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Abstract This paper documents the spatiotemporal evolution of wet-day and dry-day frequency (WDF
and DDF) in the western Amazon, its relationships with oceanic and atmospheric variability and possible
impact on vegetation. WDF and DDF changed significantly during the 1980–2009 period (p< 0.05). An
increase in WDF is observed after 1995 over the northern part of the western Amazon (Mara~n�on basin). The
average annual value of WDF changed from 22 days/yr before 1995 to 34 days after that date (155% after
1995). In contrast, DDF increased significantly over the central and southern part of this region (Ucayali
basin) after 1986. Average annual DDF was 16.2 days before 1986 and 23.8 days afterward (147% after
1986). Interannual variability in WDF appears to be modulated by changes in Pacific SST and the Walker cell
during the November–March season. This mechanism enhances convective activity over the northern part
of the western Amazon. The increase in DDF is related to warming of the North Tropical Atlantic SST, which
produces changes in the Hadley cell and subsidence over the central and the southern western Amazon.
More intense seasonal hydrological extremes in the western Amazon therefore appear to be related to
changes in WDF and DDF that occurred in 1995 and 1986, respectively. During the 2001–2009 period, an
index of vegetation condition (NDVI) appears negatively correlated with DDF (r 5 20.95; p< 0.0001). This
suggests that vegetation in the western Amazon is mainly water limited, rather than light limited and
indicates that the vegetation is highly sensitive to concentration of rainfall.

1. Introduction

In recent years, several scientific studies have indicated that the Amazon basin has been experiencing a bio-
physical transition [e.g., Davidson et al., 2012; Brienen et al., 2015; Nobre et al., 2016]. This ongoing change in
Amazonian environments has frequently been associated with large-scale climatic variability and many
extreme hydrological events have been reported in recent years [e.g., Callède et al., 2004; Espinoza et al.,
2009a, 2009b; Gloor et al., 2013; Marengo and Espinoza, 2015], including exceptional floods and droughts
[e.g., Marengo et al., 2008, 2013; Zeng et al., 2008; Chen et al., 2010; Espinoza et al., 2011, 2013, 2014; Satya-
murty et al., 2013a]. In examining droughts, several studies have reported an increase in the length of the
dry season, particularly in the southern Amazon since the 1980s, with the wet season beginning later and
ending earlier [Salazar et al., 2007; Phillips et al., 2009; Marengo et al., 2011; Saatchi et al., 2012; Fu et al.,
2013; Yin et al., 2014; Arias et al., 2015; Debortoli et al., 2015; Zou et al., 2015].

The impacts of drought on Amazonian rainforest vegetation have been analyzed in previous studies, with
contradictory results [Bonal et al., 2016] that are related to the debate about whether Amazonian forests are
water-limited or light-limited ecosystems. A first group of studies, based on optical remote-sensing and
eddy flux data, found that photosynthesis increases in the Amazon rainforest during the dry season in both
normal and extreme years [Huete et al., 2006; Myneni et al., 2007; Saleska et al., 2007]. This is consistent with
the leaf flush observed during the dry season and it is explained by the peak of solar irradiation under these
cloud-free, light-rich conditions. This view holds that water resources are sufficient during the year and
therefore are not a limiting factor for rainforest productivity.
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But this paradigm of a light-limited rainforest was contradicted by in situ observations of increased tree
mortality during the droughts [Phillips et al., 2009]. It has also been challenged by several studies that have
questioned the reproducibility of the analyses, the quality of the data or artifacts inherent to the remote-
sensing data [Samanta et al., 2010; Atkinson et al., 2011; Morton et al., 2014]. Other studies have described a
water-limited rainforest, with widespread declines in greenness [Xu et al., 2011] or decreasing gross primary
production [Lee et al., 2013] during droughts, indicating a loss of photosynthetic capacity due to water
stress. Nevertheless, a recent study by Maeda et al. [2014] reports a greening of vegetation during the dry
season even with the correction of data and artifacts. Taking these contradictory results into account, Hilker
et al. [2014] distinguish between light-limited rainforests, which green up during the dry season, and where
deep-rooted trees can access groundwater, and water-limited rainforests, which brown down during
droughts. The most severe droughts (2005, 2010), however, showed that large-scale die-off of vegetation
can affect both types of ecosystems.

Prolonged fire seasons are also observed during extreme droughts [Arag~ao et al., 2007; Fernandes et al.,
2011; Brando et al., 2014], as a delayed ending of the dry season has been related to an increase in the num-
ber of fires in the southern Amazon [Fu et al., 2013]. Higher rates of tree mortality and increased forest flam-
mability appear particularly related to prolonged periods of a critically low level of soil moisture [Nepstad
et al., 2004]. This confirms the relevance of monitoring the frequency of dry and wet days rather than just
the amount of seasonal precipitation.

