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Introduc*on	to	tree	rings		

•  Tree	rings	are	a	natural	
climate	record		

	
•  Annual	ring	forma*on	now	
confirmed	in	230	tropical	tree	
species	(Brienen	et	al.,	2016)	

•  Various	tree	ring	
characteris*cs	can	contain	
informa*on	about	climate	
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Why	is	δ18OTR	a	proxy	for	precipita;on	over	such	a	large	area?		
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But	δ18OTR	also	correlates	strongly	with	SSTs	
and	the	El	Niño	Southern	Oscilla*on	

the δ18O signal in the Amazon basin, and not a local amount effect
(i.e., a negative correlation between the rate of precipitation and
δ18O in local precipitation) (12, 13), consistent with model pre-
dictions (14). Similar controls of ENSO on the isotopic signature in
tree rings were observed in Costa Rica (40) and Asia (32, 41), and
negative correlations were observed along the west coast of Peru,
where warm-phase ENSO events result in increased precipitation
and thus negative excursions in δ18O (23). These tree-ring isotope
studies show that ENSO affects interannual variation in plant δ18O
over large areas in the tropics. As the tropics are also regions with
very high net primary productivity, this pan-tropically coherent
ENSO signal in plant water δ18O is passed on to oxygen isotope
ratios in atmospheric CO2 through biosphere-atmosphere gas ex-
change, and leads to higher δ18O in atmospheric CO2 several
months after El Niño’s occurred (42). In all, our results confirm
the potential of tree ring δ18O to elucidate historical influences of
ENSO on precipitation in the tropics.
The influence of ENSO is not always equally dominant, show-

ing a weaker influence on our isotope record during the middle of
the century and stronger influence during the beginning and end
of the last century (Fig. 3). The reduced influence of ENSOduring
the middle of the century coincides with periods of lower variance
in the Southern Oscillation Index (the atmospheric branch of
El Niño) (43), weaker correlations between ENSO and pre-
cipitation in the Amazon (1), and lower interannual variation in
precipitation and Obidos records (5, 39) during 1920–1960. At
decadal scales the oxygen isotope record also shows a big shift in
the oxygen isotope record around the 1970s, probably related to
an abrupt warming of the tropical Pacific and change in sign of the
Pacific Decadal Oscillation (1).

Possible Mechanisms Underlying the Strong Precipitation Signal in
δ18Otr. It is quite remarkable that oxygen isotopes in tree rings of
just eight trees from one single site are such a good proxy of pre-
cipitation in the whole Amazon catchment basin of approximately
5 million km2. What are the underlying mechanisms for this strong
coherence? Variation in the isotope signal in precipitation is
a mixture of local effects (e.g., local precipitation intensity) and

large-scale influences (e.g., changes in isotopic signature during
water vapor transport into the basin). The lack of strong correla-
tions of δ18Otr with local climate records and the strong decrease in
correlations after controlling for the effect of basin-wide pre-
cipitation (SI Appendix, Table S3), suggest that the isotopic sig-
nature in precipitation at our site reflects primarily what happens
during water-vapor transport to the site rather than local pre-
cipitation amount. During air-parcel transport, two processes af-
fect the isotopic composition of its water-vapor content. First,
heavy isotopes tend to condense more readily, and thus water va-
por gets gradually more depleted during transport over land [i.e.,
water vapor loses relatively more of the heavier isotopes (H2

18O)
because of the classic Rayleigh distillation (8)]. The degree of total
“rainout” of heavy isotopes depends on the fraction of water that is
removed from a particular air parcel, and is thus generally larger
during years with high amounts of precipitation along the air-
parcel trajectory than during years with low precipitation. There-
fore, this mechanism leads to more depleted water vapor (more
negative δ18O) at the end of the trajectory during wet years com-
pared with dry years. A second process that may affect the isotopic
composition of water vapor is recycling of rainwater by vegetation
(11). Tropical rainforest transpires large amounts of water through
transpiration by stomata and direct evaporation of water from leaf
surfaces during the day; it is estimated that up to 60% of the yearly
precipitation is returned into the atmosphere, much of which will
eventually condense again (11, 44). As evapotranspiration is ap-
proximately a nonfractionating process with respect to oxygen iso-
topes (i.e., water vapor leaving the leaf has the same isotopic
signature as stemwater), once a transpirational steady-state has been
reached in the leaf (45), large amounts ofwater vaporwith an isotopic
signal similar to that of soil water are returned to the atmosphere.
The isotopic signature of this recycled water from vegetation into the
atmosphere will be relatively lighter (i.e., has a lower δ18O) during
years with high precipitation, as the precipitation from which the
vapor originates is lighter because of the amount effect (12, 13).
Continuous recycling of water along the trajectory thus adds more
and more water vapor to the airstream traveling westward, which
carries an isotopic “memory” of the local amount effect. Because
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1900-1924 1925-1949

