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Abstract

The 2015-2016 El Nifo was one of the strongest on record, but its influence on
the carbon balance is less clear. Using Northern Hemisphere atmospheric CO,
observations, we found both detrended atmospheric CO, growth rate (CGR) and
CO, seasonal-cycle amplitude (SCA) of 2015-2016 were much higher than that of
other El Nifio events. The simultaneous high CGR and SCA were unusual, because
our analysis of long-term CO, observations at Mauna Loa revealed a significantly
negative correlation between CGR and SCA. Atmospheric inversions and terres-
trial ecosystem models indicate strong northern land carbon uptake during spring
but substantially reduced carbon uptake (or high emissions) during early autumn,
which amplified SCA but also resulted in a small anomaly in annual carbon uptake
of northern ecosystems in 2015-2016. This negative ecosystem carbon uptake
anomaly in early autumn was primarily due to soil water deficits and more litter
decomposition caused by enhanced spring productivity. Our study demonstrates
a decoupling between seasonality and annual carbon cycle balance in northern
ecosystems over 2015-2016, which is unprecedented in the past five decades of

El Nifo events.
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1 | INTRODUCTION

The El Nifo-Southern Oscillation (ENSO) is a quasi-periodic sea
surface temperature variation of the central to eastern Pacific
Ocean, with prominent impacts on Earth's surface climate system
(McPhaden et al., 2006; Timmermann et al., 2018). The extreme
phases of the ENSO cycle can induce extreme weather events,
which, in turn, affect the structure and function of ecosystems
worldwide (McPhaden et al., 2006; Piao et al., 2020). For exam-
ple, the observed fluctuation of atmospheric CO, growth rate
(CGR) is found to be tightly correlated with the ENSO cycle (Wang
et al., 2013). Yet, the CGR variation is strongly influenced by annual
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variations in land-atmosphere fluxes, rather than by ocean or an-
thropogenic emissions (Jeong et al., 2018; Le Quéré et al., 2018; Piao
et al., 2020). Hence, this close relationship between CGR and ENSO
implies an important role of the ENSO cycle in terrestrial ecosystem
carbon cycle. Considering that many climate model simulations proj-
ect increases in the frequency of extreme ENSO events, and intensi-
fied sensitivity of land carbon cycle to ENSO with background global
warming (Kim et al., 2017; Wang et al., 2019), there is an urgent need
to better understand the terrestrial ecosystem response to ENSO to
refine projections of the carbon cycle in the future.

The latest extreme EI Nifio event in 2015-2016 was one of
the strongest on record (Santoso et al., 2017). These 2 years also
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FIGURE 1 Unusual atmospheric CO, growth rate (CGR) and CO, seasonal-cycle amplitude (SCA) at Mauna Loa (MLO) in 2015-2016.

(a) The relationship between detrended CGR anomaly and SCA anomaly at MLO during El Nifio events since 1980. (b) SCA anomalies at

32 atmospheric observation sites in the average (“Composite”) of El Nifio events and in 2015-2016 El Nifio, shown as a histogram for all
locations, and by the latitudes of the individual observation sites. (c) The relationship between SCA anomaly at MLO and annual net biome
productivity (NBP) anomaly in northern extra-tropics (north of 30°N), and during El Nifio occurrences. (d) The relationship between tropical
(30°S-30°N) annual NBP anomaly and CGR anomaly at MLO, in El Nifio years. NBP anomaly is estimated by two atmospheric inversions,
Copernicus Atmosphere Monitoring Service and Jena CarboScope. In panels (a), (c) and (d), the dashed lines indicate the 95% confidence
interval for the regression fit (see also annotations for regression statistics). In panel (b), solid lines indicate the interquartile range of SCA
anomaly during El Nifio events and two asterisks indicate that overall, the SCA in 2015-2016 is significantly larger than SCA “Composite”
values. Gray lines in panels c and d indicate the range of NBP anomaly, from atmospheric inversions, for each El Nifio event
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exhibited the two largest CGR of the last 50 years from CO, mole
fraction data (Dlugokencky & Tans, 2020). Due to the large CGR, the
year of 2016 was iconic as the first full year in which every monthly
mean CO, mole fraction remained above 400 ppm. This is the first
such all year occurrence of crossing this threshold since the begin-
ning of human observations of atmospheric CO, (Dlugokencky &
Tans, 2020; Scripps Institution of Oceanography, 2020). The large
CGR reflects a weakened land carbon sink in both years 2015 and
2016 (Bastos et al., 2018) and thus has attracted vast interest (Hu
et al.,, 2019; Liu et al., 2017; Wang et al., 2018; Yue et al., 2017).
For example, the U.K. Royal Society published a special issue of 22
papers discussing the impact of the 2015-2016 El Nifio event on the
tropical carbon cycle in the journal Philosophical Transactions of the
Royal Society B (Malhi et al., 2018). However, it is much less noted
that these 2 years also witnessed the highest CO, seasonal-cycle
amplitude (SCA, the peak-to-trough magnitude of the detrended
season cycle of CO,; see Section 2.7) of the past four decades at the
Mauna Loa Observatory (MLO) station (Figure 1a). At first glance,
the co-emergence of both the highest CGR and highest SCA in the
2015-2016 El Nino is surprising because a high SCA value implies a
strong carbon uptake during the net carbon uptake period (CUP; see
Section 2.8), in contrast to high CGR-indicated carbon sink weak-
ening. In fact, historical data since 1980 show a significant negative
correlation between CGR and SCA in the MLO record when exclud-
ing 2015-2016 (R? = 0.52, p = 0.03; Figure 1a). Therefore, the pri-
mary objective of this study is to resolve this apparent paradox.