The Peruvian-Ecuadorian Amazon basin, upstream from the Tamshiyacu hydrological station on the Ama-
zon River in Peru (Figure 1), covers a large drainage area of about 750,000 km2, including most of the
Andean-Amazon transition region. The long-term mean discharge at Tamshiyacu is estimated at 32,000 m3/s
(about twice the mean discharge of the Mississippi), which corresponds to 16% of the Amazon discharge at

Figure 1. (a) 1980–2009 temporal evolution of the annual wet-day frequency (WDF) in the Peruvian-Ecuadorian Amazon basin upstream of Tamshiyacu station. The vertical red line indi-
cates a significant break in 1995 according to Pettitt test at p< 0.05. (b) Scatterplot between the annual wet-day frequency (WDF) and mean rainfall (mm/d) during the November–March
season (1980–2009). The coefficient of correlation and the p-value are indicated. (c) Spatial distribution of Kendall coefficient values (s) resulting from trend test on gridded WDF values.
The p< 0.05 values are indicated with dark dots. The location of the Amazon basin in South America, and of the main cities and rivers mentioned in the text are indicated.
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the estuary [Espinoza et al., 2009b]. Total annual rainfall over this basin is estimated at 1750 mm/yr [Espinoza
et al., 2011]; in the Andean-Amazon transition region, however, there are ‘‘hotspots’’ where annual rainfall
exceeds 5000 mm/yr locally [Espinoza et al., 2009a, 2015].

In the western Amazon, significant changes have also been identified in hydroclimatic conditions. Analysis
of mean annual rainfall and discharge at the Tamshiyacu station shows negative trends since the 1970s
[Espinoza et al., 2011; Lavado et al., 2013], with a statistical break in 1986 and a subsequent decrease in mini-
mum monthly runoff [Espinoza et al., 2009b]. Previous studies have found a relationship between seasonal
hydrological extremes (floods and droughts) and climate variability, including anomalies in sea surface tem-
perature (SST) in the Equatorial Pacific and Tropical Atlantic oceans. Extreme rainfall and resulting flooding
in the western Amazon have been associated with cool conditions in the Equatorial Pacific Ocean, as seen
in 1989, 1999, and 2012 (i.e., La Ni~na events) [Ronchail et al., 2006; Marengo et al., 2013; Espinoza et al.,
2012a,; Lavado et al., 2013]. These studies show an increase in water vapor flux from the North Tropical
Atlantic to the northwestern Amazon basin during La Ni~na years. However, previous studies have also
shown that warm conditions in the Equatorial Pacific Ocean (i.e., El Ni~no events) produce atmospheric tele-
connections that result in rainfall deficits and, consequently, extreme droughts in the western Amazon, as
occurred in 1998 [Espinoza et al., 2011; Lavado and Espinoza, 2014]. During El Ni~no years, there is weaker
moisture advection from the North Tropical Atlantic to the western Amazon and higher water vapor trans-
port from the Amazon basin toward the La Plata Basin. Warm conditions in the North Tropical Atlantic have
been associated with rainfall deficits that explain the recent extreme droughts in the western Amazon in
1995, 2005, and 2010 [Marengo et al., 2008, 2011; Yoon and Zeng, 2010; Espinoza et al., 2011]. These studies
documented reduced trade winds and weaker moisture advection from the Atlantic toward Amazonia dur-
ing the austral autumn and winter during warm episodes in the North Tropical Atlantic. For a complete
description of the causes of extreme seasonal hydrological events in Amazonia, see Marengo and Espinoza
[2015].

Future climate scenarios based on general circulation models show a possible increase of dry-day frequency
in Amazonia [Polade et al., 2014] and an intensification of extreme hydrological events such as seasonal
floods and droughts [e.g., Guimberteau et al., 2013; Boisier et al., 2015; Sorribas et al., 2016]. Polade et al.
[2014] suggest that a decrease in annual rainfall in the Amazon basin could be dominated by an increase in
the number of dry days. This increase could amount to 30 more dry days per year by the end of the 21st
Century.

Better monitoring and understanding of wet-day and dry-day frequency in Amazonia become essential for
assessing the sustainability of Amazonian ecosystems. Ecological services provided by the Amazonian rain-
forest strongly depend on the availability of water during the dry season, as either precipitation or stored
soil moisture. These factors also affect rural livelihoods, because fishing and annual floodplain agriculture
are impacted by extreme rainfall events and rapid changes in river stage [Coomes et al., 2016]. Analysis of
the structure of rainfall intensity on a daily time scale and of the evolution of wet-day and dry-day frequen-
cy in the western Amazon can provide new information for assessing the possible impacts of climate on
vegetation (e.g., increased water stress because of a longer dry season), on the frequency of hydrological
extremes (floods and droughts) and on water resources in this region. This paper analyzes the spatiotempo-
ral evolution of wet-day and dry-day frequency in the Peruvian-Ecuadorian Amazon basin and their relation-
ship to oceanic and atmospheric variability. This study especially aims to provide physical explanations of
changes in the structure of the wet and dry seasons and their possible impacts on vegetation.

