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The Amazon Basin, a major driver of atmospheric CO2 fluxes, is composed of moist tropical forest (> 2000 mm
mean annual precipitation), seasonally moist tropical forests (< 2000 mm mean annual precipitation), croplands,
and pastures. It is debated whether there is a dry-season increase in photosynthesis for moist forest and a large
reduction in photosynthesis of tropical South America was recently cited as a major driver of the historically high
atmospheric CO2 growth rate during the 2015/2016 El Niño. To address this debate and to gain insight into
changes in dry-season greenness, SIF, and photosynthesis during El Niño-Southern Oscillation (ENSO) events,
here we investigate (1) dry-season changes in satellite-based greenness, solar-induced chlorophyll fluorescence
(SIF), and photosynthesis during 2007–2017 and (2) anomalies of satellite-based dry-season greenness, SIF, and
photosynthesis for two El Niño events (2009/2010 and 2015/2016) and two La Niña events (2007/2008 and
2010/2011). We hypothesize that satellite-based greenness, SIF, and photosynthesis of moist tropical forests
should increase during the dry season, and find this to be the case using two MODIS BRDF-adjusted vegetation
indices (EVI and NDVI), GOME-2 SIF data, and the Vegetation Photosynthesis Model (VPM). We also hypothesize
that dry-season greenness, SIF, and photosynthesis should be anomalously high during the El Niños, due to
anomalously high photosynthetically active radiation (PAR) and a relatively normal preceding wet season, and
anomalously low during the La Niñas because these dry seasons were preceded by anomalously low amounts of
wet-season precipitation. For this hypothesis, we present results for moist tropical forest and at the basin scale to
determine if and by how much their anomalies differ. We find dry-season greenness, SIF, and photosynthesis of
moist tropical forest and at the basin scale were statistically significantly lower than normal during the La Niñas,
significantly higher than normal during the 2009/2010 El Niño, and were mixed for the 2015/2016 El Niño.
Although statistically significant, the magnitudes of the dry-season anomalies were not substantial. Our findings
provide additional evidence that photosynthesis of moist tropical Amazon forest increases during the dry season
and narrows the potential drivers of perturbations to the atmospheric CO2 growth rate during the last four ENSO
events, as anomalies in dry-season greenness, SIF, and photosynthesis during these ENSO events were minute.

1. Introduction
The seasonal dynamics of forest canopy structure and function in the
Amazon are critically important to the local, regional, and global carbon
and water cycles, but the dynamics of photosynthesis in moist tropical
Amazon forest have been the subject of intense debates over the last two
decades (Doughty et al., 2019; Galvão et al., 2011; Huete et al., 2006;
Lee et al., 2013; Morton et al., 2014; Saleska et al., 2016; Saleska et al.,

2007; Samanta et al., 2010; Xiao et al., 2006; Xiao et al., 2005). A limited
number of field studies at the leaf and canopy (Albert et al., 2018; Wu
et al., 2018) and landscape (Restrepo-Coupe et al., 2013; Saleska et al.,
2003) levels have assessed the seasonal dynamics of forest canopy
structure and function, and have concluded that canopy photosynthetic
capacity (greenness) and photosynthesis, or gross primary production
(GPP), increased during in the dry season. Several satellite-based studies
have concluded that dry-season increases in canopy greenness remained
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after adjusting surface reflectance data to account for the effect of
viewing and illumination geometry on vegetation indices (Guan et al.,
2015; Maeda et al., 2014; Saleska et al., 2016). A recent field study
provided in situ video evidence of forest canopy dynamics of mixed age
leaves and new leaf flush during the dry season (Gonçalves et al., 2020).
In our previous study, we documented significant dry-season increases
in solar-induced chlorophyll fluorescence (SIF), which is a small amount
of energy emitted by plants after chlorophyll absorbs photosynthetically
active radiation (PAR), that could not be explained alone by changes in
sun-sensor geometry, cloud cover, or sunlight entering the canopy
(Doughty et al., 2019).
It has also been debated whether severe meteorological drought
associated with El Niño further increases dry-season photosynthesis of
moist tropical forests in the Amazon or suppresses it (Asner and Alencar,
2010; Brando et al., 2010; Gatti et al., 2014; Huete et al., 2006; Liu et al.,
2017; Samanta et al., 2010; Xu et al., 2011). The atmospheric CO2
growth rate was historically high during the 2015/2016 El Niño (Betts
et al., 2016), and two studies partially attributed the high rate to a large
reduction in photosynthesis of tropical South America (Gloor et al.,
2018; Liu et al., 2017). Another study reported seemingly conflicting
results in that GOME-2 SIF decreased but greenness increased during the
2015/2016 El Niño (Yang et al., 2018b), and another study found that
the 2015/2016 El Niño suppressed SIF after a multi-step correction of
the GOME-2A data (Koren et al., 2018), which suffers from sensor
degradation (Zhang et al., 2018).
Our limited understanding on the effects of ENSO events on moist
tropical forests not only have significant implications for dynamic global
vegetation models (DGVMs), some of which have poorly represented the
seasonal dynamics of photosynthesis in the Amazon (Restrepo-Coupe
et al., 2017), but also have important implications for identifying the
factors that drive changes in net carbon fluxes as estimated by atmo
spheric inversions. The net carbon fluxes in the Amazon is the difference
between photosynthesis and respiration. Thus, we must discern what
drives changes in photosynthesis in the Amazon to understand to what
degree and why net carbon exchange has changed and how it may
change in the future. Satellite-based observations and data are the only
resources that allow us to investigate the Amazon at the basin scale to
assess whether what we observe in situ at experimental sites is occurring
in other parts of the basin.