Here, we utilized atmospheric CO, records from the surface
observation network (Dlugokencky et al., 2018), satellite obser-
vations of solar-induced fluorescence (SIF; Joiner et al., 2013) and
Normalized Difference Vegetation Index (NDVI; Pinzon & Tucker,
2014), net land-atmosphere CO, fluxes from atmospheric inversions
based on surface in situ stations (Chevallier et al., 2005; R6denbeck
etal., 2003), and column CO, mole fraction (Xcoz) retrievals from the
Orbiting Carbon Observatory-2 (OCO-2; Chevallier et al., 2019). To
provide process understanding support, we additionally employed
the ensemble of Dynamic Global Vegetation Models (DGVMs) from
TRENDYvV6 (Le Quéré et al., 2018; Sitch et al., 2015). This combined
data and simulation framework allowed us to investigate the mech-
anisms behind the observed unusual signals of CGR and SCA during
the 2015-2016 El Nifo.

2 | MATERIALS AND METHODS
2.1 | Atmospheric CO, mole fraction data

We used monthly CO, mole fraction data, collected at the MLO site,
for years 1958-2018 from the Earth System Research Laboratory
(ESRL), National Oceanic and Atmospheric Administration (NOAA,
www.esrl.noaa.gov/gmd/ccgg/trends/). Note the NOAA ESRL CO,
data from March in 1958 through April in 1974 was obtained from
the Scripps Institution of Oceanography (https://scrippsco2.ucsd.
edu/). We also used monthly CO, mole fraction data from the NOAA

oo, MOEMIE

ESRL Carbon Cycle Cooperative Global Air Sampling Network
(Dlugokencky et al., 2018), which is available for many locations
around the world. For a credible comparison between an El Nifio
composite (the spatial average of El Nifio events) and 2015-2016
El Nifio, we selected 32 sites with at least 20 years of data covering
2015-2016.

2.2 | Climate dataset

Monthly gridded air temperature and precipitation data for 1980-
2016 were obtained from the Climatic Research Unit (CRU TS4.01)
with a spatial resolution of 0.5° (Harris et al., 2014). We also used
the shortwave radiation data obtained from the 6-hourly reanaly-
sis dataset CRU-NCEPv8 with a spatial resolution of 0.5°, which is
based on monthly CRU climate data. The CRU-NCEPvS8 climate data-
set is also the forcing dataset of DGVMs in the TRENDYVé project
(Le Quéré et al., 2018).

2.3 | NDVlandSIF data

The third-generation data of Normalized Difference Vegetation
Index (NDVI3g) from the Global Inventory Monitoring and Modelling
Studies (GIMMS) group was used in this study to represent vegeta-
tion greenness (Pinzon & Tucker, 2014). The GIMMS NDVI3g pro-
vides a global NDVI product, at 15-day temporal resolution and 8 km
spatial resolution for 1982-2016. We remapped the gridded NDVI
values to match the 0.5° grid.

SIF is an electromagnetic signal emitted by chlorophyll during
photosynthesis and is thus expected to give a direct assessment
of actual photosynthesis (Chen et al., 2021; Joiner et al., 2013).
We used a SIF product derived from data acquired by the Global
Ozone Monitoring Experiment-2 (GOME-2) spectrometer on board
EUMETSAT's polar orbiting Meteorological Operational Satellites-A
(MetOp-A; Joiner et al., 2013). The monthly SIF data are available
at 0.5° spatial resolution for 2007-2017. Hence, both NDVI and SIF
data cover our 2015-2016 period of interest.