2. Hydroclimate Data Sets and Methods

2.1. Gridded HYBAM Observed Precipitation (HOP) Data
HYBAM Observed Precipitation (HOP) data is a gridded (18 3 18 horizontal resolution) data set derived from
752 meteorological stations in five countries. Data are collected by the national institutions in charge of
hydrometeorological monitoring: the National Water Agency (ANA) in Brazil, the National Meteorology and
Hydrology Service (SENAMHI) in Peru and Bolivia, the National Meteorology and Hydrology Institute
(INAMHI) in Ecuador and the Hydrology, Meteorology, and Environmental Studies Institute (IDEAM) in
Colombia. The HOP data set is available from 1980 to 2009 on a daily time step [Guimberteau et al., 2012]. In
the Peruvian-Ecuadorian Amazon basin, delimited by the Tamshiyacu hydrological station, HOP is
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computed from 234 meteorological stations from INAMHI and SENAMHI of Peru [Espinoza et al., 2011]. For
more details about quality control of the rainfall data and geostatistical interpolation of rainfall observa-
tions, see Guimberteau et al. [2012]. Gridded HOP daily data are freely available in NetCDF format at www.
ore-hybam.org.

2.2. Ocean and Atmospheric Data Sets
Oceanic data are analyzed using the global monthly SST data available at 28 resolution from NOAA-CPC
[Reynolds and Smith, 1994]. Atmospheric circulation is analyzed using horizontal and vertical winds and spe-
cific humidity data at 2.58 resolution from the NCEP-NCAR reanalysis [Kalnay et al., 1996]. The accuracy of
NCEP-NCAR reanalysis, particularly of rainfall variability and extreme hydroclimatic events, has already been
tested over this region [e.g., Satyamurty et al., 2013b; Yoon and Zeng, 2010; Espinoza et al., 2011, 2013]. Wind
circulation and specific humidity are analyzed from 1000 to 100 hPa and from 1000 to 300 hPa, respectively.
Vertically integrated water vapor flux and its divergence are derived from specific humidity and horizontal
wind using pressure levels of 1000, 925, 850, 700, 600, 500, 400, and 300 hPa [Peixoto and Oort, 1992]. The
difference in potential temperature between 700 and 400 hPa is also computed to evaluate atmospheric
stability. Finally, we also use daily interpolated Outgoing Longwave Radiation (OLR) data from NCAR/NOAA
[Liebmann and Smith, 1996]. OLR data are generally considered a proxy for deep convection in tropical
regions [e.g., Liebmann et al., 1999; Jones et al., 2004; Villac�ıs et al., 2008; Espinoza et al., 2012b].

2.3. Vegetation Indices Over the Western Amazon
We use the normalized difference vegetation index (NDVI) computed from the MOD13C1 product provided
by the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor, as an indicator of vegetation
greenness. NDVI validations over the Amazon basin can be found in previous papers [e.g., Huete et al., 2002;
Xu et al., 2011; Hilker et al., 2015]. MOD13C1 (0.058 resolution) are computed from the spatial average of the
16 day MOD13A2 product, available at 1 km spatial resolution [Solano et al., 2010]. To improve the quality
of the NDVI data, we compute monthly composites from the 16 day data by selecting the best pixels from
each month, considering atmospheric conditions, using the maximum value composition (MVC) technique
[Huete et al., 2002]. This provides a data set with a lower temporal resolution, but with higher quality at a
monthly time step [Holben, 1986]. The Zavitsky-Golay temporal filter is applied to each pixel [Chen et al.,
2004] to reduce atmospheric noise and distortion. Finally, mean values for the August–October season are
computed for each pixel to analyze interannual variability of vegetation conditions over the Tamshiyacu
basin.

2.4. Statistical Analysis in the Time Series
The relationship between the frequency of wet and dry days and oceanic/atmospheric variables and NDVI
values are investigated using linear regression analysis by means of the parametric Pearson coefficient (r).
Statistical breaks in the time series are evaluated using the Pettitt method [Pettitt, 1979], a nonparametric
test based on changes in the average and the range of the series. The Pettitt test is considered one of the
most complete tests for identifying changes in hydroclimate time series [Zbigniew, 2004; Espinoza et al.,
2009b]. To identify temporal trends in time series, we use the rank-based nonparametric Kendall test [Ken-
dall, 1975]. The significance of statistical tests is evaluated at 90% (p< 0.1), 95% (p< 0.05), and 99%
(p< 0.01).

3. Evolution of Wet-Day and Dry-Day Frequency in the Western Amazon

In this section, we analyze the spatiotemporal evolution of wet-day frequency (WDF) and dry-day frequency
(DDF). Over the Tamshiyacu basin, annual WDF is defined as the frequency of days with rainfall greater than
10 mm, which is about twice the mean annual rainfall in the Tamshiyacu basin (estimated at 4.8 mm/d)
[Espinoza et al., 2011]. Analysis of each month’s contribution to annual WDF shows an annual cycle from
September to August, which appears dominant in both the southern and northern parts of the Tamshiyacu
basin (supporting information Figure S1a). Annual WDF is therefore computed from September (n-1) to
August (n). Annual DDF is defined as the frequency of days with rainfall of less than 1 mm. Analysis of each
month’s contribution to annual DDF shows an annual cycle from January to December, with peak values
from April to September in the South and July to September in the North. The lowest values are observed
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from December to March in both the northern and southern Tamshiyacu basin (supporting information Fig-
ure S1b). Annual DDF is therefore computed from January (n) to December (n).