Here, we used monthly MODIS-based vegetation indices, SIF data
from GOME-2 and OCO-2, and photosynthesis estimates from the
Vegetation Photosynthesis Model (GPPVPM) for 2007–2017 to investi
gate (1) if there were dry-season increases in greenness, SIF, and
photosynthesis for moist tropical forests, and (2) whether dry-season
greenness, SIF, and photosynthesis during the strong El Niños (2009/
2010 and 2015/2016) and La Niñas (2007/2008 and 2010/2011) were
anomalously high or low for moist tropical forest and the entire Amazon
Basin.
We hypothesized that (1) greenness, SIF, and photosynthesis of moist
tropical forests increase during the dry season, and (2) dry-season
greenness, SIF, and photosynthesis were higher than normal during
the El Niños and lower than normal during the La Niñas. We expected
these two El Niños to enhance dry-season greenness, SIF, and photo
synthesis in moist tropical forest (>2000 mm mean annual precipita
tion) because these forests are generally radiation limited rather than
water limited (Guan et al., 2015) and these two El Niños were preceded
by relatively normal amounts of wet season precipitation (Fig. 1), and
thus increased radiation should increase greenness, SIF, and photosyn
thesis (Saleska et al., 2007; Wagner et al., 2017). Conversely, we ex
pected dry-season greenness, SIF, and photosynthesis to be anomalously
low during the 2007/2008 and 2010/2011 La Niñas due to the anom
alously low amounts of precipitation preceding the dry season of both La
Niñas (Fig. 1).
2. Methods
2.1. Study sites
We investigated changes in satellite-based vegetation indices, SIF,
and photosynthesis at the K34 eddy flux tower site (2.61◦ S, 60.21◦ W),
which was part of the Large-Scale Biosphere Atmosphere Experiment in
Amazonia (LBA) (Keller et al., 2004), and the Amazon Tall Tower Ob
servatory (ATTO) site (2.15◦ S, 59.0◦ W) (Fig. S1) (Andreae et al., 2015),
both of which were in the State of Amazonas, Brazil. We also investi
gated the changes in satellite-based vegetation indices, SIF, and photo
synthesis for (1) moist tropical forests and (2) all vegetation types in the
basin. Unless otherwise noted, we carried out data analysis at the spatial
resolutions of 0.5◦ and 1.0◦ (latitude and longitude) to match the spatial

Fig. 1. Monthly Multivariate ENSO Index Version 2 and standardized anomaly of precipitation and photosynthetically active radiation at the top of the canopy
(PARTOC) for the Amazon Basin in 2007 through 2017.
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resolutions of GOME-2 and OCO-2 SIF data, respectively. The
geographic coordinates for these sites, the percentage of forest cover in
their respective 0.5◦ and 1.0◦ gridcells, and the percentage of forest
change during the study period is detailed in Table S1.

that accounts for and corrects the data for sensor degradation has not
been released. The coarse spatial resolution of the GOME-2 data inevi
tably introduces cloud contamination, but the data was filtered to retain
only data with effective cloud fractions of <30%.
The OCO-2 v8 SIF Lite data product (B8100) was provided in daily
files (Frankenberg et al., 2014). Each file provided SIF retrievals at 757
nm (SIF757) and 771 nm (SIF771). We averaged the two bands together
by first applying a wavelength correction factor of 1.5 to SIF771 (Sun
et al., 2018). To match the temporal resolution of the GOME-2 data, we
averaged the SIF retrievals for each month. The OCO-2 data was pro
vided pre-filtered to exclude poor quality data (Frankenberg, 2015).
GOME-2 and OCO-2 SIF values in our study should not be directly
compared due to several differences, including spatial resolution,
overpass time, sun-sensor geometry, and the wavelengths used to
retrieve SIF. OCO-2 SIF was only used in our site-level analysis because
the OCO-2 SIF record was not long enough to investigate differences
between ENSO-event years and ENSO-neutral years.

2.2. Vegetation indices
The Normalized Difference Vegetation Index (NDVI) and Enhanced
Vegetation Index (EVI) (Huete et al., 2002) were obtained from the
MODIS MOD13C2 V006 monthly data product (Didan, 2015), which
had a spatial resolution of 0.05◦ . Prior to aggregating NDVI and EVI to
0.5◦ , we removed all poor and marginal quality grid cells using the
quality reliability flag (0 = good quality). We further filtered NDVI and
EVI by using a minimum threshold of 0.6 and 0.3, respectively. Land
Surface Water Index (LSWI) (Xiao et al., 2002) was calculated using the
MOD09A1 V006 500 m 8-day land surface reflectance product (Ver
mote, 2015). LSWI, which is also termed normalized difference water
index (NDWI) in previous studies, is calculated from the NIR and SWIR
bands and is sensitive to water content in the vegetation canopy and
soils (Gao, 1996; Xiao et al., 2006; Xiao et al., 2005). Missing LSWI
values in the time series data were gap-filled (Zhang et al., 2017). We
aggregated MOD09A1-based LSWI data to 0.5-degree spatial resolution.
Previous studies have suggested that the bidirectional reflectance
effect caused by sun-sensor geometry was the source of seasonality in
MODIS-derived NDVI and EVI (Morton et al., 2014), and that surface
reflectance data that is not adjusted with the bidirectional reflectance
distribution function (BRDF) is questionable (Hilker et al., 2015).
However, several studies have shown that there is a dry-season increase
in EVI and NDVI regardless of the MODIS surface reflectance products
used, including MOD09, MOD13, MCD43, and Multi-Angle Imple
mentation of Atmospheric Correction (MAIAC), although the frequency
of good-quality data and the seasonal magnitudes of change vary among
these products (Guan et al., 2015; Hilker et al., 2015; Maeda et al., 2016;
Maeda et al., 2014; Saleska et al., 2016). Nevertheless, we incorporated
BRDF-adjusted MAIAC (MCD19A1.006) EVI (EVIn) and NDVI (NDVIn)
into our analysis. The BRDF-adjusted vegetation indices, EVIn and
NDVIn, were provided as an 8-day, 0.05-degree product with global
coverage in the Climate Model Grid (CMG) format and was accessed at
https://portal.nccs.nasa.gov/datashare/maiac/DataRelease/.
For
Fig. 2, we aggregated the MAIAC data to 0.5-degree spatial resolution to
match the spatial resolution of the other datasets used in the figure; 8day values are shown. For Fig. 3, we aggregated the MAIAC data to
monthly values at 0.5-degree spatial resolution for consistency with the
other datasets. For Figs. 4-7 and all statistical analysis, we used the
MAIAC data as provided in its original spatial and temporal resolution.

