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Main objectives of this study are 

Ø How land cover changes change hydrological 
cycle, primarily net precipitation change and 
spatial distribution of δ18O change over 
Amazon Basin 

Ø Quantify the contribution due to recycling 
changes  

Ø How this is reflected in δ18O (precipitation) 

Objectives 



•  Amazon river discharges approximately 17 % of all 
freshwater to the oceans (Callede et al.2010)  

•  The Amazon forests have indeed been reduced in 
size substantially by deforestation 

•  Changes in vegetation cover effects the amount of 
water recirculating to the atmosphere, also the 
hydrological cycle of the basin (Nobre et al. 1991).  

Background 



Ø  Stable water isotope can be used as good proxy for 
precipitation 

Ø  It is a better tool to study convective processes and 
hydrological cycle 

Ø  Stable isotopes of water in hydrology are helpful to  

•  identify the moisture source for precipitation 

•  study spatio-temporal variation for moisture in the 
atmosphere 

•  understand the post-precipitation evaporation 

•  investigate ground water discharge 

•  the effects of evaporation on the ground water 
systems 

Stable water isotope (δ18O) 
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precipitation by vegetation both due to forest ecosystem functioning and cover, (iii) changes in cloud convection height 
due both to changes in atmospheric lapse rate and cloud condensation nuclei (Andreae et al., 2004), (iv) changes in large 
scale atmospheric overturning in the tropics which is projected to slow down slightly in a warming world (Allen &  Ingram, 
2002, Held &  Soden, 2006) (v) changes in the location of the ITCZ due to shifts of the warmest sea surface area in the 
tropical Atlantic (Broccoli et al., 2006).  
The attribution of such a wide array of possible causes for observed changes requires an integrated systems 
approach that is sufficiently constrained by different types of data.  
 
Paleo-records extend our knowledge to before the observational period and may possibly shed some light on what to 
expect in the future (Vuille et al., 2012). However interpretations to date of existing palaeo records, covering 
approximately the last 15-30 kyr, are contradictory(Vimeux et al., 2009). Specifically Lake Titicaca sediment records indicate 
wetter conditions of the Altiplano during the last glacial maximum which have been attributed to an intensification of the 
monsoon (Baker et al., 2001) also  supported by speleothem and lake δ18O records from Western Amazonia (Bird et al., 
2011, Mosblech et al., 2012, van Breukelen et al., 2008). Glacial records (Thompson et al., 2000) may possibly point in the 
same direction particularly in the light of recent tree ring based precipitation δ18O records (see Brienen et al., 2012). In 
contrast pollen records from the edges of the basin (Mayle et al., 2004) and Amazon river outflow reconstructions indicate 
that the Amazon was drier than today (Maslin et al., 2011). Common to nearly all these records is that they are from the 
margins of the basin.  
The purpose of this proposal is to combine novel and existing data, with complimentary modelling and 
attribution techniques to understand ongoing and past trends of the Amazon hydrological cycle. 
 
Our proposed work builds on two recent 
research results. Firstly, Brienen et al. (2012) 
have discovered that the tree species Cedrela 
odorata exhibits very clear annual rings and 
that δ18O in tree ring cellulose is closely linked 
to the large-scale hydrological cycle of the 
Amazon. Specifically, at inter-annual to decadal-
scales there is a strong correlation between δ18O 
recorded in eight trees at a Bolivian Amazon site 
and Amazon river discharge at Obidos (Fig. 1). 
One conclusion is that tree rings in this species 
are accurate recorders of δ18O in precipitation. 
During very wet years δ18O in precipitation is 
more depleted in the western part of the 
Amazon basin due to preferential removal of the 
heavier water (H2

18O) from the air parcel during 
transport across the Basin. During dry years less 
of the heavy water is removed (Fig. 2). Based on 
this negative relation between the amount of 
rainfall in the basin and δ18O we would expect a 
negative century-scale trend in δ18O, consistent 
with the increase in Amazon runoff, but instead we find that the trend of the Bolivian tree ring record over the last 150 
years is positive (Fig. 2). As the long-term trends in tree rings are similar to long-term isotope trends in ice cores and lake 
sediments they are not tree physiological artifacts. The opposing trends at longer time-scales thus may hold clues for recent 
changes in the hydrological cycle but require careful analysis, as well as increased data coverage both in space and in time. 
δ18O from trees opens up the opportunity to determine spatio-temporal variability of the Amazon hydrological cycle over 
the past two centuries from within-basin records as opposed to data from the Basin’s margins alone, as well as to look at 
century scale trends and ‘regime shifts’.  
We thus propose to provide a new powerful constraint on the problem by reconstructing large-scale spatio-
temporal patterns in precipitation δ18O across the basin for the last two centuries recorded using tree rings of 
Cedrela odorata. We also propose to complement these records with a limited number of precipitation water 
samples to close recent gaps in the Global Network for Isotopes in Precipitation (GNIP/IAEA, Global Network for 
isotopes, International Atomic Energy Agency) in the Amazon basin. 
 

Fig. 2 Simplified schematic of controls of Amazon basin precipitation 
δ18O and how it is affected by changes in the hydrological cycle. 

