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Abstract Accurate estimates of seasonal evapotranspiration (ET) at different temporal
and spatial scales are essential for understanding the biological and environmental
determinants of ecosystem water balance in arid regions and the patterns of water
utilization by the vegetation. For this purpose, remote sensing ET estimates of a
Patagonian desert in Southern Argentina were verified with field measurements of soil
evaporation and plant transpiration using an open top chamber. Root distribution and
seasonal variation in soil volumetric water content was also analyzed. There was a high
correlation between remote sensing and field measurements of ecosystem water fluxes.
A substantial amount of the annual ET occurred in spring and early summer (73.4 mm)
using winter rain stored in the soil profile and resulting in water content depletion of the
upper soil layers. A smaller amount of annual ET was derived from few rainfall events
occurring during the mid or late summer (41.4 mm). According to remote sensing, the
92.9 % of the mean annual precipitation returns to the atmosphere by transpiration or
evaporation from the bare soil and by canopy interception. Only 7.1 % infiltrates to soil
layers deeper than 200 cm contributing to the water table recharge. Fourier time series
analysis, cross-correlation methods and multiple linear regression models were used to
analyze 11 years of remote sensing data to assess determinants of water fluxes. A linear
model predicts well the variables that drive complex ecosystem processes such as ET.
Leaf area index and air temperature were not linearly correlated to ET because of the
multiple interaction among variables resulting in time lags with ET variations and thus
these two variables were not included in the linear model. Soil water content, the
fraction of photosynthetic active radiation and precipitation explained 86% of the ET
monthly variations. The high volumetric water content and the small seasonal variations
at 200 cm depth were probably the result of little water uptake from deeper soil horizons

by roots with low hydraulic conductivity.
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soil water content at 50 cm depths; T, transpiration; T°, air temperature; TSE,
Transpiration and Soil Evaporation; V, volumetric flow rate: po. and pi, water vapor

density of outgoing and incoming air respectively.

1. Introduction
There are three main attributes that characterize warm arid ecosystems: (a) precipitation
is so low that soil water is the dominant controlling factor for biological processes; (b)
precipitation occurs in infrequent and discrete events and (c¢) net primary productivity is
extremely low and winter temperatures are relatively mild (Noy-Meir, 1973; Lauenroth,
1979; Jobbagy and Sala, 2000; Sala et al., 2012). However, this commonly accepted
characterization of desert and semi-desert ecosystems do not completely apply to dry
regions where temperatures drop below freezing during several months every year, such
as in the Patagonian steppe. Very low temperatures can inhibit water uptake by roots
during the cold seasons and thus soil available water not only depends on precipitation
but also on soil temperatures. Low soil temperature directly or indirectly increases the

water flow resistance through the soil plant-atmosphere continuum (Goldstein et al.,
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1985). It is well know that water uptake by roots decreases at low temperatures because
of relatively high root hydraulic resistance (Ameglio, 1990), which can be attributed to
low cell water permeability in roots, as well as to relatively high water viscosity
(Kramer and Boyer, 1995; Bloom et al., 2004).

Evapotranspiration (ET) is an essential component of the hydrological cycle
determining interactions (e.g. energy exchange) between the terrestrial ecosystems and
the atmosphere (Betts et al., 1996; Weill and Menzel, 2008; Dolman and De Jeu, 2010;
Wang et al., 2010; Sun et al., 2011; Katul et al, 2012; Wang and Dickinson, 2012).
Accurate estimates of seasonal ET values are of importance for understanding soil water
availability and water uptake by the different plant species in a particular habitat.
Evapotranspiration is a process whose regulatory mechanisms operate at different
scales, from individual leaves to ecosystems. Remote sensing has emerged as a useful
tool to study the spatial-temporal dynamics of ecosystem processes such as ET at large
scales. The most widely used ET model was developed by Mu et al. (2007, 2011) using
data from the MODIS-Terra sensor (MOD16A2 product). This product has been
validated using 46 sites with eddy-covariance towers which are mostly located in North
America (Mu et al., 2011). Currently there is no verification of this model for either
warm or cold Argentina deserts neither using eddy covariance nor using open top
chamber (OTC) methods. This last method, which was used in the current study, is
based on the differential measurements of incoming and outgoing water vapor pressures
in large chambers that can enclose several plants growing in the same site (Scholz et al.,
2010). This method was developed initially to study the effects of elevated CO, and
other atmospheric gases on vegetation. It has been mainly used in ecosystems such as