2.4. Vegetation Photosynthesis Model
The Vegetation Photosynthesis Model (VPM) is a light-use efficiency
model (LUE) (Xiao et al., 2005; Xiao et al., 2004; Zhang et al., 2017). In
this model, the fraction of absorbed photosynthetically active radiation
(fPAR) by vegetation canopy was partitioned into PAR absorbed by
chlorophyll (fPARchl) and non-photosynthetic vegetation (fPARNPV).
GPPVPM (g C/m2/day) was a product of fPARchl, PAR, and light-use ef
ficiency (εg):
GPPVPM = PAR × fPARchl × εg

(1)

where fPARchl was estimated as a function of the Enhanced Vegetation
Index (EVI), which was calculated using MODIS MOD09A1 V006 data
product (Zhang et al., 2017). Maximum LUE (ε0) is higher for C4 plants
than C3 plants (Ehleringer et al., 1997; Epstein et al., 1997), and VPM
incorporated global C4 vegetation percentage maps (Zhang et al., 2017).
The maximum light-use efficiencies used in the model were 0.035 mol
CO2 mol− 1 PAR for C3 plants and 0.0525 mol CO2 mol− 1 PAR for C4
plants. Thus, GPPVPM for each gridcell was calculated using the area
fraction and light-use efficiency for C3 and C4 vegetation. εg is regulated
by air temperature and water stress (Haxeltine and Prentice, 1996). To
account for these stresses, VPM used temperature (Tscalar) and water
scalars (Wscalar) to downregulate maximum light use efficiency (ε0). Both
scalars range from 0 to 1 and were calculated as:
Tscalar =

2.3. Solar-induced chlorophyll fluorescence

Wscalar =

We used SIF retrievals from GOME-2 and OCO-2, which were
available for 2007–2017 and September 2014 – October 2017, respec
tively. All SIF data analyses were conducted using the data as provided,
without removing outliers or negative values. Intra-annual changes in
GOME-2 and OCO-2 SIF datasets have been shown to be significantly
correlated with eddy flux tower GPP and gridded GPP datasets (Li et al.,
2018; Sun et al., 2018; Zhang et al., 2018; Zhang et al., 2016). We used
daily average SIF values (SIFdaily) provided in the Level 3 (monthly)
GOME-2 SIF v27 product from the MetOp-A satellite (Joiner et al., 2013;
Joiner et al., 2016) because SIFdaily has been shown to have a more
consistent relationship with daily GPP than instantaneous SIF (SIFinst)
(Zhang et al., 2018c). The GOME-2 SIF products are noisy due to sensor
degradation and the inherently low-energy signal of SIF (Joiner et al.,
2013). The sensor onboard GOME-2’s MetOp-A satellite has degraded at
an average of 1.1% a year, thus it is not advisable to conduct long-term
trend analyses (Zhang et al., 2018). The sensor degradation causes a
decrease in SIF values over time, so this caveat must be considered when
interpreting results derived from GOME-2 data. An official data product

(T − Tmax ) × (T − Tmin )
(
)2
T − Topt

(T − Tmax ) × (T − Tmax ) −
1 + LSWI
1 + LSWI max

(2)
(3)

where T,Tmax, Tmin, and Topt are daytime mean, maximum, minimum,
and optimum air temperature for photosynthesis, respectively. LSWImax
is the maximum LSWI for each pixel each year, and is further detailed by
Zhang et al. (2017).
We calculated monthly daily average GPPVPM using the data pub
lished by Zhang et al. (2017) and available at https://doi.pangaea.
de/10.1594/PANGAEA.879560 by first determining the monthly total
and dividing it by the number of days in that month. In Figs. 4-7, and for
the statistical analyses that accompany these figures, we aggregated the
original 500-m GPPVPM product to 0.05 degree to match the spatial
resolution of the MAIAC data. Previous studies have validated VPM in
biomes around the world using data from the eddy flux tower sites
(Doughty et al., 2018; Xiao et al., 2005; Xin et al., 2017; Zhang et al.,
2017; Zhang et al., 2016) and SIF (Cui et al., 2017; Ma et al., 2018) data.
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2.5. Climate data

et al., 2016). Only gridcells that were consistently forest and non-forest
were used in our study, and moist tropical forest were defined as those
pixels that were consistent forest and had a mean annual precipitation
(MAP) of more than 2000 mm as calculated using TRMM data for our
study period of 2007–2017.

