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Although it is well established that transpiration contributes
much of the water for rainfall over Amazonia, it remains unclear
whether transpiration helps to drive or merely responds to the
seasonal cycle of rainfall. Here, we use multiple independent
satellite datasets to show that ramforest transpiration enables
an increase of shallow that and

the atmosphere during the initial stages of the dry-to-wet season
transition. This shallow convection moisture pump (SCMP) precon-
ditions the atmosphere at the regional scale for a rapid increase
in rain-bearing deep convection, which in turn drives moisture
convergence and wet season onset 2-3 mo before the arrival of
the Intertropical Convergence Zone (ITCZ). Aerosols produced by
late dry season biomass burning may alter the efficiency of the
SCMP. Our results highlight the mechanisms by which interac-
tions among land surface processes, atmospheric convection, and
blomass burnlng may alter the tlmmg of wet season onset and

£ bemees ke

late dry season increases in rainforest transpiration may increase
surface air humidity and buoyancy (18, 19). Lifting of this humid
near-surface air by cold fronts moving northward from midlati-
tude South America (20) could cause large-scale increases in deep
convection and upper-level heating (21), thereby initiating mois-
ture transport from the tropical Atlantic. Large-scale moisture
transport reinforces the conditions that favor deep convection,
ultimately leading to wet season onset. We refer to this transition
mechanism as the deep convective moisture pump (DCMP).
The exact processes that activate the DCMP have been
unclear. Cold front incursions are strongest during the dry season
(22), but deep convection is rare until lower tropospheric humid-
ity rises late in the transition season (21). Moistening of the low-
est 4 km of the atmosphere (pressures 2600-700 hPa) therefore
emerges as the likely key to activating the DCMP (23, 24). The
source of this momure and the processes | by Wthh moistening
nnnnnnn [ Loeer T
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Questoes e fatos

e A regido estudada foi o sul da Amazdnia.

e O sul (30 — 40 %) da Amazodnia é
transig3o entre floresta tropical (N e W)
e savana subtropical e terras de agricul-
tura (S e E).

e Vulnerdvel a pequenas diminuicGes
na chuva anual ou extensdes temporais
da seca.

e A seca na regido tem aumentado nas
ultimas décadas, principalmente devido
ao atraso das chuvas.

Principal questao:

@ Open water @D shrublands @D Croplands
@WEvergreen forest  @@Savannas @B Urban areas . = 2 _
@ Deciduous forest  [)Grasslands Dice/snow e A e:vapotransplrac;ao da floresta é res
D Mixed forest wetiands sparse vegetation ponsdvel por &~ 30 — 50 % da chuva re-
Fig. 1. Distribution of land cover based on Moderate-Resolution Imaging gional, mas ainda é obscuro se essa
Spectroradiometer observations from 2009. The southern Amazon (5°S to evapotranspiracéo ativamente modi-

15°S, 50°W to 70°W) is indicated by the solid white box. . . s
fica ou simplesmente responde a sa-

zonalidade das chuvas na Amazénia.

4/24
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Mecanismo de bombeamento de umidade

Deep Convection Moisture Pump DCMP

e O comego da temporada chuvosa nos trépicos geralmente estd associado seja (1) a
reversdo nos gradientes de temperatura (terra-oceano) ou (2) a migra¢do (norte-sul)
da Zona de Convergéncia Intertropical (ZCl).

e Para o sul da Amazénia, entretanto, a temporada chuvosa precede em 2 a 3 me-
ses a migracdao da ZCl em direcdo ao sul, ocorrendo sem a reversao do gradiente
de temperatura (terra-oceano). Portanto, mecanismos convencionais n3o explicam o
comego das chuvas nessa regido.

e Mecanismos envolvidos numa hipétese alternativa:

1. Ocorrem aumentos da transpira¢do da floresta no final da temporada seca que
leva a um aumento da umidade e flutuabilidade do ar (fato).

