moisture), suggesting that
atmospheric conditions are particularly important in driving
plants to experience water stress.
Additionally, Anderson et al. [21] present a long-term
analysis of droughts from 1981 to 2016 for Brazilian Amazonia, quantifying the recent El Niño impact on vegetation
using the enhanced vegetation index (EVI). By focusing on
the concept of vulnerability that takes into consideration
both exposure and sensitivity of forests to drought, they
show that repeated exposure to recent droughts is increasing
the sensitivity of Amazonian vegetation, as demonstrated by
year-to-year increased intensity of negative EVI anomalies.
This suggests that Amazonia is becoming more vulnerable
to extreme drought events.
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Given the high variance in modelled simulation of the
impacts of the El Niño on vegetation carbon dynamics, it is
vital to further inform and test model structure against in
situ ecophysiological field studies. An understanding of the
physiological responses of tropical forests to El Niño events
can be obtained using an array of techniques currently available to field ecologists. These include, but are not restricted
to, monitoring tree mortality and growth, monitoring tree
carbon assimilation with measurements of photosynthesis
and stomatal conductance, estimating changes in tree transpiration using sap flow, monitoring carbon release in the
form of heterotrophic and/or autotrophic respiration, and
measuring net canopy–atmosphere fluxes through eddy
covariance flux towers.
Many of the detailed process studies during this El Niño
were focused on the Amazon region. However, the Global
Ecosystems Monitoring (GEM) network (gem.tropicalforests.ox.ac.uk) attempts to provide a pantropical analysis of
forest carbon dynamics and ecophysiology. Rifai et al. [24]
report an analysis of tree growth from sites across Amazonia,
Africa and Borneo. They report sharp declines in tree growth
in response to the El Niño, driven by increases in soil water
deficit and atmospheric water vapour deficit. If stem
growth is taken as an indicator of changes in total forest
carbon production, then, by extrapolation, the Amazon
forest dominated the global signal of reduced productivity
during the 2015/16 El Niño, and also generally dominates
the total interannual variation in the productivity of the
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6. Field studies of ecophysiology and carbon
dynamics