In Figs. 2 and 3, we used air temperature and photosynthetically
active radiation (PAR) data from the National Centers for Environmental
Prediction (NCEP) Reanalysis 2 dataset, accessed at https://www.esrl.
noaa.gov/psd/. These data were downscaled to 0.5◦ × 0.5◦ using a
non-linear, distance-weighted spatial interpolation technique (Zhang
et al., 2017; Zhao et al., 2005). Monthly precipitation data was obtained
from the Tropical Rainfall Measuring Mission’s (TRMM) Multi-Satellite
Precipitation Analysis (TMPA) (Huffman et al., 2007). We aggregated
the 3B43 v7 data product (Huffman et al., 2014) to 0.5◦ × 0.5◦ from its
original spatial resolution of 0.25◦ × 0.25◦ . ENSO periods were deter
mined using the indices in Fig. 1, as provided by the Multivariant ElNiño Southern Oscillation Index Version 2 (MEI.v2) available at
https://www.esrl.noaa.gov/psd/enso/mei/ (Wolter and Timlin, 2011).
For Fig. 1, we used the monthly ERA5 Reanalysis Dataset (Climate
Change Service, 2020). ENSO phases shift in the middle of the calendar
year, typically between June and July. Thus, we use a two-year naming
convention to describe an ENSO event (e.g. 2010/2011 La Niña).

2.7. Statistical analyses
We used one-sample t-tests for GOME-2 SIF, GPP, EVIn, and NDVIn
(Figs. 4-7) to determine if the difference between normal September or
dry-season SIF and September or dry-season SIF during the La Niñas and
El Niños was significantly different than zero. Statistical results,
including number of gridcells, change, 95% confidence intervals, tvalues, p-values, and percentage change are reported in Tables S2–5.
3. Results
3.1. Dry-season increase of canopy greenness, SIF, and photosynthesis
First, we examined the seasonality of satellite-based greenness, SIF,
and photosynthesis at two moist forest sites, the Amazon Tall Tower
(ATTO) and the Manaus K34 eddy tower. We estimated the forest cover
within each of the 1-degree gridcells at these sites to be 99% and 96%,
respectively, and the forest cover decreased relatively little over the 11year study period (− 0.2% and − 0.3%; Table S1). In terms of seasonal

2.6. Forest cover
To determine changes in forest cover area during the study period
(2007–2017), we mapped annual forest cover with a spatial resolution
of 500-m using our previously published methods (Qin et al., 2019; Qin

Fig. 2. Monthly dynamics of climate, GOME-2 SIF, GPPVPM, and greenness at the ATTO and K34 sites. Continuous data shown as lines. Shaded areas are months in
which monthly total precipitation was less than 100 mm. Shown are monthly total precipitation (mm month− 1), photosynthetically active radiation (PAR), solar
induced chlorophyll fluorescence (SIF; mw− 2 m− 2 nm− 1 sr− 1), gross primary production (GPP; gC m− 2 day− 1), land surface water index (LSWI), temperature, and
enhanced vegetation index (EVI) and normalized vegetation difference index (NDVI) from MODIS and BRDF-adjusted MAIAC (EVIn; NDVIn) products.
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dynamics, Enhanced Vegetation Index (EVI) and Land Surface Water
Index (LSWI), which respectively provide information on canopy chlo
rophyll and water content, increased during the dry season and
decreased during the wet season (Fig. 1). EVI and LSWI are synchronized
because of the seasonal dynamics of new leaf emergence and flush, leaf
aging, senescence, and fall. As new leaves flush through the dry season,
the canopy chlorophyll and water content increases, and as leaves age in
the wet season they lose chlorophyll and water, senesce, and fall to the
forest floor in the early dry season. We found that the seasonality of
monthly GOME-2 and OCO-2 SIF at both sites also increased during the
dry season (Figs. 2, S1), which agreed with our previously reported re
sults using SIF data from the TROPOspheric Monitoring Instrument
(TROPOMI) (Doughty et al., 2019). For these two moist forest sites, EVI,
LSWI, SIF, and GPPVPM increased during the dry season (July–De
cember) and decreased during the wet season (January–June).
At the basin scale, we found that GOME-2 SIF and photosynthesis
were most often higher during September (typically the driest month)
than during March (typically the wettest month) for those gridcells that
had ≥ 80% forest cover and ≥2000 mm mean annual precipitation
(Fig. S2). For those gridcells that had <80% forest cover, SIF and
photosynthesis were often higher in March. This phenomenon was also
observed by a previous analysis that found that increases in dry-season
EVI and SIF for tropical forests was largely determined by whether the
forest had a mean annual precipitation (MAP) threshold of 2000 mm a
year (Guan et al., 2015).