Fig. 3. Correlations between δ18Otr and gridded global SSTs (data:HadISST1) during thewet season (i.e., October toApril) for different time periods of the last century.
Values on the color scale correspond to correlation coefficients (P < 0.01). The square in the Pacific Ocean indicates the Niño3.4 region (5°S–5°N, 120°W–170°W).
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Brienen	et	al.,	2012	PNAS	
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Studies	which	found	a	rela*onship	between	
δ18OTR	and	ENSO			

Is	the	δ18OTR	signal	pantropical	and	therefore	not	a	direct	reflec*on	
of	Amazon	climate?		
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What	drives	interannual	varia*on	
in	δ18OTR	in	the	Amazon?	
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Approach	1:	Back	trajectory	analysis	

•  ROTRAJ	trajectory	model	
(Methven,	1997)	

•  ECMWF	ERA-Interim	reanalysis	
wind	data	

•  Calculate	daily	10-day	back	
trajectories	for	1998-2011	

•  Gridded	TRMM	precipita*on	data	

•  Accumulate	precip	(∑P)	along	
each	trajectory	during	its	*me	
over	land	

•  Relate	δ18OTR	to	∑P	

2010	wet	season	trajectories	

Jess	Baker	 EGU	Leonardo	2016	 7	
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∑Precip	

Precipita*on	along	a	sample	back	
trajectory		

Moving	inland	
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Precipita*on	along	a	sample	back	
trajectory		

Moving	inland	

∑Precip	
Thus	we	expect	the	isotope	
signal	recorded	in	our	tree	
rings	to	correlate	with	∑Precip	



Correla*ons	between	δ18OTR	and	∑Precip	
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How	does	air	parcel	history	relate	to	δ18OTR?	
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Approach	2:	Water	vapour	transport	analysis	

•  Wind	fields	and	column-
integrated	water	vapour	flux	
fields	from	ERA-Interim	

•  Calculate	wet	season	moisture	
transport	into	and	out	of	
Amazon	basin	1979-2010	

Jess	Baker	 EGU	Leonardo	2016	 11	

 413	
Figure 3. (A) Map of mean wet season (Oct-Apr, 1979-2010/11) wind vectors 0–4 km above the surface 414	
and the transects used to calculate water vapour inflow to, and outflow from, the Amazon basin (shaded 415	
in grey). (B) Map of wet season wind and sea level pressure anomalies in 1997/98 (a high δ18OTR year). 416	
(C) As in B but for 2008/09 (a low δ18OTR year). (D) Interannual variation in net wet season water vapour 417	
import (inflow – outflow) and δ18OTR from two sites in northern Bolivia (see Baker et al. [2015] for a 418	
detailed comparison of these records). Shading indicates 95% confidence intervals. Correlation 419	
coefficients between δ18OTR and inflow – outflow are given (p<0.001). Note that the scale for δ18OTR has 420	
been reversed. All climate data are from the ERA-Interim reanalysis. 421	
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Wind	and	sea	level	pressure	anomalies	
1997/98	–	High	δ18OTR	
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Northern	Bolivia	δ18OTR	record:	1865-2014	
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New	record	from	Ecuador	
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Conclusions	

•  Varia*on	in	δ18OTR	is	controlled	by	basin-intrinsic	processes	

•  Rainout	during	transport	over	the	basin	is	the	most	important	
factor	affec*ng	δ18OTR	

•  This	suggests	δ18OTR	can	be	reliably	used	to	reconstruct	
Amazon	basin	precipita*on	

•  Extending	such	proxy	records	backwards	in	*me	can	help	us	to	
understand	recent	shiss	in	Amazon	hydrology	
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Further	evidence	for	large-scale	
controls	on	tree	ring	oxygen	isotopes	

Bolivia Baker	et	al.,	2015		
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What	controls	interannual	varia*on	in	∑Precip?	
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What	controls	interannual	varia*on	in	∑Precip?	

Two	sources	of	interannual	varia*on:	
1.  Climate		
2.  Trajectory	pathway	
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What	controls	interannual	varia*on	in	∑Precip?	

Two	sources	of	interannual	varia*on:	
1.  Climate		
2.  Trajectory	pathway	

Experiment description Correlation between 
∑Precip and δ18OTR

Control (normal trajectories and 
climate)
Experiment 1: remove interannual 
variation in climate

Experiment 2: remove interannual 
variation in transport pathway

-0.85 (p<0.001)
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What	controls	interannual	varia*on	in	∑Precip?	