2.4 | Atmospheric CO, inversion fluxes

Weusedtheposterioriestimatedlandsurface CO, fluxesderived from
two long-term atmospheric in situ inversions covering 1980-2016:
Copernicus Atmosphere Monitoring Service (CAMS, http://atmos
phere.copernicus.eu/) version 17rl and Jena CarboScope (Jena)
version s76_v4.2. The two atmospheric inversions are both based
on in situ CO, measurements from monitoring stations. CAMS ver-
sion 17r1 provides monthly fluxes at 1.9° latitude x 3.75° longitude
resolution for 1979-2017 and Jena CarboScope version s76_v4.2
provides monthly fluxes at 4° latitude x 5° longitude resolution
for 1976-2017 (Chevallier et al., 2005; Rodenbeck et al., 2003).
We mainly used remapped output of land CO, fluxes with a spatial
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resolution of 1°. To obtain the net biome productivity (NBP) anomaly
in latitudinal bins of 5°, the gridded CO, fluxes were also remapped
to match the 5° grid. Since we focus on the impact of 2015-2016
extreme climatic conditions on carbon cycle, the long-term trend of
NBP anomaly in each month was removed.

We also used another version of CAMS inversion (CAMS
vFT18r1) that assimilates Xcoz retrievals (Chevallier et al., 2019).
The satellite-retrieved X, retrievals were from NASA's OCO-2
v9, and available for late-2014-2018 (Eldering et al., 2017). To in-
vert for surface CO, fluxes from Xco, retrievals, the Laboratoire de
Météorologie Dynamique (LMDZ) atmospheric transport model was
used (Chevallier et al., 2005). The LMDZ transport model was run
on a 1.9° x 3.75° (latitude x longitude) horizontal grid, with 39 lay-
ers between the surface and the top of the atmosphere. LMDZ was
nudged to European Centre for Medium-Range Weather Forecasts
analyzed winds. The anomaly of land surface CO, fluxin 2015-2016,
as estimated by this inversion, is relative to land surface CO, flux in
2018 because observation-based CGR and SCA in 2018 are closer to
the long-term averages during 1980-2018 than those in 2017. In this
study, for simplicity, we refer to these two strands of data of CAMS
vFT18r1 by “CAMS,.," and of CAMS v17r1 by “CAMS”.

2.5 | Dynamic Global Vegetation Models

We analyzed the monthly anomalies of NBP, gross primary produc-
tivity (GPP), autotrophic respiration (Ra) and heterotrophic respiration
(Rh) for years 1980-2016, as estimated by an ensemble of 12 DGVMs
from the TRENDYV6 project (Le Quéré et al., 2018; Sitch et al., 2015).
DGVMs used in this study are CABLE, CLASS-CTEM, CLM4.5, ISAM,
JSBACH, JULES, LPJ, LPX, ORCHIDEE, ORCHIDEE-MICT, VEGAS and
VISIT. All models in the “S3” simulations of the TRENDYvé protocol
were forced by the same data including a climate dataset obtained
from CRU-NCEPv8, atmospheric CO, mole fraction data from a com-
bination of ice core records and atmospheric observations, and land
use change data from the History Database of the Global Environment
dataset. We also analyzed the simulated carbon flux from vegeta-
tion to litter pool (fVeglLitter) and from litter pool to soil (fLitterSoil),
although only two models of ORCHIDEE and ORCHIDEE-MICT have
output these two quantities. We calculated anomalies in these carbon
fluxes (NBP, GPP, Ra, Rh, fVeglLitter and fLitterSoil), for each month, by
removing the long-term trend of carbon fluxes of each month.

2.6 | ElNiio events

We selected the El Nifio events following NOAA's criteria of the
Ocean Nifo Index (ONI; https://origin.cpc.ncep.noaa.gov/). The ONI
is a 3-month running mean of sea surface temperature anomalies
averaged in the Nifio 3.4 region (5°N-5°S, 120°-170°W). The El Nifio
events are defined based on the ONI criteria that the ONI be greater
than or equal to +0.5°C for a period of at least five consecutive over-
lapping 3-month seasons. The El Nifio events since 1959 that fulfill

that criteria, and that we used in this study, occurred in 1963-1964,
1965-1966, 1968-1969, 1972-1973, 1976-1977, 1979-1980,
1982-1983, 1987-1988, 1991-1992, 1994-1995, 1997-1998,
2002-2003, 2004-2005, 2006-2007, 2009-2010 and 2015-2016.

2.7 | Derivation of the CGR and SCA

Annual CGR, for any particular year, were calculated by subtracting
the 4-month average of CO, mole fraction centered on the January
1 of this year from the 4-month average centered on the January 1
of the next year. The long-term trend of CGR was mainly induced by
carbon emissions from fossil fuel burning and was removed using
linear regression to obtain the CGR anomalies.