2. A elevagdo desse ar iimido da superficie pelas frentes frias vindas do sul
poderiam aumentar a convecgdo profunda e o aquecimento dos niveis mais
altos, iniciando assim o transporte de umidade do Oceano Atlantico.

3. Esse transporte de larga escala de umidade retroalimentaria as condigdes que
favorecem a convecgdo profunda, o que por sua vez levaria ao inicio da
temporada chuvosa. Tal mecanismo é chamado de Deep Convection Moisture
Pump (DCMP).

5/24
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Mecanismo de bombeamento de umidade

Deep Convection Moisture Pump DCMP

e Alguns problemas envolvidos com o mecanismo anterior: (1) o exato processo que
ativa esse bombeamento n3o estd claro e (2) as incursdes das frentes frias sio mais fortes
durante a temporada seca, mas convecgio profunda é rara até que a baixa troposfera
se torne imida, o que por sua vez ocorre no final da estacdo de transicdo.

e Dessa forma, a umidificagdo dos 4 km mais baixos da atmosfera (p >~ 600—700hPa)
emerge como um ingrediente chave na ativagdo da DCMP.

o Questao importante: o aumento da umidade no final da temporada seca vem da
transpiracdo da floresta ou vem da advec¢io do oceano?

e Estudos anteriores a esse respeito tem sido majoritariamente baseados em produtos
de reandlises (observacdes + modelos). Problemas para representar o transporte de
umidade na Amazdnia: por exemplo, o aumento da precipitacdo durante a temporada
de transi¢3o ocorre de 2 a 3 semanas antes no European Center for Medium-Range We-
ather Forecasting Interim Reanalysis (ERA-Interim), em relag¢3o aos dados observados.
e Os produtos de reandlise tém dificuldades de atribuir as fontes de umidade: evapo-
transpiration (ET) ou moisture flux convergence (MFC)

e As observagdes in situ indicam que o maximo de evapotranspiragdo leva ao aumento
das chuvas no final da temporada seca. Entretanto, n3o se sabe de aumentos modes-
tos na evapotranspiragdo podem contribuir significativamente com umidade acima da
camada limite em escala regional.

e Além disso, a maioria dos produtos de reandlise ndo levam em consideracdo ou
subestimam as variacGes sazonais e interanuais de aerossol. 4
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Fig. 2. Onset-relative low-pass filtered composites of area mean precipitation from Tropical Rainfall Measuring Mission (TRMM), ET and MFC from ERA-
Interim, and net absorbed surface radiation from Clouds and the Earth’s Radiant Energy System (CERES) Synoptic Radiative Fluxes and Clouds (SYN1Deg)
(A); vertical distributions of RH (shading) and time rates of change in equivalent potential temperature (99, /9t; contour interval 0.02 K d~') computed
from Atmospheric Infrared Sounder (AIRS) observations (B); surface air temperature and column water vapor (CWV) from AIRS (C); low (<700 hPa; ~3 km
above sea level), midlow (700-500 hPa; ~3-5.5 km), midhigh (500-300 hPa; ~5.5-10 km), high (>>300 hPa; ~10 km), and total <loud cover from CERES
SYN1deg (D); solar-induced chlorophyll fluorescence (SIF) for rainforests from the Global Ozone Monitoring Instrument 2 and fire emissions of €O, from
Version 3.1 of the Global Fire Emissions Database (E); conditional instability in the lower-middle troposphere (fegso — Gesoo) based on AIRS and best-fit linear
slopes of 6D against specific humidity (g) in the free troposphere based on TES (F). Shaded areas in A and C-f and error bars in A and E illustrate estimated
uncertainties. Data sources, quality control criteria, and uncertainty calculations are provided in Sf Text. 7 24
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Isétopos

e As andlises anteriores de evapotranspiragdo (ET) e de umidade (MFC) s&o basea-
das em produtos de reandlise. A andlise foi suplementada estudando-se a composi¢do
istépica do vapor de dgua.

e As diferencas moleculares entre os isétopos H20 e HDO causam fracionamento du-
rante a maioria das transicdes de fase: O is6topo mais pesado HDO preferencialmente
condensa, enquanto que o mais leve H20 preferencialmente evapora.