Simplified schematic of controls of Amazon 
basin precipitation δ18O  



century, the El Niño-Southern Oscillation (ENSO) related drought
of 1925–1926 (30), also shows the highest excursion in the entire
δ18Otr record. The finding that δ18Otr is primarily related to in-
terannual changes in wet season precipitation, agrees also with
findings in tree rings from Costa Rican cloud forests (31) and
northern Laos (32).
The observed influence of precipitation on the oxygen signal is in

line with climate-model results (9, 14), and with observations on
the relationship between δ18Oprec and (amount of) precipitation in
the Amazon (10, 14). Our results thus support the idea that glacier
and other oxygen isotope records in the Andes or subtropical
Brazil (33) should primarily be interpreted as a precipitation re-
cord (18, 20, 21), and are much less a proxy for temperature. The
strong similarity between our record and those from Andean ice
cores (Fig. 2) shows that a large portion of variation in ice core
δ18O can be attributed to variation in δ18O from theAmazon basin,
but with greater variation in the Andean ice cores because of
orographic lift of air over the Andes, resulting in further rainout
processes (17, 34). Given the similar controls of these records, it is
thus tempting to argue that the observed low isotope values in
Andean ice cores during the last glacialmaximum (LGM, ca. 18–21
ka ago) indicate that theAmazon was wetter during the LGM than
it is today. This finding would be consistent with independent
inferences of wetter conditions during the LGM based on lake
records in theAltiplano (35), but inconsistent with pollen evidence
(36) or Amazon river outflow reconstructions based on a marine
foraminifera δ18O record (37), indicating that the Amazon was
drier than today. A scenario of a drier Amazon seems difficult to
reconcile with wetter Andes indicated by ice core records during
the LGM. However, factors other than precipitation may play

a role for δ18O in precipitation. For example, a greater fraction of
run-off from total water vapor available within the basin, because
of changes in forest type or larger extent of savannah during the
LGM (36), leads to decreases in δ18O at the end of the water vapor
trajectory (22). Similarly, large-scale circulation changes associ-
ated, e.g., with shifts in orbital forcing may have changed the
moisture transport trajectory to the Andes (33).

Large-Scale Drivers of Interannual to Decadal Variation in Tree-Ring
Oxygen Isotopes. A major driver behind interannual variation in
precipitation in the tropics and the Amazon basin is the ENSO (1,
3, 38, 39). El Niño-years are associated with decreased convection
over the Amazon basin (3). We find indeed a positive correlation
between δ18Otr and SST in the central equatorial pacific (the
Niño3.4 region) (Figs. 2 and 3). This Pacific influence is strongest
during the austral summer (i.e., peak of the rainy season) (SI
Appendix, Table S5). Besides this well-known Pacific influence,
precipitation over the Amazon is also influenced by tropical At-
lantic SST, but mainly during the dry season (38). This finding
probably explains the lack of high correlations between δ18Otr
and Atlantic SSTs at interannual scales, as δ18Otr records δ18Oprec
during the rainy season and not the dry season (SI Appendix, Fig.
S3). However, tropical north Atlantic SST anomalies do show
strong parallels with our record at decadal and longer time scales,
both exhibiting positive trends over time (SI Appendix, Fig. S6).
Interestingly, although the effect of ENSO on precipitation

(amount) at the study site itself is relativelyweak (SIAppendix, Table
S1), the correlation of δ18Otr with ENSO is strong. These results and
observations of ENSO signals in Andean ice core records (16) in-
dicate that it is the large-scale atmospheric circulation that controls
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Fig. 2. Time series of δ18O in tree ring cellulose of
C. odorata (Purissima, Bolivia), wet season pre-
cipitation over the Amazon basin (2.5°N–15.0°S,
50°–77.5°W, Climatic Research Unit TS3.1, broken
part of line indicate less reliable records < 1963),
Obidos river discharge (5), wet season Niño3.4 SST
anomalies, and mean ice core δ18O [i.e., arithmetic
mean of Huascaran, Quelccaya (17),and Sajama
glaciers (15)]. Broken vertical lines indicate the 5 y
(1925–1926, 1911–1912, 1991–1992, 1963–1964, and
1916–1917) with the lowest Obidos river discharge
of the 1901–2001 period, a good indicator of severe
droughts over the Amazon Basin. A low-pass, But-
terworth filter was applied to each of these time
series to visualize decadal scale variation (see
Methods). Values indicate the Pearson correlation
coefficients between the δ18Otr and other records
for the full period shown (for all P < 0.001). Note
that the y axis for the δ18O series and the Niño3.4
SST are reversed.
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•  Strong	correla1on	between	
δ18O	recorded	in	eight	trees	
at	a	Bolivian	Amazon	site	
and	Amazon	river	discharge	
at	Obidos	
	

•  One	conclusion	is	that	tree	
rings	in	this	species	
are	accurate	recorders	of	
δ18O	in	precipita1on.	
	