tropics. Variation in southeast Asia was a secondary factor
and there was a negligible net signal from tropical Africa.
This field-observed Amazon signal is consistent with the
global atmospheric inversion and biospheric modelling estimates [7,8,11] but the negligible effect in tropical Africa is
not. Stem growth alone may, however, not be a good indicator of whether total carbon assimilation (GPP) was
reduced during this period, due to the well-established decoupling between patterns of tree growth and canopy photosynthetic processes [29]. Forthcoming studies from the GEM
network will provide a more complete examination of the tropical forest carbon budget during the El Niño, including
examination of respiration. A detailed study of an eastern
Amazonian site by Santos et al. [30] reported that tropical
Amazonian trees suffered up to a 28% reduction in photosynthesis driven by stomatal closure during the 2015/16 El Niño.
This is broadly consistent with the decline in woody growth
in eastern Amazonia reported by Rifai et al. [24].
What is critical to interpreting changes in the signals from
any of these variables over time is a clear understanding of
which El Niño-mediated changes in climate are responsible
for the observed variation in tree growth and carbon cycling.
Brum et al. [25] find that atmospheric water vapour deficit
(VPD), rather than changes in soil moisture and precipitation,
is the key driver of increasing dry season transpiration during
the 2015/16 El Niño in a site in eastern Amazonia. Fontes
et al. [28] find sharp drops in water flux through trees, associated with drops in both leaf and xylem safety margins. Both
studies nonetheless report that several tropical Amazonian
species did not downregulate transpiration in response to
the extreme El Niño dry season, in agreement with previous
results from a long-term drought experiment in the Amazon
[31]. This suggests that trees may be prioritizing carbon production at the expense of risking great hydraulic damage. The
largest trees were found to be responsible for the greatest proportion of transpiration flux [25] and were also shown to have
the greatest change in mortality rate as a consequence of
drought [27]. Shenkin et al. [27] found a relationship between
drought-induced mortality rates and tree heights in Amazonian trees, but a weaker relationship with crown exposure,
suggesting a limited role for atmospheric demand and a
strong impact of water supply on the risk of death. Rather
unexpectedly, the drought-induced mortality signal was buffered in logged forests during El Niño events, plausibly
because of decreased competition for water and other
resources in these forests. Hence, results from Brum et al.
[25] and Shenkin et al. [27] suggest that it is possible for
stand thinning (due to prior mortality, logging or disturbance) to limit hydraulic risk and mortality rates in tropical
forests.
These ecophysiological observations and insights can lead
to improvement in the model representation of key processes.
Eller et al. [32] address a key model structural issue in LSMs
through designing a new stomatal optimization of xylem
model, which optimizes stomatal conductance to maximize
plant carbon gain, while simultaneously minimizing plant
hydraulic damage. Incorporating this plant hydraulic
scheme into an LSM creates two new insights into modelling
El Niño events. First, it demonstrates that the sensitivity of
the vegetation to atmospheric drought or soil drought can
vary between tropical sites, even within the same continent.
Second, it also demonstrates that if plant hydraulics were
incorporated into LSMs it is plausible that the humid tropical
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the main observed patterns of interannual variability in the
land carbon sink [11], when compared to carbon inversion
flux estimates and some remote sensing estimates. These
model simulations suggest that the reduction in gross primary production (i.e. canopy photosynthesis) was the main
driver of the decreasing carbon sink across all tropical regions
during the 2015/16 El Niño. This disagrees with a previously
published inversion study that attributed the decrease to
higher respiration fluxes in Africa and greater fire emissions
in Asia [22]. However, there was a very high range of
responses between LSMs, and the agreement between the
LSMs and inversion studies varies depending on the El
Niño event studied. Considering Amazonia alone, both van
Schaik et al. [23] and Bastos et al. [11] provide similar
estimates of the reductions in total Amazonian photosynthesis during the 2015/16 El Niño event, which also
fit within the ranges described by inversion modelling
and chlorophyll fluorescence (approx. 0.9– 1.5 Pg C yr21
[7,19,22]).
The modelling results reinforce two important issues: (i)
studies of vegetation responses to an El Niño with any individual model may be subject to strong structural or
parametric bias and (ii) across LSMs there remains high variance in their capacity to accurately simulate vegetation
responses to El Niño events. Emerging observational constraints on ecosystem behaviour, documented in this theme
issue and elsewhere (e.g. [24 –28]), may provide more and
better benchmarks, thereby improving model structures and
calibrations to increase their predictive fidelity in future
such inter-comparisons.
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A significant component of the tropical carbon source
anomaly during El Niño events may come from fires. Data
from the Global Fire Emissions Database (GFED4.1; see
www.globalfiredata.org) suggest a positive anomaly of
þ0.3 Pg C in 2015 and a negative anomaly of 20.1 Pg C in
2016, with the fire signal dominated by southeast Asia [11].
This is a much smaller anomaly than reported for 1997/98,
when peat fires resulted in large emissions from southeast
Asia [33] The intensity of the drought and fire season was
weaker in that region this time round, apparently because
some early 2016 rains damped the drought before it reached
critical fire threshold values. However, much uncertainty
remains both in mapping tropical forest fires (many of
which can be cryptic understorey fires at time of occurrence)
and estimating their immediate and long-term carbon emissions. The 2015/16 El Niño provided an opportunity to
understand in detail the magnitude and mechanisms of
carbon emission associated with tropical forest fires.
This issue contains three studies exploring the long- and
short-term impacts of fires in Amazonia in relation to El
Niño. Eastern Amazonia was the region most heavily
impacted by the 2015/16 El Niño [10,15] and experienced
extensive wildfire leaking from farms in both intact and previously logged forests. Withey et al. [34] present a detailed
study of the core of this affected region, where 1 million hectares of ( predominantly primary) forest experienced fire.
There appeared to be no difference in emissions between
forest types ( primary or secondary) and no strong proxy
for fire emission could be found, indicating that substantial
challenges remain for predicting fire emissions using
models. Crucially, their detailed estimates indicate carbon
emissions around 2.5 times greater than estimated for the
same region from global satellite-based fire databases such
as GFED, suggesting that the fire-associated carbon emissions
may be greatly underestimated from these global fire products, especially when they damage but do not completely
eliminate the forest.
Berenguer et al. [35] demonstrate that fire can have some
positive impacts on forest growth, with burned trees experiencing greater growth-related increases in carbon stocks
post fire. Most probably this is a consequence of reduced
competition following the mortality of competing trees, particularly given that this phenomenon was strongest in the
low wood density trees, which are likely to be more reliant
on high resource availability. Despite these short-term
increases in growth, fire was found to have an overwhelming
negative impact on forest carbon storage. Silva et al. [36] track
the impacts of Amazonian forest fires for several decades
after fire events: they find that fires reduced forest biomass