events were often higher than the multi-year mean and the preceding La
Niña events at ATTO and K34. Note that some gaps appear in the data
due to cloud cover and poor-quality observations. The air temperature
and precipitation panels in Fig. 3 indicate that these higher mean values
of greenness, SIF, and photosynthesis during El Niños coincided with
lower mean precipitation, and higher than normal air temperature,
LSWI, and PAR. Thus, our results indicate (1) that these two sites did not
become water limited during the two El Niño dry-seasons, and (2) that
higher dry-season SIF and GPPVPM during the El Niños were likely driven
by a combination of higher PAR, canopy chlorophyll content (EVI), and
canopy water content (LSWI).
3.3. Anomalies of dry-season greenness, SIF, and GPPVPM during La Niña
and El Niño for moist tropical forest and the Amazon Basin
We further investigated anomalies of September and dry-season
greenness, GOME-2 SIF, and GPPVPM during the two El Niños and La
Niñas. We found that September SIF, GPP, EVIn, and NDVIn during the
2009/2010 El Niño were significantly higher than normal, and signifi
cantly lower than normal during the preceding La Niñas of 2007/2008
for both the entire basin and moist tropical forests (Fig. 4; Table S2). At
the basin scale, September SIF, GPP, EVIn, and NDVIn were about 12%,
4.1%, 2.8%, and 1.9% higher than normal during the 2009/2010 El
Niño, and were about 11%, 3.7%, 3.9%, and 1.9% lower than normal
during the 2007/2008 La Niña, respectively. For moist tropical forests,
September SIF, GPP, EVIn, and NDVIn were about 8.8%, 5.8%, 1.9%,
and 0.7% higher than normal during the 2009/2010 El Niño, and were
about 6.7%, 6.3%, 3.9%, and 1.5% lower than normal during the 2007/
2008 La Niña, respectively.
For the 2010/2011 La Niña and 2015/2016 El Niño, September
GOME-2 SIF, GPPVPM, EVIn, and NDVIn were significantly higher during

3.2. Anomalies of dry-season greenness, SIF, and photosynthesis during
La Niña and El Niño at two moist tropical forest sites
As illustrated in Fig. 3, monthly dry-season greenness, GOME-2 SIF,
and GPPVPM during the 2009/2010 El Niño and 2015/2016 El Niño

Fig. 3. ENSO year (July – June) seasonal dynamics of monthly mean GOME-2 SIF, photosynthesis, greenness, and climate at ATTO and K34. Symbols are monthly
observations during La Niña (blue triangles) and El Niño (red circles) and bars are monthly means from 2007 to 2017 (excluding the La Niña and El Niño events). The
left two panels show the 2007/2008 La Niña and 2009/2010 El Niño. The right two panels show the 2010/2011 La Niña and 2015/2016 El Niño. Illustrated are
monthly mean SIF (mw− 2 m− 2 nm− 1 sr− 1), GPP is GPPVPM (gC m− 2 day− 1), PAR (Wm− 2), EVIn, LSWI, NDVIn, total monthly precipitation (mm month− 1), and
temperature (◦ C). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Anomalies of September GOME-2 SIF, GPPVPM, EVIn, and NDVIn during the 2007/2008 La Niña and 2009/2010 El Niño in the Amazon. Anomalies were
calculated as the La Niña or El Niño September minus the mean of the normal years, thus negative values indicate lower than normal and positive values indicate
higher than normal. Frequency histograms in each column (i-p) correspond to the maps (a-h) above them. We used a one-sample t-test at the 95% level of confidence
to test if the differences were significantly different from zero (Table S2). Moist forest gridcells were those with >80% forest cover and > 2000 mm mean annual
precipitation.

the El Niño than the La Niña that preceded for both the Amazon Basin
and moist tropical forests (Fig. 5; Table S3). At the basin scale,
September SIF, GPPVPM, EVIn, and NDVIn were significantly lower than
normal during the La Niña and significantly higher than normal during
the El Niño. Results were similar for the moist tropical forests, except
that September GPPVPM was significantly higher than normal during the
La Niña and EVIn was significantly lower than normal during the El
Niño.
As for the dry season, the anomalies of GOME-2 SIF, GPPVPM, EVIn,
and NDVIn during the ENSO events were much more subtle than the
September anomalies, although significant. At the basin scale, dryseason SIF, GPPVPM, EVIn, and NDVIn were about 6.7%, 2.8%, 1.1%,
and 0.8% higher than normal during the 2009/2010 El Niño, and were
about 0.5%, 3.4%, 2.5%, and 0.8% lower than normal during the 2007/
2008 La Niña (Fig. 6; Table S4). Results for these two ENSO events were
similar for moist tropical forests except for dry-season SIF during the
2007/2008 La Niña, which was 0.7% higher than normal. However, SIF

values from the early years of the GOME-2 mission are relatively higher
than during the later years because there was little to no sensor
degradation.
Our results were inconsistent or inconclusive on whether dry-season
GOME-2 SIF, GPPVPM, EVIn, or NDVIn were higher or lower than
normal, particularly for the 2015/2016 El Niño because of GOME-2
sensor degradation in the later years of the GOME-2 mission. Dryseason SIF, GPPVPM, EVIn, and NDVIn at the basin scale during the
2010/2011 La Niña were significantly slightly lower than normal by
about 2.3%, 0.1%, 2.5%, and 1.9%, respectively (Fig. 7; Table S5). The
moist tropical forests had similar lower than normal values, except for
GPP which was marginally higher than normal by <0.1%. Dry-season
results were split for the 2015/2016 El Niño at the basin scale and for
moist forest, with significantly lower than normal SIF (3.6% and 4.4%)
and EVIn (0.5% and 0.8%) and significantly higher than normal GPPVPM
(2.2% and 2.7%) and NDVIn (0.3% and 0.1%). For the negative SIF
anomaly during the 2015/2016 El Niño, the apparently lower than
6
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Fig. 5. Anomalies of September GOME-2 SIF, GPPVPM, EVIn, and NDVIn during the 2010/2011 La Niña and 2015/2016 El Niño in the Amazon. Anomalies were
calculated as the La Niña or El Niño September minus the mean of the normal years, thus negative values indicate lower than normal and positive values indicate
higher than normal. Frequency histograms in each column (i-p) correspond to the maps (a-h) above them. We used a one-sample t-test at the 95% level of confidence
to test if the differences were significantly different from zero (Table S3). Moist forest gridcells were those with >80% forest cover and >2000 mm mean annual
precipitation.

normal values are largely driven by GOME-2 sensor degradation (Zhang
et al., 2018), so the negative anomaly is not as severe as it appears, or
could possibly be positive.

