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Abstract Tropical forests exchange large amounts of water
and energy with the atmosphere and are important in controlling regional and global climate; however, climate and
evaportranspiration (E) vary significantly across multiple time
scales. To better understand temporal patterns in E and climate, we measured the energy balance and meteorology of a
semi-deciduous forest in the rainforest-savanna ecotone of
northern Mato Grosso, Brazil, over a 7-year period and analyzed regional climate patterns over a 16-year period. Spectral
analysis revealed that E and local climate exhibited consistent
cycles over annual, seasonal, and weekly time scales. Annual
and seasonal cycles were also apparent in the regional monthly rainfall and humidity time series, and a cycle on the order of
3–5.5 years was also apparent in the regional air temperature
time series, which is coincident with the average return interval of El Niño. Annual rates of E were significantly affected
by the 2002 El Niño. Prior to this event, annual E was on
average 1,011 mm/year and accounted for 52 % of the annual
rainfall, while after, annual E was 931 mm/year and accounted
for 42 % of the annual rainfall. Our data also suggest that E
declined significantly over the 7-year study period while air
temperature significantly increased, which was coincident
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with a long-term, regional warming and drying trend. These
results suggest that drought and warming induced by El Niño
and/or climate change cause declines in E for semi-deciduous
forests of the southeast Amazon Basin.
Keywords Climate change . Brazil . Deforestation .
Ecotone . Energy balance . Mato Grosso . Transitional tropical
forest

Introduction
Amazonian tropical forests exchange large amounts of water
and energy with the atmosphere and are important in controlling regional and global climate (Meir and Grace 2005).
However, spatial and temporal variation in rainfall and dry
season duration can profoundly affect energy exchange dynamics by affecting the partitioning of net radiation into
sensible and latent heat exchange (Vourlitis et al. 2002,
2005, 2008; Malhi et al. 2002; da Rocha et al. 2009;
Lathuilliere et al. 2012; Rodrigues et al. 2013, 2014). Forests
of the northern and central Amazon Basin often exhibit little
seasonal variation in evapotranspiration (E) because of small
variation in rainfall and/or seasonal trade-offs between available energy and evaporative demand, while savanna and semideciduous forest of the rainforest-savanna ecotone often experience larger seasonal variation in E because of higher
variability in rainfall and a more pronounced dry season (da
Rocha et al. 2009; Vourlitis and da Rocha 2011; Rodrigues
et al. 2014).
While seasonal variation in E has been relatively well
described, interanual variations are less well known. High
rainfall years also have high cloud cover (Vourlitis et al.
2011); thus, cooler-wetter years may exhibit similar rates of
E compared to warmer-drier years. However, warming and
drying that occur with El Niño (Potter et al. 2004; Malhi and

Author's personal copy
218

Wright 2005) can cause an increase in tree mortality (Phillips
et al. 2005) that can alter C and H2O cycling dynamics for
months–years after the event (Saleska et al. 2003; Meir and
Grace 2005; Qian et al. 2008; Phillips et al. 2010).
Superimposed on the natural climatic variation is the climate
change resulting from greenhouse gas emissions and/or land
cover change, which is expected to cause a 3–5 °C increase in
temperature for the Amazon Basin by the end of the twentyfirst century (Cramer et al. 2005; Costa and Pires 2010).
Warming and drying may be especially pronounced in areas
that experience widespread deforestation because of changes
in albedo, declines in surface roughness, increases in convection and runoff, and declines in soil water storage (Hodnett
et al. 1995; Baidya Roy and Avissar 2002; Costa et al. 2003;
Hasler and Avissar 2007; Costa and Pires 2010).
Given the potential importance of climate variation on
tropical forest E, the goal of this research was to quantify
seasonal and interannual variations in E and climate for a
tropical semi-deciduous forest located in the rainforestsavanna ecotone of northern Mato Grosso, Brazil. This area
is likely to be especially sensitive to climate variation given its
transitional nature (Arris and Eagleson 1994). Here, we report
temporal variations in weekly averaged E and local climate
observed over a 7-year period and use well-known, but seldom used, spectral analyses to quantify potentially important
patterns and cycles in these time series. The study period
encompassed a relatively intense El Niño event in 2002
(Chen et al. 2010) and a significant drought event in 2005
(Marengo et al. 2008), allowing the characterization of E
before and after these climate perturbations. In addition to
the 7-year time series for E and local climate, monthly climate
data was compiled for the period between 1989 and 2005 for
several locales within, or adjacent to, the forest-savanna transition of northern Mato Grosso to assess longer-term, regional
cycles and trends in climate. Given that over 35 % of the semideciduous forest of the forest-savanna ecotone of northern
Mato Grosso has been converted to pasture or agriculture over
the last 30 years (Soares-Filho et al. 2006), these climate data
provide an opportunity to analyze if changes in climate for this
climatically sensitive ecotone have changed in a manner that
is consistent with what is expected from land cover change.