A basin-averaged analysis shows a significant increase (p< 0.05) in WDF over the Tamshiyacu basin
(Figure 1a). The Pettit test detects a break in the WDF time series in 1995, with an average of 22 wet days
per year before 1995 and 34 wet days per year afterward. This change corresponds to an increase of 55% in
WDF. The highest WDF value is observed in 1999, when an extreme flood, associated with a La Ni~na event,
was reported in this basin [Espinoza et al., 2013; Marengo and Espinoza, 2015]. Some low WDF values corre-
spond to dry years in the western Amazon, such as 1992 and 2005. It is noteworthy that WDF values are
highly correlated with total rainfall for the rainy season (November–March), averaged over the Tamshiyacu
basin (Figure 1b). Variability of annual WDF therefore explains about 77% of rainfall evolution during the
wet period. The increasing WDF after 1995 is also consistent with the low-frequency rainfall variability dur-
ing the austral summer reported in the western Amazon by Grimm and Saboia [2015]. This indicates that
the high frequency of extreme seasonal flooding in the Tamshiyacu basin in recent decades might be a
response to the increase in WDF after 1995 (extreme seasonal floods in 1999; 2009, 2012). Figure 1c pro-
vides a spatial observation of the WDF trend using the Kendall test. It shows a significant increase in WDF
over the northern Tamshiyacu basin (lower Mara~n�on basin and left bank of the Amazon River) and in the
extreme South (upper Ucayali basin; Apurimac and Urubamba basins). Some regions in the lower Ucayali
basin, meanwhile, show a downward trend in WDF (around 108S–78S; Figure 1c). The increase in WDF in the
northern Tamshiyacu basin has relevant hydrological implications because this region is among the rainiest
areas in the Amazon basin [e.g., Espinoza et al., 2009a].

Analysis of the evolution of DDF over the Tamshiyacu basin using the Pettitt test shows a break in 1986 (Fig-
ure 2a). DDF increases from an average of 16.2 days/yr before 1986 to 23.8 days/yr after 1986, a 47%
increase. The break in 1986 and the DDF increase afterward are consistent with the significant change in
the amount of runoff and rainfall during the low-stage period at the Tamshiyacu station detected in 1986

DDF

Figure 2. (a) 1980–2009 temporal evolution of the annual dry-day frequency (DDF) in the Peruvian-Ecuadorian Amazon basin upstream of the Tamshiyacu station. The vertical red line
indicates a significant break in 1986 according to Pettitt test at p< 0.05. (b) Scatterplot between the annual dry-day frequency (DDF) and mean rainfall (mm/d) during the April–August
season (1980–2009). The coefficient of correlation, and p-value are indicated. (c) Spatial distribution of Kendall coefficient values (p< 0.05 are indicated with a dark dots) resulting from
trend test on gridded DDF values. The main cities and rivers mentioned in the text are indicated.
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by Espinoza et al. [2009b]. According to this study, runoff during the low-water period at the Tamshiyacu
station decreases by 18% after 1986. Espinoza et al. [2011] also reported a significant decrease in rainfall in
the Tamshiyacu basin for the 1970–2010 period; this was particularly intense during the dry season.
Although annual DDF is highly dependent on the April–August season (supporting information Figure S1b)
and some years with high DDF are extremely dry, such as 2005 (Figure 2b), basin-averaged rainfall during
the dry season (April–August) appears poorly correlated with DDF in the Tamshiyacu basin (r 5 20.36,
p< 0.1; Figure 2b). This is probably related to the spatial distribution of rainfall over the basin. Indeed, rain-
fall during April–August is higher over the northern part of the basin and lower over the southern region.
Figure 2c shows a spatial overview of the DDF trend over the Tamshiyacu basin. There is a significant
increase in DDF (p< 0.05) in the central and southern Tamshiyacu basin (Ucayali River). Runoff of the Ucaya-
li River at the Requena station has also decreased since the 1990s [Espinoza et al., 2009b].

These results suggest that the frequency of wet and dry days in the western Amazon has changed signifi-
cantly during 1980–2009. WDF increased after 1995, particularly over the northern Tamshiyacu basin
(Mara~n�on basin), while DDF increased significantly over the central and southern part of the basin (Ucayali
basin), particularly after 1986. This pattern of change is consistent with the intensification of the hydrologi-
cal cycle detected in the Amazon basin in recent decades [e.g., Callède et al., 2004; Espinoza et al., 2011,
2013; Gloor et al., 2013; Marengo and Espinoza, 2015].

4. Oceanic and Atmospheric Features Associated With Changes in Rainfall
Intensity

In this section, we explore the relationships between the evolution of WDF and DDF and oceanic and atmo-
spheric variables during the wet period (November–March) and dry period (April–August). Interannual WDF
variability appears positively correlated with a northerly water vapor flux and negatively correlated with
OLR over the northern part of the Tamshiyacu basin (north of 108S; Figure 3a). This suggests that the
increase in WDF can be related to a northerly flow from the Caribbean Sea and Equatorial Pacific Ocean
that provide humidity to the northwestern Amazon. These mechanisms produce enhanced convective
activity over the northern part of the Tamshiyacu basin (Mara~n�on basin; Figure 3a), the region where a sig-
nificant increase in WDF has been observed (Figure 1c).