Photosynthesis Model (VPM) was able to capture well the observed
seasonality of photosynthesis, which has been poorly captured by
several DGVMs that have simulated dry-season declines in GPP
(Restrepo-Coupe et al., 2017).
The dry-season increase in greenness, SIF, and GPP can be explained
by the shedding of lianas and old leaves (4 to 5 years old) in the forest
canopy, the exposure of mid-age and young leaves, and new leaf flush
(Brando et al., 2010; Gonçalves et al., 2020; Xiao et al., 2005). The
amount of litterfall during the dry seasons are more than compensated
for by new leaf production (Wu et al., 2016). In addition, bud devel
opment is queued by the length of day (Rivera et al., 2002), but leaf
flushing and development coincides with increased radiation (Wright
and Van Schaik, 1994) and water availability (Brando et al., 2010).

4. Discussion
4.1. Dry-season increases of greenness, SIF, and GPP
Our findings on the dry-season increase of greenness, SIF, and
GPPVPM for the two forest sites in the Amazon agree with the results
reported for the LBA eddy flux towers (Restrepo-Coupe et al., 2013), in
situ observations of leaf flush, litterfall, and photosynthesis (Doughty
et al., 2015; Rice et al., 2004; Saleska et al., 2003), prior satellite ob
servations (Doughty et al., 2019; Huete et al., 2006; Saleska et al., 2007;
Xiao et al., 2005), and more recent in situ studies that observed greening
and leaf flush using tower-based cameras (Gonçalves et al., 2020; Lopes
et al., 2016; Wu et al., 2016). Importantly, the Vegetation
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Fig. 6. Anomalies of dry-season GOME-2 SIF, GPPVPM, EVIn, and NDVIn during the 2007/2008 La Niña and 2009/2010 El Niño in the Amazon. Anomalies were
calculated as the La Niña or El Niño dry-season (Jun-Oct) minus the mean of the normal years, thus negative values indicate lower than normal and positive values
indicate higher than normal. Frequency histograms in each column (i-p) correspond to the maps (a-h) above them. We used a one-sample t-test at the 95% level of
confidence to test if the differences were significantly different from zero (Table S4). Moist forest gridcells were those with >80% forest cover and >2000 mm mean
annual precipitation.

4.2. Anomalies of dry-season greenness, SIF, and GPP during El Niño and
La Niña

productivity of moist forest, in addition to low dry-season precipitation
as was seen during the 2010/2011 La Niña dry season (Lewis et al.,
2011).
We found that the September anomalies in greenness, SIF, and
GPPVPM during the ENSO events were substantially larger than the dryseason anomalies, which suggested that there was likely a shift in leaf
demography and the timing of leaf flushing in these years. Phenocam
data from Amazon tower sites has shown that these shifts can be driven
by environmental conditions and can be captured by satellite remote
sensing (Gonçalves et al., 2020). For the moist forest, it is possible that
leaf flush occurred sooner during the two El Niños and occurred later
during the La Niñas, resulting in much larger anomalies in greenness,
SIF, and GPPVPM in September than the entire dry season. In any case,
our results concur with previous studies which highlight that canopy
dynamics, leaf demography, and phenology are important determinants
of intra- and interannual changes in greenness and GPP rather than
changes in cloud cover and incoming solar radiation alone (Gonçalves

For moist Amazon forests with relatively little water limitation due
to high mean annual precipitation (>2000 mm) and deep root systems
(Nepstad et al., 1994), it is plausible that leaf flush and bud development
occur quicker and/or sooner in drier years when PAR increases sooner
and is higher due to less frequent and/or less dense cloud cover than
normal (Brando et al., 2010; Saleska et al., 2007; Wagner et al., 2017).
These physiological responses of the moist tropical forest to changes in
solar illumination and the lack of anomalously low precipitation pre
ceding the dry season can explain why we observed positive anomalies
in dry-season greenness, SIF, and GPPVPM at both the site level and basin
scale during the 2009/2010 and 2015/2016 El Niños. However, the
negative anomalies in dry-season greenness, SIF, and GPPVPM for moist
forest during the La Niñas indicates that dry seasons preceded by
anomalously low precipitation may indeed impact the dry-season
8
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Fig. 7. Anomalies of dry-season GOME-2 SIF, GPPVPM, EVIn, and NDVIn during the 2010/2011 La Niña and 2015/2016 El Niño in the Amazon. Anomalies were
calculated as the La Niña or El Niño dry-season (Jun-Oct) minus the mean of the normal years, thus negative values indicate lower than normal and positive values
indicate higher than normal. Frequency histograms in each column (i-p) correspond to the maps (a-h) above them. We used a one-sample t-test at the 95% level of
confidence to test if the differences were significantly different from zero (Table S5). Moist forest gridcells were those with >80% forest cover and >2000 mm mean
annual precipitation.