Material and methods
Site description
Tower-based eddy covariance was used to measure instantaneous (30 min average) rates of evapotranspiration (E) between January 2000 and 2007. Measurements were made in a
25–28-m-tall intact, mature terra firme tropical semideciduous forest located 50 km NE of Sinop Mato Grosso,
Brazil (11° 24.75′ S: 55° 19.50′ W), 423 m above sea level
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(Fig. 1). Mean annual temperature is 24 °C with little seasonal
variation, and rainfall is on average 2,000 mm/year with a 4–
5-month dry season in May–September (Vourlitis et al. 2005).
Tree species at our study site are typical of semi-deciduous
Amazonian forest (Ackerly et al. 1989; Lorenzi 2000, 2002)
and include Protium sagotianum Marchland, Dialium
guianense (Aubl.) Sandwith, Hevea brasiliensis Müll. Arg.,
Brosimum lactescens (S. Moore) C.C. Berg, Cordia alliodora
(Ruiz & Pav.) Oken, Tovomita schomburgkii Planch & Triana,
and Qualea paraensis Ducke. There are approximately 80
species and 35 families of trees with a diameter ≥10 cm;
however, nearly 50 % of all individuals are in the Burseraceae
(P. sagotianum), Clusiaceae (T. schomburgkii), and Moraceae
(B. lactescens) families. Leaf area index (LAI) reaches a
maximum of 5.0 m2/m2 during the wet season and a minimum
of 2.5 m2/m2 during the dry season (Sanches et al. 2008a). The
soil is a quartzarenic neosol composed of ≈90 % sand, which
has high porosity and drains within 4–7 days of rainfall events
(Vourlitis et al. 2008).
Field measurements
Two different eddy covariance systems were used to measure
E over the January 2000–2007 study period. Both systems
were mounted in the direction of the mean wind at a height of
42 m above ground level, or 12–14 m above the forest canopy.
The first system (January 2000–March 2005) consisted of a
three-dimensional sonic anemometer-thermometer (SWS211/3K, Applied Technologies Inc., Boulder, CO, USA) and
an open-path infrared gas analyzer (NOAA-ATDD, Oak
Ridge, TN, USA) to measure the mean and fluctuating quantities of wind speed and temperature and H2O vapor, respectively (Vourlitis et al. 2001, 2002, 2004, 2005; Priante et al.
2004). Raw H2O vapor fluctuations were outputted as mean
voltages and converted to densities by multiplying by the
requisite calibration constant (Leuning and Moncrieff 1990),
and latent (Qe) and sensible heat (Qh) fluxes were computed
following a coordinate rotation of the wind vectors (McMillen
1988). Fast response (10 Hz) fluxes were calculated and
stored on a laptop computer as 30-min averages using a 200s running mean and digital recursive filtering technique. Although longer time constants have been suggested to minimize errors in the estimation of low-frequency turbulent
fluxes (Rannik and Vesala 1999), analysis of raw data using
200- and 800-s time constants suggests that the potential for
underestimating of low-frequency turbulent flux was small
(Ferreira 2004).
The second eddy covariance system (March 2005–January
2007) utilized a three-dimensional sonic anemometerthermometer (CSAT-3, Campbell Scientific, Inc., Logan, UT,
USA) and an open-path infrared gas analyzer (LI-7500, LICOR, Inc. Lincoln, NE, USA) to measure the mean and
fluctuating quantities of wind speed and temperature and
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H2O vapor, respectively (Vourlitis et al. 2008, 2011). Raw
(10 Hz) data and 30-min average fluxes of Qe and Qh were
stored and processed using a solid-state data logger (CR5000,
Campbell Scientific, Inc., Logan, UT, USA). Average fluxes
of Qe and Qh were calculated as the covariance between the
fluctuations in vertical wind speed and H2O vapor density and
temperature, respectively, over a 30-min interval following a
coordinate rotation of the wind vectors.
Sensors for both systems sampled and output data at 10 Hz.
The H2O vapor channel of the gas analyzers used for both
systems was calibrated approximately monthly using a portable dew-point generator (LI-610, LI-COR, Inc. Lincoln, NE,
USA). Water vapor flux for both measurement systems was
corrected for the simultaneous fluctuations in heat (Webb et al.
1980). Unfortunately, both systems were not operational at the
same time, so cross-comparison of the eddy covariance systems was not possible.
Net radiation was measured above the canopy (40 m
above ground level) using a net radiometer (Q*7,
REBS, Inc., Bellevue, WA, USA or NR-LITE, Kipp
and Zonen, Bohemia, NY, USA). Soil heat flux was
measured using heat flux transducers (n=2) buried approximately 2 cm into the surface litter layer (HFT-3.1,
REBS, Inc., Bellevue, WA, USA). Air temperature and
atmospheric water vapor density were measured at the
top of the tower (42 m above ground level) using a
thermohygrometer (HMP-35, Vaisala, Inc., Helsinki,
Finland). Precipitation was measured at the top of the
tower using a tipping-bucket rainfall gauge (TE-525;
Texas Electronics, Inc., Dallas, TX, USA), and data gaps
were filled with data obtained from a manual rain gauge that
was read daily by personnel from the Fazenda Maracai
located 5 km E of the study site. These data were highly
correlated to data collected on-site (Vourlitis et al. 2008).
Micrometeorological data were averaged every 30 min
from observations made every 60 s and stored on a
datalogger (CR5000, Campbell Scientific, Inc., Logan,
UT, USA).
Gap-filling of E
Power system and/or sensor failure limited the amount of data
collected from the eddy covariance system, and over the 7year study period, the eddy covariance system was operational
only 53 % of the time. However, the meteorological system
used a separate power system and was operational more
frequently than the eddy covariance system, and over the 7year study period, the meteorological system was operational
for 77 % of the time. Therefore, data collected from the more
consistent meteorological measurements, along with the direct
measurements of E from the eddy covariance system, were
used to estimate E for the measurement period. Instantaneous
(30-min average) rates of latent heat flux (Qe) were calculated
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from micrometeorological data using the Priestley and Taylor
(1972) equation,
.