DDF is significantly correlated with a southerly water vapor flux in the North Tropical Atlantic Ocean and
over the extreme north of South America during the dry period (April–August; Figure 3b). This circulation
produces a weaker water vapor flux toward the southwestern Amazon, where convective activity is
reduced, as shown by the positive correlation between DDF and OLR (red color in Figure 3b). In contrast,
water vapor remains over the Caribbean Sea, producing convective activity there (from 108N to 208N; blue

Figure 3. (a) 1980–2009 correlation between WDF in the Tamshiyacu basin versus November–March Outgoing Longwave Radiation (OLR;
colors, only r-values significant at p< 0.1 are plotted) and vertically integrated water vapor flux (vectors, r-values significant at p< 0.1 are
represented as bold vectors). (b) Similar to Figure 3a but considering DDF and atmospheric variables for the April–August season.
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color in Figure 3b). The positive correla-
tion between DDF and OLR is predomi-
nant over the southern Tamshiyacu
basin, where a positive trend in DDF is
observed (Figure 2c).

Regionally averaged OLR values over
the northern Tamshiyacu basin (08S–
108S and 808W–708W region) during
November–March appear significantly
correlated with WDF (r 5 20.68; p<
0.01; Figure 4a). This means that years
when there is intense convective activ-
ity in the northern Tamshiyacu basin
during the November–March season
are also years with high WDF. Region-
ally averaged OLR in the northern
Tamshiyacu basin also shows a signifi-
cant decrease after 1995 (p< 0.05; not
shown), which is consistent with the
increase in WDF and mean rainfall dur-
ing the wet season over this region
after 1995 (Figures 1a and 1b). Similar-
ly, regionally averaged OLR over the
southern Tamshiyacu basin (58S–12.58S
and 77.58W–708W region) during the
April–August season appears signifi-
cantly correlated with DDF (r 5 0.47;
p< 0.01; Figure 4b), which suggests
that years with weak convective activi-
ty are associated with high DDF. While
the correlations with regional OLR are
significant (p< 0.01) for both the WDF
and DDF time series, it is remarkable
that the correlation between WDF and
OLR is higher during the wet period
(November–March).

The evolution of WDF and DDF is also
related to sea surface temperature (SST; Figure 5). November–March SST shows a significant correlation
with WDF in the extreme western part of the Tropical Pacific Ocean, where a positive correlation is
observed, and in the central Equatorial/North Tropical Pacific Ocean (around 1508W), where a negative cor-
relation is observed (Figure 5a). This result is consistent with the increase in daily rainfall in the northwest-
ern Amazon during La Ni~na years, as compared to El Ni~no years [Ropelewski and Bell, 2008], and with
extreme floods in the western Amazon, which are frequently related to La Ni~na events [Espinoza et al.,
2012a, 2013; Lavado et al., 2013; Marengo and Espinoza, 2015]. The authors have documented an intensifica-
tion of water vapor flux from the North Tropical Atlantic over the northern Amazon basin and an increase in
rainfall amounts over this region during La Ni~na years.

DDF variability is positively correlated with SST during the dry season (April–August) over the North Tropical
Atlantic Ocean, the Caribbean Sea and the Indian Ocean (Figure 5b). Positive correlation between DDF and
North Tropical Atlantic and Caribbean Sea SST is consistent with previous studies that documented negative
rainfall anomalies over the southwestern Amazon, such as the extreme droughts of 2005 and 2010, during
warm episodes in the North Tropical Atlantic [Marengo et al., 2008, 2011; Yoon and Zeng, 2010; Espinoza
et al., 2011; Marengo and Espinoza, 2015]. When the North Tropical Atlantic is warmer than usual, water
vapor flux from the Atlantic Ocean and Caribbean Sea toward the Amazon basin is reduced.

Figure 4. (a) Scatterplot of mean November–March OLR in the northern Tam-
shiyacu basin (08S–108S and 808W–708W) versus WDF over the Tamshiyacu basin
for the 1980–2009 period. (b) Scatterplot of mean April–August OLR in the south-
ern Tamshiyacu basin (58S–12.58S and 87.58W–708W) versus DDF over the Tam-
shiyacu basin for the 1980–2009 period. Regression lines, coefficient of
correlations, and p-values are indicated.
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The particular influence of the Pacific and Atlantic oceans on WDF and DDF, respectively, is consistent with
teleconnection patterns previously identified between these oceans and rainfall in the Amazon. During the
December–April season, the Equatorial Pacific Ocean plays a major role in modulating rainfall over the west-
ern Amazon [Yoon and Zeng, 2010; Ropelewski and Bell, 2008]. During this season, the Atlantic Ocean does
not show a significant influence on rainfall in the Amazon. During the July–October season, however, SST
over the North Tropical Atlantic region is highly correlated with rainfall in the Amazon, while correlation
with the Pacific Ocean disappears [Espinoza et al., 2009b; Yoon and Zeng, 2010]. Because WDF and DDF
mainly occur during the austral summer and austral winter, respectively (supporting information Figure S1),
WDF is assumed to be modulated mainly by Equatorial Pacific SST while DDF is modulated mainly by North
Tropical Atlantic SST.