The SCA was extracted using the tool CCGCRYV (Thoning et al.,
1989). CCGCRYV approximated the long-term growth and annual os-
cillation using a function consisting of a quadratic polynomial and
four harmonics, all fitted to the CO, mole fraction data. The seasonal
harmonics did not include any short-term variations, so a 50-day cut-
off value short-term filter was applied to the residuals derived be-
tween the raw data and fitted function. Finally, the smoothed CO,
seasonal cycle was obtained by adding the filtered residuals to the
annual oscillation. The peak-to-trough amplitude was calculated as
the difference between the maximum and the minimum CO, mole
fraction of the seasonal cycle in each calendar year (Wang et al.,
2020). Since there is one CGR value and one SCA value every year,
the CGR or SCA of 2015-2016 indicates the average of that in 2015
and 2016.

2.8 | NetCUP

Seasonal-cycle amplitudes from most temperate and boreal stations
of the Northern Hemisphere generally reflect the net carbon uptake
during April-August (Piao et al., 2018). Therefore, the CUP used in
this study corresponds to that period of April-August for each year.
It should be noted that NBP during August in some regions could
have little influence in the magnitude of peak-to-trough of CO, mole
fraction. However, it could influence the magnitude of trough-to-
peak mole fraction in some remote stations, likely due to atmos-
pheric CO, transport.

3 | RESULTS

3.1 | Ubiquity of the unusual high SCA during the
2015-2016 El Nifio

We first verified that the unusual SCA signal in 2015-2016 at MLO
was not an artifact of averaging the 2 years—separate analyses of
the CO, mole fraction data in 2015 and 2016 also confirmed this
finding (Figure 1a; Figure S1). Furthermore, the SCA in 2015-2016
was also the highest on record when extending the analysis back to
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1959, the first year with a year-complete CO, record at MLO (Figure
S1). We also confirmed the unusually high SCA in 2015-2016 by
analyzing CO, mole fraction data from an atmospheric observation
network of 32 long-term sites in the Northern Hemisphere (each site
with at least 20 years of data covering 2015-2016). We found that
the SCA in 2015-2016 was significantly larger by 0.52 + 0.14 ppm
(mean+SE) than that of the long-term average during El Nifio events
(p < 0.01; Figure 1b).

3.2 | Tropical versus extra-tropical northern lands
in their contributions to the high CGR and SCA in
2015-2016

Next, we analyzed the NBP anomalies of both northern (north
of 30°N) and tropical ecosystems from the two long-term in situ
inversions (CAMS and Jena CarboScope) and for each El Nifio
event since 1980. We found that although there was a significant
positive correlation between SCA and annual NBP of northern
ecosystems during El Nifio events in the recent three decades ex-
cluding 2015-2016 (R? = 0.86, p < 0.01), the annual NBP anomaly
of northern ecosystems (-0.18 to 0.21 Pg C year™) in 2015-2016
was within the range of the average during El Niflo events since
1980 (-0.05 + 0.28 PgC year %; uncertainty range is the standard
deviation (SD) of NBP anomalies in El Nifio events, derived from the
two inversions; Figure 1c; Table S1). The comparable annual NBP
of northern ecosystems in 2015-2016 with that in other El Nifo
events contributed little to the anomalies of global NBP in this re-
cent EI Nifio event and thus did not affect the dominant role of trop-
ical ecosystems in controlling the variation of CGR (Figure 1c,d). We
found that the relationship between tropical annual NBP and CGR
across El Nifo events did not change with or without the inclusion
of the 2015-2016 El Nino (Figure 1d).

With these two in situ inversions, we further compared net car-
bon exchange during CUP and non-CUP in northern ecosystems and
tropical lands for different El Nifio events. We found that in northern
ecosystems, the difference between CUP and non-CUP net carbon
exchange had a large increase in 2015-2016 when compared to the
average during the El Nifio events since 1980 (10 events in total;
Table S1). By contrast, results from CAMS inversion showed that the
increase in the net carbon exchange difference between CUP and
non-CUP from tropical ecosystems in 2015-2016, when compared
with the average of El Nifio events, was smaller than that in northern
ecosystems. Furthermore, the Jena CarboScope inversion showed
that in tropical ecosystems, there was no significant difference in
CUP minus non-CUP net carbon exchange between 2015-2016 and
the average of El Nifio events. Critically, we also found that the net
land carbon uptake in northern extra-tropics during the 2015-2016
CUPs was significantly larger than that of the average during all the
El Nifio events since 1980 (Table S1). In contrast, net carbon uptake
by tropical lands during the 2015-2016 CUPs, derived from the at-
mospheric CO, measurements, did not increase when compared to
its average behavior during El Nifio years (Table S1). Therefore, the
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unusually high SCA of 2015-2016 was mainly contributed by north-

ern ecosystems.