grasslands and scrublands since 1989 (Drake et al. 1989, Leadly and Drake 1993).
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In the Patagonian steppes, which encompass arid and semiarid ecosystems in the
southern part of Argentina and Chile, the precipitation is partially intercepted by the
sparse vegetation. However, most of the precipitation reaches the soil surface and it is
either evaporated back to the atmosphere, enter to soil where it can be locally absorbed
by roots and transpired by plants, or it is infiltrated to deeper soil layers. The
topography is flat and thus runoff is negligible. One important question that we will try
to answer is how much of the incoming precipitation returns to the atmosphere by
transpiration and evaporation and how much is infiltrated and able to recharge deep soil
layers. Another questions related to the water cycle are 1. How much water is transpired
and evaporated during the cold season if any, 2. How much water used by the vegetation
during the growing season is acquired from soil water recharged during the cold season,
and 3. How much is derived from rainfall pulses occurring during the summer season.
Although the seasonal patterns of transpiration and bare soil evaporation have been
simulated using a water-balance model developed for the Patagonian steppe
(DINAQUA; Paruelo and Sala, 1995; Veron et al., 2011), these components of the water
cycle have never been measured directly at ecosystem level in the Patagonian steppe
despite a long history of ecosystem and ecophysiological studies (e.g. Soriano and Sala,
1983; Paruelo and Sala, 1995; Paruelo et al., 2000).The main objective of the study was
to analyze the seasonal dynamic of ET at an ecosystem level in the Patagonian cold
desert as a function of air and soil temperature, air saturation deficit, precipitation, soil
moisture content, the fraction of photosynthetic active radiation intercepted by the
vegetation (fPAR) and leaf area index (LAI) at two spatial and temporal scales using
remote sensing and field measurements with an open top chamber. Toward this
objective the evaluation of the MODIS ET product results for the study area, and

broadly for this type of ecosystem, was performed using regression analysis between
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MODIS ET and water flux estimates obtained with the open top chamber. Individual
transpiration performance of each plant species was not analyzed at this scale of study.
Fourier time series analysis, cross-correlation methods and multiple linear regression
models were used to statistically analyze 11 years of remote sensing continuous data
comparing environmental and biological variables with ET to assess determinants of
water fluxes. In addition, root distribution was studied to explain volumetric water

content changes in the soil profile with depth.

2. Materials and Methods

2.1. Study area
The study area was located at the rain shadow of the Andes at 35 km from Rio Mayo
town inside the Instituto Nacional de Tecnologia Agropecuaria (INTA) research station
(45° 227 28° S 70° 14'42° W). The vegetation is a typical Patagonian steppe dominated
by grasses and evergreen and deciduous shrubs. The vegetation is sparse with a
substantial percentage of bare soil. The most conspicuous shrub species are Molinum
spinosum, Adesmia volckmanni, Senecio filaginoides, and the dominant grasses are
Pappostipa humilis, Pappostipa speciosa, and Poa ligularis. Annual precipitations in
the study area are about 150 mm and falls more frequently during winter (July to
September) and are low and infrequent during summer (January to March). Mean
annual temperature is 8.1°C (Paruelo et al., 1998). The area is composed of relatively
elevated old fluvial deposits dissected by old inactive rivers and the few active ones
carry water only during the spring season. There is a compacted soil layer between 50
cm and 100 cm depth cemented by calcium carbonate. A water table can be found at

2.55 m below the soil surface.
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2.2. Soil temperature, volumetric water content and root density

Soil temperature was determined using type T thermocouples installed to 10, 50, 100
and 200 cm depth and connected to a datalogger CR10X (Campbell Scientfic). Three
replicates per soil depth were used. Soil volumetric water content was monitored
continuously with ECH,O probes (Decagon Devices, Inc.). The probes have an accuracy
of 0.03m m™ and a maximum temperature sensitivity of 0.003m’m™ per 1 °C (Decagon
Devices, Inc). The probes were calibrated in the laboratory with soil samples obtained
from the study site and installed in the field at 10, 50, 100 and 200 cm depth. They were
connected to a datalogger (CR1000, Campbell Scientific).