ð1Þ
Qe ¼ α s s þ γ Q* −Qg ;
where α=the Priestley–Taylor coefficient, s=slope of the
saturation vapor pressure vs. temperature curve at a given
temperature, γ=psychrometric constant, and Q* and Qg are
the net radiation and ground heat flux, respectively, measured
from the meteorological sensors. The advantage of Eq. 1 is
that Qe is calculated using variables that are known to be
important for driving spatial and temporal variations in Qe
(i.e., available energy and air and surface humidity), and few
data are required to estimate the Qe. However, the theoretical
basis of α is unclear, and α can vary substantially depending
on canopy roughness and surface water content (Xu and Singh
2000). Given a known Qe, such as that measured from eddy
covariance, estimates of α calibrated to local conditions of
canopy roughness and surface moisture can be estimated for a
given time period by rearranging Eq. 1 (Viswanadham et al.
1991; Vourlitis et al. 2002),
. .


α ¼ Qe
s s þ γ Q* −Qg
ð2Þ
Using linear regression with the origin forced through zero,
calibrated values of α were estimated for each month using
Eq. 2 when eddy covariance measurements of Qe were available, with the 30-min average Qe measured from eddy covariance as the dependent variable and the 30-min average (s/s+
γ)(Q*−Qg) measured from the micrometeorological sensors
as the independent variable (see for example, Fig. 2).
When no eddy covariance data were available, values of
α were interpolated for months before and after eddy
covariance data were available, while longer gaps were
filled using the mean variation approach (Falge et al.
2001) where values of α were estimated as the mean
value for a given month.
Using calibrated values of α, daily estimates of E were
calculated using Eq. 1, where E=Qe/λ, and λ is the
latent heat of vaporization. Daily estimates of E were
averaged over weekly intervals, providing estimates of
E for 77 % of all possible weeks. Missing values of E,
which occurred when there were gaps in meteorological
data, were estimated using auto-regressive, integrated
moving average (ARIMA) models, which were fit to the E
time series using an iterative Box–Jenkins approach (Edwards
and Coull 1987).
Error analysis and estimation
Errors associated with the calibrated estimates of E (Eq. 1)
were calculated assuming both random and systematic sources
of error (Moncrieff et al. 1996). Random errors in E were
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estimated as a function of the ±95 % confidence interval
(±95 % CI) of α calculated by linear regression (Eq. 2).
Systematic errors in E were estimated by assuming that all
of the error associated with energy balance closure was due to
a systematic error in the under-measurement of E from eddy
covariance. This assumption is reasonable given that E is
measured by two different sensors (i.e., sonic anemometer
and an open-path gas analyzer) that have differences in sensitivity and stability, are spatially separated, and may not be
perfectly synchronized (Burba 2013); however, we recognize
that errors associated with energy balance closure may stem
from a variety of sources including errors in the measurement
of available energy and sensible heat flux (Wilson et al. 2002).
Our eddy covariance systems have typically exhibited an
energy balance closure of 78–92 % (Vourlitis et al. 2001,
2002, 2004, 2005, 2008, 2011; Priante et al. 2004). Using
estimates of energy balance closure for each month, a
new value of monthly α was recalculated (Eq. 2) after
increasing the value of E to achieve perfect energy
balance closure. The new value of α was then used to
recalculate a daily value of E (Eq. 1) to reflect a
systematic under-measurement of E. The difference between
the estimates of E assuming full and normal energy balance
closure was taken as the systematic error in E. The total error
associated with the weekly estimate of E was then calculated
as the sum of the random and systematic errors. On average,
systematic errors accounted for 51 % of the total estimated
error in E.
Fig. 1 Map of the study region
with the state of Mato Grosso
(center) and the Sinop, Mato