3.3 | Northern ecosystem NBP anomalies in April-
June and August-September

Both atmospheric in situ inversions and additional DGVMs showed
that compared to other El Nifio events, the relatively high NBP of
northern ecosystems during the 2015-2016 El Nifo mainly ap-
peared during the April-June part of CUP (Figure 2; Figures S2 and
S$3). The net biosphere CO, flux estimation inferred from the OCO-2
inversion (CAMS_ . ,) also showed high NBP during April-June of
2015-2016 (Figure 3a). In addition, the NBP anomaly of northern
ecosystems during April-June was significantly related to SCA for
El Nifio events, during 1980-2016 (p < 0.01; Figure S3). However,
the strengthened spring net carbon sink was largely offset by strong
negative NBP anomalies from August to September, resulting in

comparable annual NBP of northern ecosystems in 2015-2016 with
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FIGURE 2 Monthly net biome productivity (NBP) anomaly

in the northern extra-tropics during 2015-2016. NBP anomaly

is estimated by two atmospheric in situ data-based inversions
(Copernicus Atmosphere Monitoring Service and Jena CarboScope;
a) and an ensemble of Dynamic Global Vegetation Models (DGVMs;
b). Black lines indicate the mean NBP anomaly of 10 El Nifio events
since 1980 (“Composite”) while red lines indicate the mean NBP
anomaly for 2015 and 2016, which are estimated by the average of
inversions (a) or DGVMs (b). The spread each side of the solid lines
are the range of inversions (a) or 1-c inter-model spread (b). Positive
anomalies of NBP mainly occurred in April-June of 2015-2016
(blue shaded area) and negative anomalies of NBP are mainly
occurred in August-September of 2015-2016 (yellow shaded area).
The zero anomaly line is shown in both panels as a dotted line
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CAMS .,

FIGURE 3 Normalized net biome
productivity (NBP) anomalies during
April-June and August-September of
2015-2016. NBP anomaly is estimated
by the CAMS ., inversion inferred
from the OCO-2 X, retrievals (a, b),
two atmospheric in situ inversions CAMS
(c, d) and Jena CarboScope (e, f) and an
ensemble of TRENDY Dynamic Global
Vegetation Models (DGVMs; g, h). In
panels (g) and (h), only gridded pixels
where the signs of NBP anomaly derived
from more than eight of 12 models are
consistent with those from the average
of DGVMs are shown. In each panel, the
NBP anomaly is normalized by the spatial
standard deviation of the NBP anomaly
for clarity. CAMS, Copernicus Atmosphere
Monitoring Service

Jena

TRENDY
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that in other El Nifio events (Figure 2). CAMS, ., and two in situ in-
versions also showed that seasonal NBP anomalies in regions having
larger-than-normal spring NBP could largely explain the seasonal-
ity of northern extra-tropical NBP anomaly in 2015-2016 (Figure 2;
Figure S4).

Figure 3 shows the spatial distribution of NBP anomalies
during April-June and August-September of 2015-2016. Results
from the CAMS_ o, inversion, in situ inversions (CAMS and Jena
CarboScope) and the DGVMs agreed on high positive NBP anom-
alies in western North America and southern West Siberia during

April-June of 2015-2016 (Figure 3). In addition, large positive NBP
anomalies of these two regions were confirmed independently, as
found to be associated with enhanced photosynthesis (Figure 4).
This enhanced photosynthesis was supported by positive anomalies
of satellite observed vegetation greenness (NDVI) data, in April-
June for both 2015 and 2016 years (Figure 4a). In particular for these
years, the April-June NDVI value positively departed from their
long-term average by 1.70 and 1.38 SD in western North America
and southern West Siberia, respectively. Results from analyses of
SIF data also showed enhanced photosynthesis in those two regions
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FIGURE 4 Vegetation productivity
anomalies during April-June and August-
September of 2015-2016. Vegetation
productivity is estimated from vegetation
greenness (NDVI; a, b), sun-induced
chlorophyll fluorescence (SIF; ¢, d) and
modeled gross primary productivity (GPP)
of Dynamic Global Vegetation Models
(DGVMs; e, f). In panels (e) and (f), only
gridded pixels where the signs of NBP
anomaly derived from more than eight of
12 models are consistent with those from
the average of DGVMs are shown

NDVI

SIF

DGVMs
GPP

during this recent period (Figure 4c). In the next section, we pro-
vide a detailed analysis on seasonal NBP anomalies of the regions in

northern extra-tropics.