e A evaporacao do oceano em conjunto com a condensag¢ao durante o transporte
diminuem o deutério do vapor de agua em relacdo a sua origem. Em contraste, nao
ocorre fracionamento durante a transpiracdo, de modo que a composicido isotépica
do vapor é virtualmente idéntica a da agua do solo.

e O contelido de deutério 6D da amostra de vapor é dado em partes por mil %o:

Nypo _ (M)
Nh20 Nupo ) sTp (1)
(NHDO

6D = 1000 -
N0 )STD

onde Nypo e Nyoo sdo as concentragdes dos respectivos isétopos, e o subscrito STD

se refere ao padrdo de Viena:
<M> =3,11-10*
Nu20 / stp

8/ 24



Introdugdo Estdgios de transicdo Composicio isotépica Convecgdo rasa Implicagbes Fim Suplementos
000 o] 0e00 o] o] o] 0000000000

Isétopos

e Em condicdes recorrentes, observa-se diferencas na composicio isotépicas dos vapores
de dgua:

0Doceano = —70a — 80%o; 6Devapotranspira<;§o ~ —20a — 40% (2)

Dessa forma, pode-se tratar a evaporagdo do oceano e a evapotranspiragcdo da flo-
resta como fontes de umidade isotopicamente distintas, sendo a evapotranspiracdo da
floresta mais enriquecida com deutério.

e Disto isto, se as umidades maiores na troposfera livre (= 750 — 348 hPa) forem mais
enriquecidas com deutério, ent3o essa umidade estd associada com a evapotranspiragdo
da floresta e, caso contrario, com o oceano.

e Com isso, pode-se analisar o ajuste linear §D contra g, sendo que as maiores in-
clinagbes estdo relacionadas com umidade vinda da evapotranspiragcdo, e as menores
inclinagdes com a umidade do Oceano.

9/24
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Fig. 3. Joint distributions of specific humidity () and the deuterium content of water vapor (6D) in the lower troposphere (825-600 hPa) based on TES
observations during the pretransition stage (day —90 to —60) (A), early transition (day —60 to —30) (B), late transition (day —30 to 0) (C), and the first 3 mo
of the wet season (day 0 to +90) (D). The joint behaviors of g and 5D under three types of idealized vertical mixing are also shown. Solid green and blue
lines represent mixing (no condensation) between four dry air masses representing the dry season free troposphere and a moist air mass representing either
local ET (green; g=20 g kg ~'; 6D = —30%0) or ocean evaporation (blue; g =20 g kg~'; 6D = —80%c). Dashed green and blue lines represent pseudoadiabatic
Rayleigh distillation from the approximate top of the ABL, in which condensation occurs in a rising air parcel and is immediately removed as precipitation.
Dotted green and blue lines represent reversible moist adiabatic ascent from the approximate top of the ABL, in which condensation occurs and is assumed
to remain in the parcel. These idealized models are described in detail in S/ Text.
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Resultados

e
12 3 4 5 6 -20 10 -160 -130  -100
Specific humidity [g kg '] D ]

Fig.4. Distribution of specific humidity (Left) and 4D (Right) in the free tro-
posphere based on TES observations during the pretransition (day —90 to
—60) (A), early transition (day —60 to —30) (B), late transition (day —30 to
0) (C), and early wet season (day 0 to +90) (D). Winds at 850 hPa (Left) and
vertically integrated MFC (Right) based on ERA-Interim are also shown for 1 1 24
each stage of the transition. The contour interval for MFCis Tkgm 2d~".
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Fig. 5. Changes in the vertical profiles of RH (ARH) associated with
shallow convection under clean conditions [Cloud condensation number con-
centrations (CCN) <500 cm ™), moderate aerosol pollution (500 em—3% <
CCN < 1,000 cm—3), and heavy aerosol pollution (CCN > 1,000 cm —3). CCN,
RH profiles, and convective occurrence are based on observations collected
during the Green Ocean Amazon (GOAmazon) field campaign (5/ Text). ARH
is reported in absolute differences. 12 / 24
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Conclusoes e comentarios

e Sabe-se que o destino da floresta no sul da Amazénia depende da extens3o temporal
da temporada seca. Os autores mostraram que a extensdo da temporada seca também
depende da floresta.