Our results show a statistical association between global SST and WDF/DDF in the Tamshiyacu basin, which
suggests a remote influence of SST by atmospheric teleconnections. To explore these atmospheric mecha-
nisms, we analyze the correlation between large-scale atmospheric circulation and WDF/DDF variability (Fig-
ure 6). Figure 6a shows the correlation between WDF and the November–March atmospheric circulation in
a cross section (longitude versus pressure level) over the Equatorial Pacific (108N–108S). High values of WDF
are associated with enhanced wind ascendance and higher-than-usual specific humidity in the western
Equatorial Pacific, subsidence and weak specific humidity in the central Equatorial Pacific, and enhanced
ascendance and higher specific humidity over Equatorial South America (particularly east of the Andes, in a
region corresponding to the northern Tamshiyacu basin; Figure 6a). In the Pacific Ocean, the region charac-
terized by wind ascendance/subsidence in Figure 6a (positively/negatively correlated with WDF) is also
characterized by warm/cool SST (positively/negatively correlated with WDF in Figure 5a). Figures 5a and 6a
therefore suggest that the interannual variability of WDF in the western Amazon is modulated by modifica-
tions in the Pacific Walker cell, which enhance convective activity over the northern Tamshiyacu basin.

Figure 5. (a) Correlation between November–March SST versus WDF in the Tamshiyacu basin (1980–2009). (b) Correlation between April
and August SST versus DDF in the Tamshiyacu basin (1980–2009). Only values with p< 0.05 are plotted (contours indicate significance at
p< 0.01).
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Figure 6b shows a correlation between DDF and April–August wind circulation in a cross section (latitude
versus pressure) averaged over the 708W–808W region. During years of high DDF in the Tamshiyacu basin,
southerly wind anomalies near the surface predominate over the western Amazon and northern South
America, while enhanced wind ascendance is observed over the Caribbean Sea (Figure 6b). Specific humidi-
ty in the northern part of the section (north of 58S) is also positively correlated with DDF. The signal of spe-
cific humidity reaches 500 hPa, at about 158N–208N, indicating enhanced convective activity over this
region. This is consistent with the negative correlation between DDF and OLR in the Caribbean Sea shown
in Figure 3b. At higher pressure levels (200–300 hPa), we see northerly winds during years of high DDF,
while subsidence predominates in the 108S–208S region, in the southern Amazon (Figure 6b). This shows
that the interannual DDF variability is modulated by anomalies in the Atlantic Hadley cell. These results are
consistent with previous studies, which have documented a decrease in total rainfall in the southern

Figure 6. (a) 1980–2009 correlation in a cross section (longitude versus pressure level) between WDF in the Tamshiyacu basin versus
November–March specific humidity (colors) and total winds (vectors). Total winds and specific humidity are averaged for the 108N and
108S region. The correlation between November–March SST versus WDF is shown at the bottom (as Figure 5a, but considering 108N–108S
region). (b) 1980–2009 correlation in a cross section (latitude versus pressure level) between DDF in the Tamshiyacu basin versus April–
August specific humidity (colors) and total winds (vectors). Total winds and specific humidity are averaged for the 808W and 708W region.
The correlation between April–August SST versus DDF is shown at the bottom (as Figure 5b, but considering 108N–108S region). In Figures
6a and 6b, only colors with r-values significant at p< 0.05 are plotted and bold vectors correspond to r-values significant at p< 0.05.
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Amazon during warm episodes in the North Tropical Atlantic because of changes in the Atlantic Hadley cell,
including increased wind ascendance and rainfall over the Tropical Atlantic Ocean and increased subsi-
dence and dry conditions over the southern Amazon [e.g., Yoon and Zeng, 2010]. Our results complement
previous findings by showing that DDF in the western Amazon is also modulated by changes in oceanic
and atmospheric conditions related to the Atlantic Hadley cell.

5. Ocean-Atmospheric Characteristics Related to the Change of WDF in 1995

As Figures 1a and 2a show, statistical breaks occur in the WDF and DDF time series in 1995 and 1986,
respectively. WDF and DDF show higher values after the breaks. The break in 1986 has also been reported
for runoff at the Tamshiyacu station during the low-water period [Espinoza et al., 2009b] and some studies
suggest this is due to the warming of North Tropical Atlantic SST after this date [Espinoza et al., 2009b, 2011;
Yoon and Zeng, 2010; Marengo et al., 2011; Lavado et al., 2013] as part of decadal variability in Atlantic SST
[Fernandes et al., 2015]. The increase of WDF in the western Amazon, however, has not been documented in
the scientific literature. In this section, we explore oceanic and atmospheric conditions related to the
change of WDF in 1995.