3.4 | Seasonal NBP anomalies in western North
America and western Russia

In western North America, an El Nifo event is generally featured
with high spring temperature (Figure S5). Indeed, historical climate
data showed that in this region, the temperature of April-June in the
extreme 2015-2016 El Nifio event was much higher than the aver-
age of El Nifio events since the 1980s for the same months (Figures
S5 and Sé). Similarly, high temperatures were also observed in north-
ern West Siberia during April-June for both 2015 and 2016 (Figures
S5 and Sé6). For northern West Siberia, CAMS o, inversion, Jena
CarboScope and DGVMs all showed more net carbon uptake during
April-June of 2015-2016 as a result of high vegetation productivity
(Figures 3 and 4). In contrast, low temperature occurred in north-
eastern North America and eastern Siberia (Figure S6), where we
found negative anomalies of satellite NDVI and SIF during April-
June for both 2015 and 2016 (Figure 4a,c). This negative vegetation
productivity anomaly induced by low temperature was also captured
by most DGVMs (Figure 4e). In addition, precipitation may also
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contribute to the positive NBP anomalies in southern West Siberia.
In this region, both satellite data and DGVMs showed high vegeta-
tion productivity during April-June in 2015-2016, corresponding to
higher-than-average precipitation for this location, where tempera-
ture was within the normal range and solar radiation was lower than
the normal conditions during this same period (Figure 4; Figures S5
and Sé).

Although there was a relative high spring NBP in western
North America, no strong carbon uptake was found during August-
September of 2015-2016 by the CAMS,.,,, in situ inversions
and DGVMs (Figure 3). Instead, we found large negative NBP
anomalies for those particular months, based on inversions using
OCO-2 Xco, retrievals and in situ data (Figure 3). Similarly, satellite
data also revealed lower-than-normal NDVI and SIF values during
August-September of 2015-2016 for western North America, and
despite high positive spring NDVI and SIF anomalies of the 2 years
(Figures 4 and 5). This reduced productivity is of particular inter-
est, as temperature, precipitation and shortwave radiation during
August-September of 2015-2016 were all comparable to the long-
term averages of early autumn from 1980 to 2016 (Figure 5; Figure
S6). Furthermore, most DGVMs failed to capture the significant de-
crease of vegetation productivity observed in NDVI and SIF records,
which explains their underestimation of negative NBP anomalies
during August-September of 2015-2016 (Figure 4f; Figure S4).
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Western North America

Western Russia

FIGURE 5 Anomalies of monthly
carbon fluxes and monthly climatic drivers
in 2015-2016. Vegetation productivity
(Normalized Difference Vegetation

Index [NDVI], sun-induced chlorophyll
fluorescence [SIF] and modeled gross
primary productivity [GPP]; top row),
respiration fluxes (autotrophic respiration
[Ra] and heterotrophic respiration

[Rh]; middle row) and climatic drivers
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(bottom row) are estimated in two
regions of western North America and
western Russia where each grid cell has
higher spring net carbon uptake during
2015-2016 than the long-term average.
Climatic drivers include temperature (T),
precipitation (P) and shortwave radiation
(Rad). All variables in each month are
normalized by their standard deviation
during 1980-2016 (“z-score”). Shaded
area indicates the uncertainties for

the extents of the two regions, which

Jul Aug Sep
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Apr May Jun Jul Aug Sep

are based on different Dynamic Global
Vegetation Model estimations imposed
on them

‘.

Apr May Jun Jul Aug Sep

In western Russia, as for western North America, high negative
NDVI and SIF anomalies in the early autumn of 2015-2016 were also
found (Figure 4b,d). However, these were instead likely caused by the
reduction of solar radiation due to the increase of rainfall-associated
clouds (Figure Sé). Climate data showed higher-than-average pre-
cipitation and lower-than-average solar radiation occurred in this
region during September of 2015-2016 (Figure Sé). This largely re-
duced land carbon uptake during August-September of 2015-2016
in western Russia was also reproduced by both inversions based on
OCO-2 Xcq, retrievals and in situ inversions (Figure 3), but not by
most DGVMs (Figure 3h; Figure S7).

Process-based models showed that in regions with higher spring
NBP in 2015-2016 than normal years, there was also more litter in
the autumn (Figure S8). In western North America, low tempera-
tures in September of both 2015 and 2016 suppressed the litter
decomposition and thus the Rh (Figure 5). By contrast, high tem-
peratures in western Russia during the same period accelerated the
decomposition of litter and contributed to the negative NBP anom-
alies in early autumns (Figure 5), which could also increase the SCA.
As an additional sensitivity study, analyses of fire emissions show
that fires have limited impacts on the seasonal NBP anomalies of
northern ecosystems in 2015-2016 (Figure S9).