Grosso study site (black circle).
Also shown are the location and
elevation of sites used to
reconstruct the long-term
(16 years) climate (gray circles)
for the rainforest-savanna
transition zone near the Sinop
study site
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Long-term trends in regional climate
Climate data collected over a 16-year period from 1989 to
2005 consisting of total monthly rainfall and average monthly
humidity and air temperature were obtained from the National
Climatic Data Center (www.NCDC.gov) for 7 sites located
within or adjacent to the 9–14° S transition zone of the
southern Amazon Basin (Fig. 1; Table 1). Unfortunately,
longer time series were not available for these sites because
of an increase in the frequency of data gaps before and after
this 16-year period. Data gaps were filled by calculating the
composite average of a given variable across all sites and
regressing the time series of a given site against the composite
average. An inverse-distance weighting function (Isaaks and
Srivastava 1989) was used to estimate the monthly climatology for the Sinop study site from 1989 to 2005.
Statistical analysis
Power spectral analysis was used to quantify the time scales of
variance and elucidate the potential for cycles in the E and
climate data (Platt and Denman 1975; Baldocchi et al. 2001).
Following Baldocchi et al. (2001), Fourier transformation
techniques were used to decompose the time series into a
series of frequencies, and peaks in spectral density are observed as a function of frequency or period. Time series were
differenced prior to Fourier transformation by subtracting
each observation by the mean of the time series. The power
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Table 1 Characteristics of the sites used to reconstruct the long-term (1989–2005) regional changes in climate for the forest-transition zone of the SE
Amazon Basin
WMO ID

Station name

Latitude (deg S)

Longitude (deg W)

Elevation (m)

Distance to Sinop (km)

Direction (deg) Weighting

82861
83361
83064
82825

Conceição do Araguaia
Cuiabá
Porto Nacional
Porto Velho

8° 15′
15° 33′
10° 43′
8° 46′

49° 17′
56° 07′
48° 25′
63° 55′

160
170
253
85

690
472
690
1,054

61
198
82
295

0.10
0.14
0.10
0.06

83235
83264
83208

Taguatinga
Vera
Vilhena

12° 16′
12° 12′
12° 44′

46° 26′
56° 30′
60° 08′

660
450
652

910
162
563

96
213
258

0.07
0.41
0.12

Data include the World Meteorological Office identification, station name, latitude and longitude, elevation, distance and direction from the Sinop, Mato
Grosso field site, and the weighting used to generate the average climate trend for Sinop, Mato Grosso. The weighting scheme was calculated as an
inverse-distance weighting that calculated the ratio of the inverse distance of a given site divided by the sum of the inverse distances of all sites

spectral densities were normalized by their respective variances, so when plotted on a log–log scale, the area under the
curve equaled unity (Baldocchi et al. 2001).
Temporal trends in E and local and regional climate variables (air temperature, vapor pressure, rainfall, and dry season
duration) were assessed using ordinary linear regression
(Fig. 2). A temporal trend was determined to be significantly
different from zero if the mean (±95 % CI) slope did not
encompass zero.

Results
Seasonal trends in α, E, and microclimate
There was a clear seasonal pattern in the Priestley–Taylor
coefficient (α) where α was highest in May at the end of the
wet season and lowest in September at the end of the dry

800

April 2005

600

Qe (W/m2)

Fig. 2 An example of the linear
regression method used to
calculate the calibrated Priestley–
Taylor coefficient α from eddy
covariance measurements of
latent heat flux (Qe) and
micrometeorological data
consisting of temperature, net
radiation (Q*), and ground heat
flux (Qg) for April 2005. The
slope of the regression
corresponds to α with the
regression forced through the
origin (see Eq. 2). Also shown is
the coefficient of determination
(r2) and the number of
instantaneous (30-min average)
values (n) used to estimate α