	

Changes of precipitation and δ18O over Amazon basin 



Simula1ons		 Greenhouse	Gas		 Land	Use	and	Land	Cover		 Simula1on	
Period	

1.	Fixed	land	
Simula1on	

Fixed	at	Pre-
industrial	
(280	ppm)		

Land	cover	fixed	at	1870		 1870	-	1900	

2.	Deforesta1on	
Simula1on	

Fixed	at	Pre-
industrial	
(280	ppm)		

Broad	leaf	trees	replaced	
with	bare	land	

1870	-	1900	

3.	Observed	land	
Simula1on	

Observed	
Greenhouse	Gas	
Concentra1ons		

Time	varying	land	cover	
(Meiyappan	and	Jain	2012)	

1870	-	2016	

This is a modeling analysis which attempts to give  us a better 
understanding the relation between isotope signatures and changes of the 
hydrological cycle 

Simulations 



Fraction of Broadleaf 
trees  

Fraction of Bare 
Land  

Fraction of C4 type 
Grass 

Fixed Land  
Simulation 

Deforestation 
Simulation 

Observed Land 
Simulation 

Land cover fractions prescribed in three simulations 



Deforestation – Fixed land Simulation (1870 – 1900) 

Land	frac1on	of	precipita1on	

Results 

δ18O	in	precipita1on	(per	mil)	

Precipita1on	difference	(mm/day)	



Observed land – Fixed land Simulation (1870 – 2015) 

Land	frac1on	of	precipita1on	

δ18O	in	precipita1on	(per	mil)	

Precipita1on	difference	(mm/day)	



Oceanic fraction of precipitation  



Ø In the deforestation simulation, the precipitation 
reduced and low level circulation got weaken over 
Amazon. 

Ø Effects of changes of land surface on hydrological 
cycle 

Ø The general patterns of fields in Deforestation – 
Fixed  and Observed – Fixed are similar but 
magnitude much larger. 

Ø The effect of deforestation is higher in the dry 
season than in the wet season. The moisture 
recycling from the land has reduced by about 
20%.  

Ø Moisture recycling tracer proofs helpful to 
understand the patterns in isotopes  

Summary 





•  The	δ18O simulated from observed	
land	cover	simula1on	have	been	validated	
against	GNIP	data.	…	you	may	need	to	
explain	a	1ny	bit		

•  Global	Network	of	Isotopes	in	Precipita1on	
(GNIP)	observa1onal	database		

Annual δ18O Wet Season δ18O (DJF) 

Dry Season δ18O (JJA) 



Observed Land Simulation vs CRU Precipitation (1975 – 2012) 

a. HadCM3 (JJA) 

d. HadCM3 (DJF) 

g. HadCM3 (Annual) 

b. CRU (JJA) 

e. CRU (DJF) 

h. CRU (Annual) 

c. HadCM3 - CRU (JJA) 

f. HadCM3 - CRU (DJF) 

i. HadCM3 - CRU (Annual) 
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Ø  Stable water isotope can be used as good proxy for 
precipitation 

Ø  It is a better tool to study convective processes and 
hydrological cycle 

Ø  Stable isotopes of water in hydrology are helpful to  

•  identify the moisture source for precipitation 

•  study spatio-temporal variation for moisture in the 
atmosphere 

•  understand the post-precipitation evaporation 

•  investigate ground water discharge 

•  the effects of evaporation on the ground water 
systems 

Stable water isotope 



Wind@850 difference w.r.t. Fixed land simulation 
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MSLP difference w.r.t. Fixed land simulation 



MSLP in all Simulation 



Divergence from All three  Simulations 

1870 – 1899 

1870 – 1899 

1985 – 2014 



Conclusions 
Ø  The 
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a) Amazon river discharge at Obidos
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Amazon	river	discharge		
at	Obidos	

Amazon	basin	precipita1on	

Tropical	Atlan1c	SST		
(17S	to	20N)		



Bolivia	

Ecuador	
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Isotopic ratio of water isotopes (R)
R(t)
R(0)

= f α−1

f  - Fraction of water remaining

f = N(t)
N(0)

From conservation of momentum, 

we can conclude that N(t)
N(0)

 may change

But cannot say that N(0) changed

Rayleigh Distillation 







Maybe	show	records	of	Roel	/	possibly	Jessica		
	
There	seem	to	be	long-term	paderns	
	
[maybe	also	one	slide	with	main	winds	/	circula1on	of	the	lower	troposphere	over	
Amazon	–	1991	paper	of	Nobre	..		
	
Explain	possible	mechanisms		-	men1on	Raleigh	dis1lla1on		
…	
	
	
Show	a	map	with	deforesta1on	in	Amazon		
1991	paper	of	Nobre	..		[two	stable	states	???]	
	
	
This	is	a	modelling	analysis	which	adempts	to	give		us	a	beder	understanding	the	
rela1on	between	isotope	signatures	and	changes	of	the	hydrological	cycle	
	
Simula1ons	and	diagnos1cs		
	
-  Use	your	table	
-  Need	to	explain	what	the	recircula1on	ra1o	is	–	Van	der	Ent	paper	
					say	how	implemented	–	add	an	addi1onal	water	vapor	tracer	–	water	vapor	which	
is	evaporated	from	the	land	…	



What can water oxygen isotopes tell us 
about changes in the Amazon 

Hydrological Cycle?
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