8. Short- and long-term predictability
A pivotal question is to what degree the short-term response
of tropical ecosystems to the El Niño, the focus of this theme
issue, gives us insights into the long-term resilience or vulnerability of these ecosystems. The remote sensing analysis of
Anderson et al. [21] suggests that Amazonian forests are
becoming increasingly sensitive to droughts, either as a
direct consequence of repeated droughts, or because the
sequential droughts occur in the context of an increasingly
warmer regional climate. At the scale of the global carbon
cycle, however, the inversion model analyses of Rödenbeck
et al. [8] and Gloor et al. [7] show no overall trend of increasing sensitivity of tropical carbon emissions to climate
perturbations.
Meir et al. [26] use the results of their long-term drought
experiment in eastern Amazonia to directly test the relationship
between short-term responses and long-term vulnerability.
Short-term responses are dominated by ecophysiological processes (e.g. trees closing their stomata to reduce water loss
and suppressing photosynthesis as a consequence). Longerterm responses, by contrast, are dominated by tree demography (death of large trees, in particular, reduction of forest sap
wood area as a consequence, changes in forest structure and
recruitment of more drought-tolerant species). They find that
some processes (e.g. total ecosystem water use) are quite predictable from the short-term to long-term response. Other
processes, in particular the specific patterns and mechanism
of tree mortality, are much less predictable from short-term
responses.
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7. Fire

by around 25% on average and shifted forests into an alternative state with different forest dynamics. Importantly, this
shift into a new stable state was driven by delayed mortality
of large, high wood density trees, from which the forests did
not recover even multiple decades after the drought. Firerelated shifts in forest structure and the losses of the largest
trees have substantial consequences, as slow growth means
they are unlikely to re-establish before the next large fire if
El Niño or other drought events become more frequent.
This will result in permanent reductions in the carbon storage
and carbon and water cycling capacities of Amazonian forest.
As with the ground-based ecophysiology studies in this
issue, fire data, particularly from field studies of fire impacts,
appear to be heavily biased towards Amazonia. However,
there is a strong case for ensuring we have better data on fire
emissions and ground-based fire impact data from southeast
Asia. The El Niño-associated emissions from Indonesia and
Papua were estimated to be between 0.3 and 0.6 Pg C [20],
respectively. However, there are also large uncertainties on
the figure presented in this study caused by (i) using different
satellite products for estimating CO emissions (e.g. the Infrared Atmospheric Sounding Interferometer (IASI) versus the
MOPITT data); (ii) using CO products for emissions estimation
versus using global satellite fire observation data (e.g. the
Global Fire Assimilation System GFED); (iii) uncertainties in
the spatial extent and depth of peat, the key driver of carbon
emission during fire in southeast Asia. Given the magnitude
of fire emissions, particularly from southeast Asia, and our
limited understanding of what controls them, improving our
understanding of how to monitor them and predict them
using models (e.g. [11]) should be a priority for future
research.
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regions would be simulated as being more sensitive, in terms
of carbon loss, to El Niño events. In coupling a hydrology
model to a vegetation model, van Schaik et al. [23] demonstrate that shifts in net biome production across different
regions are driven by shifts in the climate drivers controlling
GPP. They simulate that the regions with the greatest
reductions in GPP during the 2015/16 El Niño are controlled
largely by negative soil moisture anomalies, contrasting with
the site-specific results of Brum et al. [25], but consistent with
the pan-tropical tree growth study of Rifai et al. [24]
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9. Conclusion

(a) How good is our integrated understanding
of the Earth System?

(b) Do particular regions dominate the carbon cycle
response signal?
Multiple strands of data, including climate observations, field
studies, remote sensing and atmospheric observations, point
to eastern Amazonia as the region most responsive to the El
Niño, and dominating in its contribution to the interannual
variability of the tropical carbon cycle (e.g. [7,8,10,18,24]).
In the 2015/16 El Niño, southern Africa also seems to have
played a substantial role [7], whereas the contribution from
southeast Asia was much weaker than in 1997/98, as the
fire signal there was weaker at this time [20]. The role of central Africa is less clear, with some studies suggesting it plays
a substantial role, whereas other studies suggest not. This
pattern partially validates the present weighting of studies
towards Amazonia but also highlights the need for more
research and monitoring in tropical and southern Africa in
particular.