season (Fig. 3). Values ranged from a maximum of 1.32 in
May 2002, which exceeds the value of 1.26 for saturated
surfaces (Priestley and Taylor 1972), to a minimum of 0.41
in September 2002 (Fig. 3; Supplementary data Table S1).
Overall, α was on average (±95 % CI) 0.75±0.05, and the
coefficient of determination of the linear regression (r2)
between the eddy covariance measurements of latent
heat flux (Qe) and the meteorological variables (Eq. 2) was
0.84 (range=0.62–0.92; Table S1).
Average weekly rates of E generally increased during the
wet season in January and February and reached a peak in
March–April; however, week-to-week and interannual variability was high (Fig. 4a). After the March–April peak, E
declined during the dry season into September and increased
only slightly into December even though there was adequate
rainfall (Fig. 4a, c). The seasonal pattern of E was similar to
the seasonal pattern in Q* (Fig. 4b) with the exception that Q*
exhibited substantially less variability than E during the May–

400

200

0

a = 0.72; r2 = 0.82; n = 921
-200
-200

0
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600

[(s/s+γ)(Q*-Qg)] (W/m )
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1.4

Fig. 3 Average monthly values
of the calibrated Priestley–Taylor
coefficient α calculated from
eddy covariance measurements of
latent heat flux (Qe) and
micrometeorological variables
(Eq. 2). The solid line displays the
interpolated values used when
eddy covariance measurements of
Qe were not available

Calibrated Priestley-Taylor a

1.2
1.0
0.8
0.6
1999
2000
2001
2002
2003
2005
2006

0.4
0.2
0.0

Jan Feb Mar Apr May Jun

September dry season, and Q* increased more than E during
the October–December dry–wet season transition. Weekly
variations in rainfall revealed a distinct wet season between
October and April and a distinct dry season between May and
September (Fig. 4c). During the wet season, week-to-week
and interannual variations in rainfall were large, with some
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Relative humidity (%)

Air temperature (oC)

28

30

Aug Sep Oct Nov Dec

weeks experiencing up to 300 mm of rainfall and others
experiencing no measureable rainfall, but during the dry season, there were extended periods when there was no
measureable rainfall. Rapid increases and declines in rainfall
were apparent during the dry–wet (September–October) and
wet–dry (April–May) season transitions, respectively.

Rainfall (mm/week)

35

Jul

J F M A M J J A S O N D

Fig. 4 a Average weekly evapotranspiration, b net radiation (Q*), c total weekly rainfall, d average weekly air temperature, and (e) relative humidity as a
function of day of the year (upper x-axis) and month (lower x-axis) for the January 2000–2007 study period
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Seasonal variations in air temperature (Fig. 4d) and relative
humidity (Fig. 4e) exhibited relatively less week-to-week and
interannual variations compared with other meteorological
variables, and on average, temperature and humidity were
higher during the wet season and lower during the dry season.

Interannual trends in α, E, and microclimate
Weekly estimates of E for the 7-year study period varied
substantially over time with a mean of 18.5 mm/week
(2.6 mm/day) and a range of 3.4–30.7 mm/week (0.5–
4.4 mm/day) (Fig. 5a; Supplementary data Table S2). Large
temporal variations in E notwithstanding, our data indicate a
small but statistically significant decline in E over time
(Fig. 5a), and when calculated over an annual time scale
(Table 2), E declined by on average (±95 % CI) 17.6±
12.0 mm/year (n=7 years; r2 =0.74; p<0.01) over the study
period. The declining trend in E was not coincident with
declines in local rainfall or net radiation, as temporal trends
in these time series were not significantly different from zero
(Fig. 5; Table 2). However, the decline in E was coincident
with a significant increase in average weekly air temperature,

E (mm/week)

40

with the average (±95 % CI) warming on the order of 0.001±
0.0009 °C/week, or 0.052 °C/year (Fig. 5c).
Power spectral densities for E (Fig. 6a), air temperature
(Fig. 6b), and rainfall (Fig. 6c) exhibited peaks over 52-week
cycles, indicating substantial annual variation in all of these
variables. The temperature and rainfall time series exhibited a
cycle on the order of a half year (20, 26 weeks), which reflects
the periodicity associated with peaks in the wet and dry
seasons (Fig. 4c, d). All three time series exhibited peaks in
spectral density over 10–17-week cycles, which were coincident with seasonal climate peaks and transitions, and more
rapid cycles occurred over 4–5- (Fig. 6a, c) and 2-week time
scales (Fig. 6b), which were coincident with time scales of
frontal activity.
Annual variations in rainfall were large and varied between
1,861 mm in 2002 and 2,645 mm in 2003 (Table 2). These
years corresponded to an El Niño (2002)–La Niña (2003)
cycle, which brought lower (2002) and higher than average
(2003) rainfall to this portion of the Amazon Basin (Chen
et al. 2010), but total annual E was remarkably similar (i.e.,
1,008 and 942 mm, respectively) between these years despite
the nearly 800-mm difference in annual rainfall. However,
prior to El Niño (2000–2002), E was on average 1,011 mm/

a
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0
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b
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Air temperature (oC)
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Fig. 5 a Average weekly evapotranspiration, b total weekly precipitation, and c average weekly air temperature for the January 2000–2007
study period. Also shown is the total error associated with estimating