Apr May Jun Jul Aug Sep

4 | DISCUSSION

In El Nifo years, when the atmospheric CGR anomaly is highly en-
hanced, the SCA is generally largely reduced. However, by exam-
ining CO, monitoring data from MLO and other observation sites,
we found co-occurring high CGR and SCA during the 2015-2016
El Nifo, breaking the otherwise negative correlation between CGR
and SCA over the last five decades' El Nifio events. We showed that
while tropical lands dominated CGR variations, the unusually high
SCA of 2015-2016 was mainly caused by increased NBP during CUP
in northern ecosystems. Previous research has also demonstrated
that enhanced northern ecosystem vegetation activity is responsible
for the increase in SCA (Forkel et al., 2016; Graven et al., 2013; Wang
et al., 2020). However, it was unclear why this enhanced northern
ecosystem growth did not lead to more ecosystem carbon uptake
(i.e., reduced CGR).

There are two mutually exclusive hypotheses (H1 and H2)
to explain the unusual concurrence of high SCA and CGR in the
2015-2016 El Nifio. These hypotheses are as follows: (H1) higher
northern land carbon uptake during CUP induced a high an-
nual net land sink of northern ecosystems in 2015-2016, which
was offset by annually reduced carbon uptake or even carbon
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FIGURE 6 Schematic of the effect of earlier greening in
spring on the net carbon sink in early autumn of 2015-2016.
Higher spring temperature causes the earlier greening and thus
stronger productivity in spring. Stronger productivity leads to
more evapotranspiration (ET) and the decrease in soil water
content (SWC). The carryover of soil moisture could weaken the
productivity (GPP) in the following seasons, including autumn.
Enhanced productivity in spring also allows more carbon into the
litter pool that could increase the heterotrophic respiration (Rh)
in early autumn. Both weakened GPP and strengthened Rh would
cause the decrease in net biome productivity (NBP)

emissions from tropical ecosystems; (H2) higher northern land
carbon uptake during CUP did not induce overall high annual net
land carbon sink of northern ecosystems in 2015-2016, compared
to the average of El Nifo events since 1980. Under Hypothesis
(H2), high northern land carbon emissions during off-seasons
would offset its growing season land carbon sequestrations, and
so overall the reduced tropical uptake accounted for most of the
CGR anomaly. Our result indicated that the higher land net carbon
uptake during CUPs of 2015-2016 did not lead to a higher annual
net land sink in northern ecosystems compared to other El Nifio
events (Figure 1c). This finding, therefore, supported Hypothesis
(H2) and allowed the rejection of Hypothesis (H1). Moreover, the
tropics-based finding gave additional evidence supporting the
second hypothesis (H2; Figure 1d).

The high SCA in 2015-2016 was mainly contributed by the in-
creased carbon uptake of northern ecosystems during April-June.
Moreover, the significantly positive correlation between NBP anom-
aly of northern ecosystems during April-June and SCA also under-
lines the role of NBP anomaly during April-June in regulating the
variations of SCA. This result is consistent with previous findings
that enhanced SCA could be explained by the increase in carbon
uptake in the early growing season (Angert et al., 2005; Randerson
et al,, 1999). It has been suggested that higher air temperature is the
dominant climatic driver in the increased spring vegetation produc-
tivity (Chen et al., 2018). For example, higher spring vegetation pro-
ductivity in western North America and northern West Siberia was

oo, MM

likely driven by the relative high spring temperature, which is known
to advance the start of the growing season (Dannenberg et al., 2015;
Keenan et al., 2014; Randerson et al., 1999). Although we also found
both high productivity and strong solar radiation in western North
America and northern West Siberia during April-June of 2015-2016
(Figures 3 and 4; Figures S5 and S6), the impacts of solar radiation
to spring vegetation productivity are suggested to be much weaker
than temperature (Chen et al., 2018).

It has been frequently suggested that the strong net carbon up-
take of North America in spring is significantly influenced by El Nifio-
associated higher temperatures (Figure S5; Buermann et al., 2003;
Dannenberg et al., 2015; Hu et al., 2019). However, this may not
present a complete representation of the overall response of annual
carbon uptake in northern ecosystems to El Nifo. By focusing on
the unusual 2015-2016 El Nifio, we show that higher productivity in
spring does not always enhance the annual carbon sink due to sea-
sonal compensation of NBP anomalies in northern ecosystems. For
example, although previous studies suggested that El Nifio events
enhance annual net carbon uptake in North America, and specifi-
cally in western North America (Hu et al., 2019), annual net carbon
uptake in western North America during 2015-2016 was lower than
its long-term average. With the two in situ inversions, we estimated
that the annual uptake was reduced by 13%-25% compared to the
average of annual uptake in 1980-2016, caused by the large offset
by negative NBP anomalies in the early autumns. The findings in the
early autumn, and for North America and Russian regions, in partic-
ular, provide empirical support of Hypothesis (H2).