e A evapotranspiragdo da floresta no final da temporada seca ajuda a iniciar um cascata
de processos atmosféricos que aceleram o inicio da temporada chuvosa 2 a 3 meses antes
da chegada da ZCl. Esses resultados reforcam a hipétese de que o desflorestamento
pode atrasar o inicio das chuvas da temporada imida a estender o periodo de seca.
e Muitos modelos ainda permanecem incapazes de reproduzir realisticamente a evapo-
transpiracdo da floresta e a convecgao rasa, levando a erros em relacao aos mecanismos
que controlam as chuvas na Amazonia e grandes discrepancias quanto as mudancas
climaticas projetadas no sul da Amazoénia.

e O comeco da temporada chuvosa iniciado pela evapotranspiragdo também pode-se
aplicar para outras regides da Amazdnia, mas sdo necessdrios mais estudos para se
avaliar essa possibilidade.

13 /24
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Materiais e métodos
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Fig. 51. Onset-relative time series of precipitation from TRMM and ERA-Interim (A), net fluxes of shortwave (downward) and longwave (upward) radiation at
the surface from ERA-Interim and CERES SYN1Deg (8), cloud fraction from ERA-Interim (C), and upward sensible and latent heat fluxes from ERA-Interim (D).
All fluxes represent area-weighted averages over the southern Amazon region during the period 2005-2011. Uncertainties represent interannual variability
across six dry-to-wet transition seasons.
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Materiais e métodos
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Fig.52. Onset-relative time series of cloud radiative effect on net downward shortwave and longwave radiation at the surface (4), cloud radiative heating
due to shortwave and longwave radiation between the surface and 500 hPa (assuming a mean surface pressure of 1000 hPa and a dry atmesphere in
hydrastatic balance) {8), and aerosl radiative effect on net downward shormwave and longwave radiation at the surface (Ch. All variables are calculated from
CERES §¥N1Deg data. Uncertainties represent interannual variability across six dry-to-wet transition seasans. 16 / 24
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Fig. 53. Onset-relative composite time series of area-weighted 5-d mean CAPE (red lines) and CINE (blue lines) calculated from daily 1° x 1° AIRS profiles
of temperature and water vapor during ascending (daytime) (A) and descending (nighttime) (B) orbits. Larger values of CAPE indicate greater convective
instability, whereas larger values of CINE indicate a larger energetic barrier to convection. Note different ranges of the CINE axis between A and B. Mean
evolution of daytime values are shown in B to facilitate comparison. Uncertainties represent interannual variability across six dry-to-wet transition seasons.

17 /24



Introducdo Estagios de transicdo Composicao isotdpica Conveccdo rasa Implicages Fim Suplementos
000 o 0000 o o o 000e000000

Materiais e métodos

Evergreen forest SIF W m 2 pm ' sr ']