Jul
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Jan

Jul
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Jan

Jul
2005

Jan

Jul
2006

Jan

evapotranspiration (a), the standard deviation of mean weekly temperature (c), and the mean (±95 % CI) temporal trend calculated by ordinary
linear regression
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Table 2 Total annual precipitation and evapotranspiration (E),
average annual temperature, relative humidity (RH), net radiation
(Rnet), the ratio of evapotranspiration to precipitation (E/P), and dry
season duration from January
2000 to 2007. Also shown are the
grand mean±1sd
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Year

2000
2001
2002
2003
2004
2005
2006
Average
sd

Rainfall
(mm)
1,999
2,006
1,861
2,645
2,155
2,253
2,040
2,137
256

Fig. 6 Normalized power spectra
of average weekly
evapotranspiration (a), air
temperature (b), and total weekly
rainfall (c) for the January 2000–
2007 study period. Numbers
above peaks in spectral density
correspond to the period (weeks/
cycle) associated with each
spectral peak. The power spectral
densities were normalized by their
respective variances so when
plotted on a log–log scale, the
area under the curve equaled unity

Dry season
(weeks)

Temperature
(°C)

RH (%)

Rnet (W/m2)
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year and accounted for 52 % of the annual precipitation, while
after (2003–2007), E was on average 931 mm/year and
accounted for on average 41 % of the annual precipitation
(Table 2). Results of a two-tailed t test (4 degrees of freedom)
indicate that the values of E and E/P before and after the 2002
El Niño event were significantly different (E: t=9.39, p<0.01;
E/P: t=4.09, p<0.05).
Long-term variations in climate for the forest-savanna
transition
Climate records for locales within and/or adjacent to the 9–14°
S forest-savanna transition zone (n=7 sites; Fig. 1) indicate
that the recent local warming trend observed for the study site
(Fig. 5c) was part of a longer, regional warming trend
(Fig. 7a). Average monthly air temperature increased significantly over the 16-year period, with a weighted-average
28
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Fig. 7 a Mean annual
temperature (MAT), b total
annual precipitation, c
atmospheric vapor pressure, and
(d) dry season duration for 1989–
2005 for sites located within or
adjacent to the forest-savanna
transition zone (9–14° S) of the
SE Amazon Basin. Data are for
Conceição do Araguaia (CO),
Cuiabá (CU), Porto Nacional
(PN), Porto Velho (PV),
Taguatinga (TA), Vera (VE), and
Vilhena (VI) and were acquired
from the National Climate Data
Center (www.NCDC.gov). The
solid line represents an average
for the Sinop, Mato Grosso region
that was calculated from an
inverse-distance weighting
function

(±95 % CI) rate of warming for the Sinop region equal to
0.074±0.024 °C/year (Fig. 7a). Total monthly rainfall declined at five of the seven sites; however, temporal trends
were not statistically significant (Fig. 7b). In contrast, atmospheric vapor pressure exhibited a significant decline (−0.008
±0.005 kPa/year; Fig. 7c), while the length of the dry season,
defined as the number of consecutive months with rainfall
<50 mm, increased by 0.07±0.05 months/year (Fig. 7d). An
inspection of the El Niño years of 1992–1993, 1998, and 2002
indicate an overall decline in rainfall and an increase in dry
season length and temperature for these periods (Fig. 7).
Power spectral analysis indicates substantial variation over
a 40–68-month (3.3–5.6 years) time scale for the air temperature time series, which may be indicative of El Niño-driven
climate variations (Fig. 8a); however, no such cycle was
apparent with the rainfall or atmospheric vapor pressure time
series (Fig. 8b, c). Shorter cycles associated with annual
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Fig. 8 Normalized power spectra
of average monthly air
temperature (a), total monthly
rainfall (b), and average monthly
atmospheric vapor pressure (c) for
1989–2005. Numbers above
peaks in spectral density
correspond to the period (months/
cycle) associated with each
spectral peak. The power spectral
densities were normalized by their
respective variances so when
plotted on a log–log scale, the
area under the curve equaled unity
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(12 months), semiannual (6 months), and seasonal (2–
4 months) time scales were also apparent in the regional
temperature and vapor pressure time series, while total monthly rainfall displayed significant variation associated with annual (12 months) and seasonal (2–4 months) time scales only.