et al., 2020; Wagner et al., 2017; Wu et al., 2016).
Like the September anomalies during the El Niños and their pre
ceding La Niñas, dry-season greenness, SIF, and GPPVPM was also higher
during the El Niños than their preceding La Niñas except for SIF during
the 2015/2016 El Niño. However, it cannot be concluded that GOME-2
SIF was truly lower than normal during the 2015/2016 El Niño because
of GOME-2 sensor degradation (Zhang et al., 2018).
The anomalies of greenness, SIF, and GPPVPM at the basin scale and
for moist tropical forest were similar not only because the moist tropical
forest comprises a large proportion of the basin, but it could also be due
to similar drought responses by moist tropical and seasonally most for
ests (Barros et al., 2019). The seasonal cycle of SIF is similar for forest
and non-forest in the Amazon because crops are typically harvested
around midyear and replanted during the latter half of the year
(Doughty et al., 2019). Thus, anomalously low precipitation prior to
planting may explain the relatively larger negative anomalies in
greenness, SIF, and GPPVPM in the southern region of the Amazon where

croplands and pastures are concentrated (Fig. 7).
4.3. Meteorological drought and ENSO events
Meteorological drought severity is temporally and spatially heter
ogenous within and across drought events (Lewis et al., 2011; Marengo
et al., 2008), making each drought even unique. The effect of meteo
rological drought during the dry season on the Amazonian carbon cycle
is complex because the moist tropical forest experiences less cloud cover
and increased sunlight and air temperature during a period when water
availability and air temperature may not limit photosynthesis (Brando
et al., 2010; Condit et al., 2004; Graham et al., 2003). Higher air tem
peratures and drought are suspected to increase ecosystem respiration
and tree mortality, which may offset any potential increases in photo
synthesis and result in a decline in the net carbon sink (Hubau et al.,
2020). Furthermore, the legacy effects of drought on tree mortality
(Doughty et al., 2015; Nepstad et al., 2007; Phillips et al., 2009), fire
9
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frequency and severity (Aragao et al., 2008, Aragao et al., 2007),
phenology (Gonçalves et al., 2020), and canopy structure (Saatchi et al.,
2013) may linger long after drought and can have positive feedbacks
(Laurance and Williamson, 2001). Thus, the impacts of drought at the
landscape scale is a mosaic of localized, immediate, and long-term re
sponses driven by site-specific characteristics, history, and climate
rather than a homogeneous response.
Likewise, ENSO events are unique because they differ in space, time,
and amplitude, and their teleconnections can differ (Capotondi et al.,
2015). For instance, the 2010 Amazon drought (Lewis et al., 2011) event
mostly affected the western and southern Amazon Basin and was driven
by an El Niño and North Atlantic warming (Marengo et al., 2011),
whereas the 2015/2016 ENSO-driven drought was unprecedented and
largely affected the northern and southeastern regions (Jiménez-Muñoz
et al., 2016). Our findings that anomalies in dry-season greenness, SIF,
and GPPVPM were generally negative during the two La Niñas and
generally positive during the El Niños should not be misinterpreted as
responses that are characteristic of either ENSO event. Rather, it is more
likely that dry-season photosynthesis in the Amazon is determined in
part by the amount of precipitation preceding the dry season and the
amount of PAR reaching the canopy during the dry season, irrespective
of the ENSO phase.

4.5. Potential impact of cloud cover on our results and spaceborne SIF
retrievals
Spaceborne-retrieved SIF is sensitive to changes in canopy physi
ology and phenology, but these SIF retrievals can also be affected by
cloud cover due to its ability to shield or diffuse SIF away from the
spaceborne sensor. This effect of cloud cover on SIF retrievals does force
the question of whether reduced cloud cover during El Niño explains the
increase in GOME-2 SIF, and likewise whether increased cloud cover
during La Niña decreased GOME-2 SIF. This question is fair, particularly
given that GOME-2 has a relatively coarse resolution and cloudless
scenes of the Amazon would be rare, although the data was filtered to
include only retrievals with <30% cloud cover. To address this question,
we will first discuss the spatial and temporal consistency between the
anomalies of greenness, SIF, and GPPVPM we reported. Then, we discuss
some important caveats that are specific to the impact of cloud cover on
spaceborne SIF retrievals.
We preface this discussion by pointing out that cloud cover anoma
lies during each ENSO event can vary widely, and a recent study found
no widespread anomalies in Amazon cloud cover during the two El
Niños in our study (Jimenez et al., 2018), but comparable studies on
cloud cover during La Niña are lacking. However, we did note that dryseason photosynthetically active radiation at the top of the canopy
(PARTOC) during the 2010/2011 La Niña and the 2015/2016 El Niño
were extremely similar, yet there were different responses in dry-season
greenness, SIF, and GPPVPM (Fig. 1). Also, in our previous study we
highlighted that high resolution spaceborne SIF data from the TROPO
spheric Monitoring Instrument (TROPOMI) and eddy tower GPP data
showed increased SIF and GPP in the moist forest for several weeks in
the late dry season as PARTOC decreased and cloud cover increased
(Doughty et al., 2019). Thus, in situ measurements and spaceborne SIF
retrievals indicate that our observed changes in greenness, SIF, and
GPPVPM were strongly driven by canopy dynamics rather than solar
irradiance alone.
The anomaly maps of GOME-2 SIF in the first two rows of Figs. 4-7
show high spatial consistency with GPPVPM, EVIn, and NDVIn. The
vegetation indices that feed the VPM model, EVI and LSWI from MOD09,
and the BRDF-adjusted EVIn and NDVIn from MAIAC used in our
comparison were rigorously filtered for clouds and quality. Thus, the
spatial agreement between GOME-2 anomalies and anomalies of
GPPVPM, EVIn, and NDVIn for each La Niña and El Niño suggest that
cloud cover is not the sole driver of the GOME-2 anomalies we have
presented, but rather cloud cover may partially explain inconsistencies
between the GOME-2 anomalies and the GPPVPM, EVIn, and NDVIn
anomalies.
There are some important caveats when considering the impact of
cloud cover on spaceborne SIF retrievals. First, the effect cloud cover on
retrieved SIF at a given point in time is the product of two factors: (1) the
percentage of a satellite sounding footprint that contains clouds and (2)
cloud thickness. The cloud area fraction for each GOME-2 footprint can
be determined and was used as a quality control filter of the data, but
cloud thickness and its homogeneity cannot be ascertained. Although
investigations into cloud frequency and percentage area cover may
provide some anecdotal evidence of what might drive intra or interan
nual changes in SIF, the findings from such an inquiry would be met with
some degree of skepticism and uncertainty given that cloud optical
thickness cannot be determined. For instance, under the exact same
environmental, illumination, and vegetation conditions, two gridcells
with 30% cloud cover may yield very different SIF retrievals because of
differences in cloud optical thickness. However, SIF is substantially less
affected by cloud optical thickness than vegetation indices and the
surface reflectance from which they are derived (Guanter et al., 2015).
Thus, this relatively weak impact of cloud cover on spaceborne SIF re
trievals may explain why there is a strong spatial agreement between the
anomalies of GOME-2 SIF and vegetation indices, which were filtered for
clouds and quality.