In contrast to the 1980–1994 period, the wet seasons of 1995–2009 are characterized by warm SST in the
western Tropical Pacific, Indo-Pacific and North Atlantic oceans, and cooler SST in the central Tropical Pacific
Ocean (Figure 7a). The spatial structure of change in Pacific Ocean SST seems similar to the correlation
between WDF and SST, with warm conditions in regions where positive correlations are observed in Figure
5a. Analyzing large-scale wind circulation and specific humidity in the cross section of the Tropical Pacific
Ocean, we observe enhanced subsidence and less specific humidity over the central Tropical Pacific Ocean
(Figure 7b). In contrast, increased wind ascendance and specific humidity are observed in the western Trop-
ical Pacific Ocean and east of the Andes (Tamshiyacu basin) after 1995. In addition, the difference in poten-
tial temperature between 700 and 400 hPa over the northern Tamshiyacu basin (82.58W–708 W and 08S–
78S) for the November–March season is lower during 1995–2009 (222.78K) than in 1980–1994 (223.48K).
The change in the difference in potential temperature is significant at p< 0.001 according to a t test. This
result indicates an increase in atmospheric instability over the northern Tamshiyacu basin after 1995. Spe-
cific humidity is also noticeably higher after 1995 over the Equatorial Atlantic (blue color over 08W–608W in
Figure 7b), which is probably related to warmer conditions over this oceanic region in recent decades com-
pared to 1980–1994 (Figure 7a). These anomalies in winds, specific humidity and atmospheric stability after
1995 suggest that the increase in WDF over the northern Tamshiyacu basin after this date is probably relat-
ed to a modification of the Walker cell, which enhances ascendance and convection over the northwestern
Amazon (Figure 7b).

6. Impacts of DDF on Vegetation Conditions

In this section, we analyze the impact of the increase in DDF over the Tamshiyacu basin on the greenness
of vegetation as characterized by NDVI, which is an indicator of photosynthetic capacity. We compute a sim-
ple linear regression between the mean August–October NDVI over the Tamshiyacu basin and annual DDF
(shown in Figure 2a), using the 2001–2009 common period (Figure 8a). Although this regression is comput-
ed for 9 years only, NDVI and DDF over the basin appear significantly correlated (r 5 20.95; p< 0.0001) at
an interannual time scale. This correlation is even higher than the correlation between NDVI and rainfall
amount during the April–August dry season (Figure 8b; r 5 0.82; p< 0.01). During years characterized by
high DDF, NDVI decreases significantly, while high NDVI values correspond to years with low DDF and high
rainfall during the dry season (Figures 8a and 8b). For example, high NDVI values are seen during years
when floods were reported in the western Amazon (2009 and 2002), while a very low NDVI value was
observed during 2005, an extreme drought year. This is consistent with the spread of fires in this region in
2005 [Fernandes et al., 2011]. It is also noteworthy that NDVI values during the 2010 (red triangle in Figure 8)
and 2005 droughts are very close, 0.69 and 0.70, respectively. The correlation between NDVI and DDF
remains significant at p< 0.01 when 2005 is removed. This is consistent with previous studies that found a
decrease in tree transpiration during extreme droughts [Bonal et al., 2016]. A decrease in evapotranspiration
during droughts, however, results from two opposite effects: (i) high solar radiation and (ii) decreased water
availability in soil. The inverse association between the interannual NDVI and DDF, which is related to
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cloud-free atmospheric conditions, suggests that the vegetation in the western Amazon is mainly water lim-
ited, rather than light limited. This is consistent with the hypothesis that persistent declines in vegetation
greenness occur during extreme droughts [e.g., Xu et al., 2011]. This analysis also indicates that vegetation
conditions might be more related to DDF than to the amount of rainfall over the basin, highlighting a
strong sensitivity of vegetation to the concentration of rainfall.

Previous studies have documented a widespread decline in greenness of vegetation in the Amazon in the recent
past [Atkinson et al., 2011; Hilker et al., 2014]. Because greenness may be related to carbon uptake, this trend is
consistent with a long-term increase in biomass mortality and a decrease in carbon accumulation reported in

Figure 7. (a) 1995–2009 minus 1980–1994 November–March SST. Only differences greater than 23 standard deviation are plotted. (b) 1995–2009 minus 1980–1994 November–March
total winds (vectors) and specific humidity (colors) in a cross section (longitude versus pressure level) averaged for the 108N–108S region. For specific humidity, only differences greater
than 60.2 g/kg are plotted.
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the southern Amazon in recent decades
[Brienen et al., 2015, Nobre et al., 2016].
The significant changes in DDF in the
southern Tamshiyacu basin (Figure 2)
and the strong relationship between
DDF and NDVI indicate that the increas-
ing number of dry days could be one of
the main drivers of the decrease in
greenness and carbon accumulation in
the southern Amazon. It is especially
important to gain a better understand-
ing of the impact of atmospheric condi-
tions and DDF on vegetation, because
DDF is expected to increase in the
future as a consequence of climate
change [Polade et al., 2014; Boisier et al.,
2015].

7. Summary and Final
Remarks

In this study, we analyze the spatiotem-
poral evolution of wet-day and dry-day
frequency (WDF and DDF, respectively)
in the western Amazon basin, using the
observed HOP rainfall data set for
1980–2009. We also investigate climatic
variability related to the evolution in
WDF and DDF and possible impacts of
changes in rainfall intensity on vegeta-
tion in the Peruvian-Ecuadorian Ama-
zon upstream from the Tamshiyacu
station on the Amazon River.