Discussion
Temporal patterns in E and local climate
Evapotranspiration (E) exhibited large seasonal variations that
are consistent with those reported for other seasonal tropical
forests or woodlands (von Randow et al. 2004; da Rocha et al.
2009; Vourlitis and da Rocha 2011; Rodrigues et al. 2013).
However, seasonal patterns were not completely coincident

with seasonal variations in net radiation (Fig. 4b), rainfall
(Fig. 4c), temperature (Fig. 4d), or humidity (Fig. 4e), suggesting complex interactions between these, and other, variables. For example, net radiation (Q*) was on average higher
during the wet season but was also highly variable because of
frequent cloud cover (Fig. 4b), which may act to limit rates of
E when water availability is ample (Malhi et al. 2002; Vourlitis
et al. 2005, 2008; da Rocha et al. 2009). During the dry
season, high atmospheric demand for water vapor may favor
high rates of E provided that trees are not limited by drought,
and while tropical forest trees may have access to deep water
(Nepstad et al. 1994; Hodnett et al. 1995; Vourlitis et al. 2008),
declines in E are often observed in seasonally dry forests
because of declines in stomatal conductance (Bucci et al.
2008; Sendall et al. 2009; Dalmagro et al. 2013) and/or LAI
(Vourlitis et al. 2008). In the transitional forest studied here,
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LAI reaches a minimum at the end of the dry season (Sanches
et al. 2008a; Zeilhofer et al. 2011), which is coincident with
the seasonal minimum in E (Fig. 4a), and because wholeforest transpiration is positively correlated with LAI
(Vourlitis et al. 2008), the dry season decline in E is due in
part to leaf shedding in response to seasonal drought. After the
onset of rainfall in September, E may remain low because of
lags between leaf area development and rainfall (Vourlitis
et al. 2004; Meir and Grace 2005; Sanches et al. 2008b).
Spectral analysis revealed cycles in the E and local meteorology time series that occurred over a variety of time scales.
Over annual time scales, the transitional forest exhibited significant interannual variation in rainfall and meteorology that
affect LAI (Sanches et al. 2008a), litter production (Sanches
et al. 2008b; Zeilhofer et al. 2011), net CO2 exchange (Priante
et al. 2004; Vourlitis et al. 2001, 2004, 2005, 2011), and E
(Vourlitis et al. 2008) (Figs. 4a and 5). Air temperature and
rainfall exhibited a semiannual cycle that reflected large seasonal variations in atmospheric circulation (i.e., location of the
intertropical convergence zone) that are typical for this region
(Machado et al. 2004). Over shorter time scales, 10–17-week
cycles reflected more subtle seasonal climate states such as the
seasonal peaks in temperature and rainfall and the transition
periods between the wet and dry seasons (Machado et al.
2004), while cycles in temperature and moisture over shorter
(2 weeks) time scales reflected cycles associated with frontal
movement (Carvalho et al. 2002).
Our data also suggest a significant decline in E for the
rainforest-savanna transition of northern Mato Grosso
(Fig. 5a; Table 2). The magnitude of decline is consistent with
regional-scale estimates of E during the same time period for
the Amazon Basin (Jung et al. 2010) and the state of Mato
Grosso (Lathuilliere et al. 2012) and with model estimates of
tropical forest E in response to deforestation (Pongratz et al.
2006; Garcia-Carreras and Parker 2011; Costa and Pires
2010). The decline in E is also coincident with an increase
in temperature of approximately 0.052 °C/year (Fig. 5c),
which is comparable to the trend reported for SE Amazonia
as a whole (Malhi and Wright 2005).
Even more striking was the change in E in response to the
2002 El Niño event, which caused a significant decline in
terrestrial water storage (Chen et al. 2010). Rates of E, and the
proportion of rainfall recycled to the atmosphere by E, were
on average 90 mm and 11 % lower, respectively, after the
2002 El Niño event (Table 2), indicating significant, longlasting changes in energy partitioning. While the actual mechanism for this decline is unknown, warming and drying during
El Niño can cause changes in forest structure and function that
may last for several years after the event (Saleska et al. 2003;
Qian et al. 2008; Phillips et al. 2010). For example, stem and
reproductive litter production for this forest, which are sensitive indicators of forest productivity and reproductive output
(Mahli et al. 2004), declined significantly during the 2002 El
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Niño and recovered slowly thereafter (Sanches et al. 2008b).
In addition, temporal trends in the MODIS-enhanced vegetation index (EVI) and the normalized difference vegetation
index (NDVI) for this forest, which are sensitive to spatial
and temporal variations in LAI (Zhao and Running 2010),
exhibited a significant decline in response to the 2002 El Niño
event (Zeilhofer et al. 2011). These data suggest that droughtinduced forest structural changes led to a decline in E that
lasted for several years after the event. In contrast, changes in
E in response to the 2005 drought, which was more extreme in
some parts of the Amazon Basin than the 2002 El Niño
(Marengo et al. 2008), were negligible, but this might be due