4.4. Atmospheric carbon dioxide, the 2015/2016 El Niño, and the
Amazon
Anomalous increases in the rate of growth of atmospheric CO2 during
El Niños has been noted for several decades (Bacastow, 1976; Keeling
et al., 1995; Keeling and Revelle, 1985). Newly launched satellites that
provide estimates of atmospheric CO2 and SIF, such as GOME-2, OCO-2/
3, and TROPOMI, open new opportunities to investigate and better
understand the relationship between anomalous increases in the atmo
spheric CO2 growth rate and changes in photosynthesis during El Niños.
The 2015/2016 El Niño was one of the strongest ENSO events on record
(Santoso et al., 2017), contributed to the highest annual growth rate in
atmospheric CO2 on record (Betts et al., 2016), and occurred shortly
after the launch of OCO-2, making this ENSO event of particular interest
to the scientific community.
Our results indicated that the large increase in atmospheric CO2
during the 2015/2016 El Niño was not contributed to by a large decrease
in dry-season photosynthesis in the Amazon. Thus, if there was a
reduction in tropical South American photosynthesis during this El Niño,
the reduction must have occurred outside of the dry season and/or
outside of the Amazon Basin. A recent study did attribute an anoma
lously large release of carbon from the Amazon during the 2015/2016 El
Niño to decreased photosynthesis as diagnosed by SIF during October
2015 to March 2016, which is a period of time that largely falls outside
of our definition of dry season (Gloor et al., 2018). Although fires in
crease atmospheric CO2, this same study found fires in the Amazon had
only a minor contribution to the increase in the atmospheric CO2 growth
rate.
We also found that although there were statistically significant
anomalies in dry-season greenness, GOME-2 SIF, and GPPVPM during the
two El Niños and La Niñas, their magnitudes were not large. Our findings
are particularly important for understanding changes in dry-season
greenness, SIF, and photosynthesis during the last two La Niñas,
which have received very little attention in previous studies due to a
nearly exclusive focus on El Niño. Future research into dry-season
greenness, SIF, and photosynthesis should consider the environmental
conditions and ENSO phase preceding the dry-season, because the dry
season begins at roughly the same time as ENSO phases shift in June and
July. Thus, it could be the case that the amount of precipitation pre
ceding a dry season asserts a greater influence on the dry-season
greenness, SIF, and photosynthesis than the phase preceding or occur
ring during the dry season itself.
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Second, although clouds may block or diffuse some of the SIF
emission from the satellite sensor, clouds are also shading the canopy
and could be reducing SIF and photosynthesis due to reduced PAR. Thus,
the decreased SIF signal retrieved from the satellite sensor in this case
could be somewhat representative of, although overestimate, a decrease
in SIF emission from the canopy, particularly for GOME-2 as its overpass
is during the morning before the canopy has become light saturated by
midday solar illumination (Doughty et al., 2019).
Finally, apart from GOME-2 sensor degradation, it would be very
difficult to develop a convincing biophysical explanation as to why
anomalies of GOME-2 SIF would contradict anomalies of greenness and
GPP at monthly or seasonal timescales. Although short-term changes in
SIF and GPP may not be congruent under certain conditions, such as
stomatal closure (Marrs et al., 2020) and low or high light (Gu et al.,
2019; Magney et al., 2017; Porcar-Castell et al., 2014), tower-based and
satellite-based studies have instead found that the SIF/GPP correlation
coefficient increases at coarser time scales (Magney et al., 2019; Yang
et al., 2018a; Zhang et al., 2018c). As these studies discussed, this
linearity between SIF and GPP is driven by changes in canopy leaf pig
ments, which determines the amount of light absorbed by canopy
chlorophyll (APARchl). Therefore, we would fully expect monthly and
seasonal GOME-2 SIF, GPPVPM, EVIn, and NDVIn to be spatially and
temporally consistent as SIF and GPP are a function of chlorophyll and
absorbed light (APARchl = SIF + PQ + NPQ).
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