Belowground biomass was obtained from six replicate trenches. Root density
distribution was determined from 0.047 m’ soil samples, which were obtained from the
sides of the trenches every 10 cm from the soil surface down to 200 cm deep. The soil
samples were washed to isolate the roots from soil particles in the laboratory, and the
root material was dried in an oven during 72 h at 80 °C.

2.3. Soil evaporation and transpiration
Evaporation from bare soil and transpiration from active plants were estimated using an
open top chamber (OTC, Figure 1) during rainless days at about every two months from
May 2010 until March 2011 (six monthly measurements during the study period). The
chamber was similar to that described by Scholz et al. (2010). It consisted of a
cylindrical base of 0.80 m diameter cone made from clear acrylic plastic and a metal
frame supporting the clear plastic (Figure 1). The top of the cone had an opening (exit
port) of 0.2 m diameter. Total chamber height was 1.66 m and the volume enclosed was
0.64 m’. The measurement process in chambers may modify micro-climatic conditions
(Denmead ef al., 1993). To minimize this effects during measurements (e.g. temperature

increase), chamber measurements were as short as possible. We placed the chamber on
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micro-sites with and without plants for a very short period of time (4 min) to estimate
transpiration from the vegetation and the evaporation from the soil surface, respectively.
The ET measurements were done in a representative uniform steppe of 3 km? Six
replicates were obtained on grasses; six replicates were obtained on bare soil and 18
replicates on shrubs of the three dominant species at 2 to 3 h intervals from dawn to
dusk (in average about six daily measurements) during two consecutive days in each
measurement period to obtain daily values of ET. A total of 30 replicates x 6 daily
measurements x 2 days x 6 months = 2160 measurements were made during the study
period (one year). Evapotranspiration was assumed to be negligible during the night
period since there is almost no atmospheric evaporative demand and the stomata are
closed (Bucci et al., 2011).

Water vapor fluxes of the vegetation and soil enclosed by the chamber (0.5 m?)
was calculated using the difference between water vapor density of air entering and
exiting the chamber. Air was pumped into the chamber using an inlet fan mounted near
its base and the flow rates were measured at the exit port using a propeller anemometer.
Water vapor densities of air entering and leaving the chamber were measured with a
dew point hygrometer (HR 33T, YES, Yankee Environment System, Ontario, Canada).
Air streams were ducted to an enclosure containing the dew point hygrometer using
Beva-Line tubing at flow rates of 8 1 min™ and controlled by a mass flow controller.
Output from the hygrometer was recorded at 1 s intervals with a datalogger (CR10X,
Campbell Scientific, UT, USA). The air stream to the hygrometer was switched between
inflow and outflow every 2 min. Air temperature of the out-going air stream was
between 1 and 2 °C above ambient (Figure 1). Transpiration and Soil Evaporation (TSE)
was calculated as:

TSE = V(pourpin)/A
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were pon and pi, are the water vapor densities (g m™~) of the outgoing and incoming air
streams, respectively, V is the volumetric flow rate (m® s™) and A is the basal chamber
area (m”). We removed soil evaporation value from TSE to obtain transpiration value
taking into account the evaporation of sites with bare soil and the percentage of bare soil
on sites with grasses or shrubs. To obtain TSE at ecosystem level, the values of soil
evaporation, grass transpiration and shrub transpiration obtained with the OTC were
weighted by the percentage of each component cover in the study site. To determine
plant cover and to upscale ET values obtained with the OTC to ecosystem level we used
12 transects of 100 m. Grass cover and shrub cover was estimated inside 50 x 50 cm
frames along each transect at every 10 m. We measured the cover of three shrub species
(A. volckmannii, S. filaginoides and M. spinosum) and two grass species (P. speciosa
and P. ligularis). The perimeter or diameter of each plant was measured within each
frame. Canopy rainfall interception, which is the rainfall that is intercepted by the
vegetation and evaporates directly from the leaves, is another component of evaporative
fluxes. Canopy interception is highly variable in both space and time and highly
dependent on the rainfall magnitude, however, there are still no estimates of this
variable in the study area. According to Bradford and Lauenroth (2006), it represents on
average 10% of precipitation in shrublands. This canopy interception value is
comparable to canopy interception measurements in other arid and semiarid ecosystems
(e.g. Navar and Bryan 1990, Dunkerley and Booth 1999, Longepierre et al. 2014). As
TSE measurements with the OTC do not take into account canopy interception, it was
added to field data to estimate ET at an ecosystem level to avoid under-estimation of the
water vapor released to the atmosphere. For this purpose, a monthly average rainfall for
the time series 2001-2011 was calculated and 10% of them were added to the field TSE