The offset of spring positive NBP anomalies by early autumn
negative NBP anomalies found in 2015-2016 could not solely result
from the El Niflo-associated anomalies of climatic drivers in two sea-
sons, although climate anomalies could largely regulate the anom-
alies of autumn NBP when the strength of El Nifio events is either
weak or moderate. For example, the large negative NBP anomalies
during August-September of 2015-2016 were mainly located in
western North America and western Russia, but the mechanisms
for explaining this seasonal offset of NBP were found to be differ-
ent between these two regions. We propose that the lower vegeta-
tion productivity in western North America during early autumn of
2015-2016 was caused by soil water deficits, themselves driven by
lack of water supply in June and enhanced evapotranspiration from
higher spring vegetation productivity (Figures 5 and 6; Buermann
et al.,, 2013, 2018; Lian et al., 2020). In addition, more litter in the
autumn of 2015-2016 than normal years was found in regions with
higher spring vegetation productivity. This indicates that besides
weakened productivity, the observed negative NBP anomalies in
early autumns of 2015-2016 could also be attributed to increased
carbon respiration loss. Higher productivity in spring will have in-
creased fast-cycling leaf carbon allocation, resulting in enhanced au-
tumnal litter pool (Figure 6), but such litter also tends to decompose
fast. Our study thus emphasizes the need to understand both the
effect of enhanced vegetation productivity in spring, any autumn
offsets of this, their inter-connections and links to seasonal climatic
anomalies triggered by El Nifio events (Buermann et al., 2003; Yue
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et al., 2017). Such understanding will support a better assessment
of the northern ecosystem carbon cycle to extreme El Nifio events,
and in the context of background climate change (Hu et al., 2019).
In 2015-2016, spring temperature in western North America and
western Russia was much higher than that of other El Nifio events,
resulting in anomalously high productivity. The spring productivity
in 2015-2016 thus had larger impacts on autumn NBP than previous
El Niflo events, by high productivity induced soil water deficit and
more litter decomposition (Buermann et al., 2018; Lian et al., 2020).

The frequency of extreme El Niflo events is likely to increase
under future climate change (Wang et al., 2019). The significant
negative correlation between SCA and CGR during previous El Nifio
events excluding 2015-2016 event underlines the contribution of
northern extra-tropical carbon balance during CUP to the variation
of global land carbon budget during those periods (Figure 1a; Figure
S1). Furthermore, analysis of our finding of the unusual carbon
cycle patterns during the 2015-2016 EI Nifio event, and especially
its changed seasonal variation, also implies that the northern extra-
tropics cannot be neglected in any understanding of the impacts of
extreme El Nino events on the global carbon cycle. Currently, it is
unclear whether the 2015-2016 carbon cycle change, especially in
northern ecosystems, during the extreme El Nino event is a special
case, or will become a new norm under strong El Nifio events in the
future and as atmospheric greenhouse gases rise (McPhaden et al.,
2006; Timmermann et al., 2018).

The spatial patterns of carbon uptake during early autumn pe-
riods revealed from in situ and satellite-based inversions could not
be fully reproduced by state-of-the-art DGVMs. We suggest this
is because drivers controlling ecosystem carbon dynamics in au-
tumn are more complex and co-vary with any legacy of previous
seasons (Buermann et al., 2018; Keenan et al., 2014; Lian et al.,
2020; Zhang et al., 2020). For example, early autumn vegetation
productivity in western Russia is more limited by radiation, rather
than by temperature or precipitation (Chen et al., 2018; Zhang
et al., 2020). In addition, most state-of-the-art DGVMs likely over-
estimate the sensitivity of ecosystem carbon uptake to precipita-
tion (Mystakidis et al., 2017), which could incorrectly compensate
the impacts of low solar radiation levels. To reduce uncertain-
ties in simulating the spatiotemporal pattern of carbon uptake
by DGVMs, and especially for autumn periods, a priority would
be to improve model representation of key terrestrial ecosystem
processes through integrating atmospheric observation and field
experiments.

In summary, our analysis based on atmospheric CO, observa-
tion, atmospheric inversions and process-based models revealed
the seasonal characteristic of carbon cycle in northern ecosystems
during 2015-2016 EIl Nifio event, which is unusual compared with
previous El Nifio events. This study provides a new paradigm and
methodological approach to evaluate potential interactions of the
atmosphere-hydrosphere-biosphere system in northern extra-
tropics during strong El Nifio events. Unlike other studies, our em-
phasis has been to understand more fully a single extreme El Nifio
event and the corresponding dynamics of terrestrial carbon cycle.

Our approach raises confidence in the ability to explain anoma-
lous climate-carbon cycle events. This knowledge may be critical
should rare events become more frequent as both the climate and
global carbon cycle systems evolve in response to anthropogenic
forcing.
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