to the fact that precipitation was close to normal for this region
despite higher temperatures and lower humidity (Table 2;
Fig. 4d, e). However, it is noteworthy that the minimum value
of E recorded during the study period (3.4 mm/week; Fig. 5a;
Table S2) was observed during the wet season immediately
following the 2005 drought event.
Long-term variations in climate for the forest-savanna
transition zone
Our data suggest that the forest-savanna transition zone of northern Mato Grosso has experienced significant warming and drying since 1989 (Fig. 7). While trends in rainfall were equivocal
(Fig. 7b), a decline in atmospheric vapor pressure (Fig. 7c) and
an increase in the duration of the dry season (Fig. 7d) suggest
that regional drying was associated with warming. An increase
in the length of the dry season can potentially lead to an increase
in drought stress, which will cause a decline in leaf photosynthesis and stomatal conductance (Sendall et al. 2009; Dalmagro
et al. 2013), an increase tree mortality (Phillips et al. 2005), and
presumably, a decline in E over time.
These time series also displayed significant variation over a
variety of time scales (Fig. 8). For example, temperature varied
significantly over 3.3–5.5-year cycles that are consistent with the
return interval of El Niño (Potter et al. 2004; Malhi and Wright
2005). El Niño years of 1992–1993, 1998, and 2002 tended to be
warmer than intervening years, which is consistent with trends
observed for the SE Amazon Basin as a whole (Malhi and
Wright 2005). Interestingly, there was no such periodicity with
rainfall or atmospheric vapor pressure; however, there was also
substantial intra and interannual variability in rainfall (Fig. 5c)
and there is also a weaker correlation between El Niño and
rainfall extremes for the Amazon Basin (Kane 1999).
The local warming trend (Fig. 5c) observed for the study
site was consistent with the longer, regional trend (Fig. 7a),
and both trends are consistent with observations and modeling
studies that describe the climate response to land cover
change. The savanna-forest transition region of northern Mato
Grosso has experienced rapid rates of deforestation (Costa and
Pires 2010), with 15 % of the forest and woodland converted
to pasture and/or agriculture over the last 20 years, and as
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much as 35 % over the last 30–40 years (Soares-Filho et al.
2006). Even more forested land area was likely degraded by
land cover change (Laurance 2005). Higher temperatures
associated with deforested surfaces can enhance convection,
which can draw moist air from forested surfaces (Baidya Roy
and Avssar 2002; Garcia-Carreras and Parker 2011). Over
time, this localized warming and drying can reduce E of forest
fragments (Pongratz et al. 2006; Costa and Pires 2010).
Unfortunately, there are no data available to directly link
our observed decline in E with a longer-term, regional
warming and drying associated with deforestation. The results
described here may simply reflect a relatively short-term, local
trend in E and climate that are more closely tied to natural
climate variation (i.e., El Niño cycles) and independent of land
cover change. Furthermore, the regional warming and drying
reported here may be an artifact of the monitoring stations
used in this analysis, possible heat-island effects associated
with the measurement sites, the relatively short duration of the
time series, and/or the limited availability of climate data for
the region. These caveats notwithstanding, and assuming our
results are general for this region, continued warming and
drying are likely to lead to further declines in local, and
presumably, regional E. Deforestation under the current “business as usual” scenario is expected to reduce semi-deciduous
forest area by 80 % in 2050 (Soares-Filho et al. 2006). Thus,
future land cover change may be expected to cause further
declines in E for the rainforest-savanna transition zone of SE
Amazon Basin.

Conclusions
We found that the meteorology and E of a semi-deciduous
forest in the southern Amazon Basin varied over multiple time
scales. Seasonal and annual rates of E were affected by variations in water availability and temperature, and in particular,
rates of E were significantly affected by an El Niño episode
that occurred in 2002. Prior to this event, annual E was on
average 1,011 mm/year and accounted for 52 % of the annual
rainfall, while after the El Niño event, annual E was 931 mm/
year and accounted for 42 % of the annual rainfall. Our data
also suggest that E declined significantly over the 7year study period while air temperature significantly
increased. The increase in local air temperature was
consistent with a long-term (16 year), regional warming
and drying trend, and while we cannot directly link these
climate trends to the increase in deforestation that occurred
in this region over the last several decades, our results are
consistent with what is expected from deforestation. These
results suggest that periodic drought and/or warming induced
by El Niño, climate change, and/or deforestation will cause
declines in E for the rainforest-savanna transition of the southeast Amazon Basin.
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