(d) What does the El Niño response tell us about the
sensitivity or proximity of a tropical forest tipping
point?
The studies presented here give insights into the potential of
a tropical forest carbon cycle feedback in three ways: through
studies over multi-decadal time periods that can identify
shifting sensitivity (e.g. [8]), through identification of key
mechanisms that drive the interannual variability (e.g.
[11,23,24]) and through examination of longer-term response
to the initial stress or disruption event [26,36]. In combination, these studies begin to sketch out the mechanisms
and paths of causality that could drive a tropical forest dieback. The immediate short-term response appears to be
mainly through a decline in photosynthesis or a fire event.
The short-term decline in photosynthesis may not have
long-term consequences, and there is little evidence of consistently increasing carbon cycle sensitivity over time.
However, if the decline in photosynthesis is associated with
increased mortality in the long term (either in response to a
single drought or to repeated drought) and changes in
forest structure, this can have long-term consequences. Fire
events are almost always associated with immediate and
longer-term mortality, and their associated carbon emissions
are likely to have been underestimated. Hence mortality,
whether through fire or drought, is the key pathway that
mediates between short-term response and long-term degradation. The drivers and patterns of tree mortality in the
tropics remain unclear and warrant further investigation as
a priority for research.
In summary, this paper and the accompanying theme issue
showcase and evaluate the wide array of approaches and technologies that were available to monitor the terrestrial carbon
cycle during the 2015/2016 El Niño. They demonstrate that
substantial progress has been made in approaching a comprehensive understanding that drives the interannual variability
of the biosphere carbon budget. We thank all those who
have contributed to the collective effort, and hope that these
studies will stimulate further research and synthesis to address
important questions about the future of the biosphere carbon
cycle.
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The papers in this theme issue showcase the broad array of
techniques and tools that can now be applied to tackle key
Earth System Science questions, including an expanding
array of space-borne sensors, a new generation of integrated
global climate and carbon cycle datasets, and global networks of atmospheric observations, intensive field studies
and long-term monitoring. We find that broadly these diverse
tools paint a consistent picture of what happened to the terrestrial carbon cycle over the El Niño: there was a
decreased land carbon sink (i.e. a positive carbon cycle
anomaly) in the tropics (e.g. [6,8,11]), this appears predominantly driven by a water stress-associated decline in
photosynthesis (e.g. [7,18,19,23]), with additional contributions from ecosystem respiration and fire [11,20,34]. At
the largest scale the tropical carbon cycle returned to its
pre-El Niño state after the event [7,8], although fire and
drought leave long-term consequences in terms of tree mortality and forest structure that can play out for decades
after the initial stress event [36], and can increase ecosystem
sensitivity to future stress events [21].
There are caveats in this picture, however. Climate datasets
suffer from poor data availability and process representation
in many tropical land regions, and care needs to be taken in
their application to drive models [15]. Process-focused field
studies are heavily weighted towards the Americas (e.g.
[25,30,35]) and there is a need to bring in more data and analyses from other parts of the tropics. It seems likely that global
fire products underestimate carbon emissions from tropical
forest fires [34], and the longer-term carbon cycle effects of
drought and fire are poorly monitored and poorly represented
in biosphere models. Another issue, simpler to address, is the
need to employ a consistent baseline time period to enable
comparison between studies. The studies reported in this
theme issue employ a range of baselines, and it is anticipated
that a future outcome from the synthesis will be a combined
study that applies a consistent baseline.

A range of evidence suggests that the decline of photosynthesis in response to drought stress plays a dominant role
in explaining the decline in the tropical carbon sink during
El Niño. This is consistent with field observations of plant
ecophysiology and growth. The fire contribution is thought
to be relatively small, on the order of 0.3 Pg C [11], but it is
possible that this could increase substantially if the effects
of cryptic sub-canopy fires are taken into account [34]. Ecosystem respiration responses appear to be smaller in
contribution, but this could be because respiration appears
as a residual in many studies ( photosynthesis can be directly
estimated by remote sensing approaches such as SIF, but respiration cannot). No study in this theme issue reports field
measurements of respiration response to the El Niño: such
data exist, and it is hoped that subsequent papers will
provide a more rounded picture of the tropical carbon cycle
that includes direct measurements of respiration.
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Having reviewed the main results across this theme issue, we
revisit the aims set out at the start of this synthesis.

(c) What are the key processes that drive the response
of the tropical carbon sink?
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