The results suggest that WDF and
DDF changed significantly in the west-

ern Amazon during 1980–2009. WDF increased after 1995, particularly over the northern part of the western
Amazon (Mara~n�on basin), while a significant increase in DDF appears over the central and southern part of
this region (Ucayali basin), particularly after 1986.

The interannual evolution of WDF is positively correlated with northerly water vapor flux anomalies and
negatively correlated with OLR over the northern part of Peruvian-Ecuadorian Amazon. WDF is also correlat-
ed with November–March SST in the extreme western part of the Tropical Pacific Ocean (positive correla-
tion) and in the central Equatorial Pacific Ocean (around 1508W; negative correlation). Analysis of
atmospheric circulation in a cross section of the Tropical Pacific Ocean shows that interannual variability of
WDF in the western Amazon is modulated by modifications in the Walker cell during the November–March
season. This mechanism enhances convective activity over the northern part of the western Amazon. Years
with high WDF are associated with enhanced wind ascendance and higher-than-usual specific humidity in
the western Equatorial Pacific, subsidence and weak specific humidity in the central Equatorial Pacific, and
enhanced ascendance of vertical wind and higher specific humidity over the northern Peruvian-Ecuadorian
Amazon basin. Our results also suggest that oceanic and atmospheric conditions that increase WDF over
the western Amazon intensified after 1995, compared to the 1980–1994 period. A statistical break is
detected in the WDF time series in 1995. Average annual values of WDF change from 22 days/yr before
1995 to 34 days after this date, an increase of 55%. The increase in WDF is particularly significant over the
northern part of the western Amazon (the lower Mara~n�on basin and the left bank of the Amazonas River).

Figure 8. Scatterplot between annual DDF and (a) mean August–October NDVI
and (b) mean April–August rainfall (mm/d) over the Tamshiyacu basin for the
2001–2009 period. Corresponding years, regression line, coefficient of correlation,
and p-value are indicated. NVDI value for 2010 is indicated with a red triangle in
the y axes.
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The evolution of WDF explains 77% of the mean rainfall variability during the wet season (November–
March) over the Peruvian-Ecuadorian Amazon, which suggests that the increased frequency of flooding
after 1995 can be related to the increase of WDF over this region.

The evolution of DDF shows a significant correlation with southerly water vapor flux anomalies in the North
Tropical Atlantic Ocean during the dry period (April–August). DDF variability is positively correlated with
April–August SST over the North Tropical Atlantic Ocean and the Caribbean Sea. This suggests that interan-
nual DDF variability is modulated by anomalies in the Atlantic Hadley cell during the April–August season.
In fact, our results show that in years characterized by high DDF in the Tamshiyacu basin, southerly wind
anomalies predominate over the western Amazon and northern South America, while enhanced wind
ascendance and high specific humidity are observed over the Caribbean Sea. In contrast, a subsidence pre-
dominates over the central and southwestern Amazon, which explains the lack of rainfall and high DDF.

A significant positive trend is observed in DDF over the central and southern part of the western Amazon
(Ucayali River) during 1980–2009. According to Pettitt’s test, the evolution of DDF shows a break in 1986.
Average annual DDF is 16.2 days/yr for 1980–1985 and 23.8 days/yr for 1986–2009. The increase in DDF is
estimated at about 47%. The break in 1986 and the increase in DDF afterward is consistent with the signifi-
cant change in runoff during the low-stage period at the Tamshiyacu station detected in 1986 by Espinoza
et al. [2009b]. The evolution of DDF in the western Amazon is weakly correlated with mean rainfall during
the dry season (April–August). Nonetheless, some extremely dry years (i.e., 2005) are characterized by very
high DDF.

To identify possible impacts of the increase in DDF on vegetation, we compute a basin-averaged NDVI for
the August–October season in the Peruvian-Ecuadorian Amazon basin as an indicator of vegetation condi-
tions. During the 2001–2009 common period, NDVI and DDF appear significantly correlated at an interannu-
al time scale (r 5 20.95; p< 0.0001). Years characterized by high/low DDF show a significant decrease/
increase in NDVI. The lowest NDVI values are observed during the extreme droughts in 2005 and 2010. The
inverse association between NDVI and DDF suggests that vegetation in the western Amazon is mainly water
limited, rather than light limited, and indicates that it is highly sensitive to the concentration of rainfall. The
increasing DDF could therefore be one of the main drivers of the decreasing greenness of vegetation and
the reduction in carbon accumulation that have been observed in the Amazon basin in recent years. These
results highlight the importance of monitoring daily rainfall intensity to better evaluate the impacts of cli-
mate variability and change on Amazonian vegetation.
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Supplementary Figure S1. Percentage of contribution)of)each)month)(from)11January)
to)121December))on:)a))the)annual)wet1day)frequency)(WDF))and)b))the)annual)dry1day)
frequency)(DDF),)considering)(top))the)whole)Tamshiyacu)basin,)(middle))the)northern)
part)of)the)basin)(north)of)7.5˚S))and)(bottom))the)southern)part)of)the)basin)(south)of)
7.5˚S). 
 