Evergreen Forest EVI

052 | _ i

050 L— — -
-120 -80 -60 -30 a a0
Days relative to wet season onset

Fig. S4. Onset-relative time series of SIF from GOME-2 observations (A) and EVI calculated from MODIS observations (8). Two variations of SIF are shown,
both covering the time period 2007-2014. The raw SIF data (solid line) are identical to those shown in Fig. 2E. SIF narmalized by the cosine of the salar zenith
angle (dashed line) is also shown for context and comparison with EWl. Uncertainty windows in both SIF estimates reflect interannual variability guantified
as SDs across seven dry-to-wet transition seasons. The EVI data cover the time period 2005-2011, consistent with all non-SIF data shown in Fig. 2. Again,
two variations are shown, one based on strict quality control standards (dashed) and one based on minimum guality control standards (solid; see Si Text,
Vegetation Metrics and fire Emissions for details). On average, late dry season increases in EV| lag late dry season increases in SIF by 10 ~ 15 d 18 / 24
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Fig.S5. Onset-relative composite time series of temperature (red shading) and moisture (blue shading) contributions to the time rate of change in fe (thick
gray line) at 850 hPa based on AIRS observations. Temperature and moisture contributions are calculated following Li and Fu (19).
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Fig. S6. Annual variability of monthly mean $D in precipitation according to samples collected at Porto Velho (8.77°S, 63.92°W) and Manaus (3.12°S,
60.02°W) under the Global Network for Isotopes in Precipitation (GNIP) measurement program. Data at Porto Velho were collected sporadically between
1965 and 1981, with the sample sizes ranging from four (July and August) to nine (November). Data at Manaus were collected sporadically between 1965
and 1990, with sample sizes ranging from 10 (September) to 17 (December). Effectively zero fractionation occurs during rainforest transpiration (34). 6D in
transpired water vapor should therefore approximately match 4D in soil water; lacking direct observations, we estimate this as the precipitation-weighted
mean 4D in rainfall. The precipitation-weighted mean 5D based on these data are approximately —38%. at Porto Velho and —26%. at Manaus. Previous studies
suggest that this should represent a lower bound on 6D in soil water, because the isotopic content of bound water accessed by tree roots in ecosystems with
clearly delineated dry and wet seasons is weighted toward that of rainfall during the dry and transition seasons, when rain rates are lower and runoff
fractions are smaller (70). GNIP data can be accessed at www.iaea.org/water.
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Fig. 57 Full anset-relative annual cycle of precipitation from TRMM, ET, and maisture fiux convergence fram ERA-Interim, and net (downward) surface
radiation flux at the surface from CERES S¥N1Deg (4), surface air temperature and CWV from AIRS (8], and total and vertically-resolved cloud fraction from
CERES $¥N1Deg (C). Data from individual years are shown without low-pass filtering 10 illustrate the scale of the unfiltered variabiliy 2 1 / 24
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Fig. 58. Onset-relative composite time series of area-mean 40 of water vapor in the free troposphere {750 to 348 hPa) (4) and the ABL (surface—825 hPa)
(B} based on TES satellite retrievals from ascending (~13:30 local time} and descending (~01:30 local time) satellite overpasses. Data in B are shown for
ascending overpasses only becawse TES is not sufficiently sensitive to ABL 4D during descending overpasses (see also Materials and Methods and Fig. 54).
The evolution of AEL D over the tropical Atlantic (0-10" N, 30-55"W} is also shown for reference. Uncertainty bounds include statistical and measurement

uncertainties d from individual TES 22 / 24
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Fig. 59. Mean averaging kernels for TES observations of water vapor and HDO vapor from ascending orbits (~13:30 local time) over the southern Amazon
(Left) and the tropical Atlantic (Right) during October 2006, representative of the late dry season in the southern Amazon. Diamonds indicate pressure
levels in the TES retrieval vertical grid. Averaging kernel rows for levels between the surface and 800 hPa (red lines) contribute to estimates of 5D in the
boundary layer (Fig. 588); averaging kernel rows for levels between 800 hPa and 350 hPa contribute to estimates of 5D in the free troposphere (Fig. $84). The
averaging kernel for descending orbits (~01:30 local time) over the southern Amazon is similar for pressures < 700 hPa, but sensitivity in the boundary layer
is substantially reduced (the peak sensitivities of averaging kernel rows for pressures =800 hPa shift upward). We therefore do not consider retrievals of ABL
4D (Fig. 588) collected during descending passes (~01:30 local time).
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Wet season onset dates over the southern Amazon

Year Onset pentad Onset dates Data
2005 56 4-8 October All except SIF
2006 58 14-18 October All except SIF
2007 57 9-13 October All
2008 59 18-22 October All
2009 58 14-18 October All
2010 60 24-28 October All

2011 57 9-13 October SIF
2012 62 2-6 November SIF
2013 57 9-13 October SIF
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