Two	sources	of	interannual	varia*on:	
1.  Climate		
2.  Trajectory	pathway	

Experiment description Correlation between 
∑Precip and δ18OTR

Control (normal trajectories and 
climate)
Experiment 1: remove interannual 
variation in climate

Experiment 2: remove interannual 
variation in transport pathway

-0.83 (p<0.001)

-0.75 (p<0.01)

-0.85 (p<0.001)

Confirms	the	importance	of	within-basin	processes	
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Wet	season	(Oct-Apr)	and	dry	season	(May-June)	trajectories	
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Selva Negra record 1865−2010
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Changes	in	Amazon	hydrology	1990	–	2010	

Gloor	et	al.,	2013	GRL	

need thus to be interpreted with some caution. The second
record is Amazon basin catchment integrated precipitation
based here primarily on the 0.5 ! 0.5 longitude by latitude
Climate Research Unit (CRU) climatology [Mitchell and
Jones 2005]. Our preference for river stage data is based on
the observation that longer-term precipitation records in the
Amazon are sparse, noisy, often not continuously measured,
and probably only sufficiently dense for whole basin trend
analysis from 1980 onward [e.g., Haylock et al., 2006; Costa

et al., 2009]. Specifically, Costa et al. [2009] demonstrate a
strong increase in rainfall stations during 1960–1980 from
nearly no stations and thereafter stagnation or even decrease
in numbers (their Figure 2). In contrast river stage measure-
ments are simple to make and, because of their integrative na-
ture, act like a low-pass filter, thus providing a less noisy and
more robust record compared to precipitation data. The
Óbidos discharge data are available online from the Agência
Nacional de Águas (ANA) in Brazil (http://hidroweb.ana.
gov.br; monthly mean, daily minimum, mean and maximum
discharge). A disadvantage of the river stage records is that an-
nual totals are “blind” to (i.e., cannot discern) changes in the
ratio of runoff previously recirculated via evapotranspiration
to nonrecirculated runoff. Thus, the relationship between river
discharge and basin-wide precipitation is not simply one to
one, and this is the main reason we use the CRU climatology
for calculating basin-wide precipitation here as well.We chose
this specific climatology because it is more closely based on
observational data than other ones obtained using methods
of data assimilation into general circulation models. Nonethe-
less for additional verification, we also make limited use of the
GPCC (Global Precipitation Climatology Center) [Beck et al.,
2005] version 6 precipitation data set. To calculate basin-wide
precipitation, we multiplied the precipitation fields with an
Amazon catchment area mask and then integrated spatially.
We also use the extended reconstructed sea surface tempera-
ture (ERSST) record [Smith et al. 2008] from the U.S. National
Oceanic and Atmospheric Administration (NOAA) to probe
potential causes of trends in the hydrological cycle.

3. Evolution of the Hydrological Cycle

[6] The first main feature of the hydrological records is that
there is an upward trend inAmazonRiver discharge at Óbidos,
as well as Amazon basin integrated precipitation, i.e., an inten-
sification of the hydrological cycle, over roughly the last two

Figure 1. (a) Annual mean, maximum and minimum
monthly Amazon River discharge at Óbidos, including linear
trends for the 1990–2010 period; dotted records are those filled
in by Callède et al. [2002] using upstream and downstream
hydrographs; grey records are maxima and minima of daily
maxima and minima within each month respectively. Arrows
mark the last four severe drought events in 1995, 1998, 2005,
and 2010; (b) Amazon basin-wide annual mean and monthly
mean low-pass filtered precipitation from CRU (black and
red) and GCPP (gray, offset by 20mmmonth"1), including lin-
ear trend for 1990–2009 period; dotted lines indicate where
data density is very low [seeCosta et al., 2009] and the records
are thus less reliable; (c) tropical equatorial Atlantic mean sea
surface record (latitudinal band from 20#N to 17#S and from
80#W to Africa with exclusion of a coastal strip) calculated
from the U.S. National Oceanic and Atmospheric Administra-
tion (NOAA) Extended reconstructed sea surface temperature
(ERSST) record [Smith et al., 2008]. For all the records linear
trends for the 1990–2010 are indicated by a line, and for the
sea surface record also for the 1940–1980 period. Arrows mark
the last four severe drought events in 1995, 1998, 2005, and
2010.
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Figure 2. Difference between 2001 to 2009 minus 1981 to
1990 mean precipitation according to the CRU climatology
[Mitchell and Jones 2005]. Green circle marks the position
of the Óbidos River stage measurements.
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Floods	and	droughts	in	Amazonia	
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Why	study	Amazon	hydrology?	
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6	May	2009	

28	February	2012	

29	January	2014	
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Oxygen	isotopes	in	tree	rings	

Roden	et	al.,	2000	δ18OTR	enriched	by	~27‰	rela;ve	to	water	
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