measurements. It is difficult to assess the degree of uncertainty of this estimate without
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field measurements. The value of 10% may overestimate canopy interception during
summer and underestimate canopy interception during the cold season however for
annual budgets calculation it is considered to be a reasonable average value for the
Patagonian steppe.
2.4. Remote sensing

Satellite images of Terra-MODIS sensor (MOD16A2 product) were used to analyze the
monthly actual ET during a period of 11 years (2001-2011). The MOD16A2 product is a
land surface ET product that represents all transpiration by vegetation and evaporation
from understory and soil surfaces, expressed in 1-dimensional vertical units (mm d™).
The MODIS ET product has a spatial resolution of 1km*and a temporal resolution of 8
days. The MODI16 algorithm (Mu et al., 2007) used in this study is a revision of an
algorithm proposed by Cleugh et al. (2007) based on the Penman-Monteith equation
(Monteith, 1965).The MODIS ET algorithm uses global MODIS land cover, the leaf
area index data (Myneni et al., 2002), albedo data (Jin et al, 2003; Salomon et al.,
2006) and global surface meteorology from the Global Modeling and Assimilation
Office (GMAO) meteorological data. Values of the actual daily ET estimated from
MODIS (Mu et al., 2007) were corrected multiplying ET values by a factor of 0.59 for
open shrublands according to Mu et al. (2011). Evapotranspiration values were
averaged monthly to obtain average daily ET for each month. All the 8 days periods
with 5 or more days falling into one particular month were included in the monthly
average for that particular month. MOD15A2 and MOD13Q1 products were used to
estimate the leaf area index (LAI), the fraction of photosynthetic active radiation
intercepted by the vegetation (fPAR) and the normalized difference vegetation index
(NDVI). Both products have 1 km and 250 m of spatial resolution and 8 and 16 days of

temporal resolution, respectively. Extreme outlier data points of all MODIS products
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used were removed from the time series. Values without biophysically meaning such as
negative fPAR data were also removed.

Three pixel of 1 km? each representative of the Patagonian steppe vegetation
were selected in the study area (Pixel 1:70°15"2"S; 45°22'20"W, Pixel 2: 70°1424"S;
45°22'39"W, Pixel 3: 70°17'46"S; 45°24'8"W). Within this area, the field measurements
were performed. Values of MODIS ET, LAI, fPAR were similar across pixels and thus
average values are shown hereafter. Cumulative daily rainfall values obtained from the
meteorological station located in the study site (INTA experimental station Rio Mayo)
were used to calculate monthly precipitation and hourly temperature values were used to
obtain mean and minimum temperature monthly values.

2.5. Statistical analysis
A multiple regression analysis was performed between monthly average MODIS ET of
the 11 years period as the dependent variable and the predictor variables were maximum
air temperature, air saturation deficit (ASD), precipitation, volumetric soil water content
at 50 cm depths (SWC50), fPAR, and NDVI. All variables were normalized prior to the
regression analysis. Model selection has been carried out by the stepwise method based
on o = 0.05. To evaluate the model fit, R-squared, the overall F-test, and the Root Mean
Square Error (RMSE) were used. Multicollinearity was assessed by two diagnostic
factors: the tolerance and the Variance Inflation Factor (VIF). The threshold values for
the diagnostic factors were 0.1 and 10, respectively. Variables with tolerance less than
0.1 and more than 10 VIF were discarded. Although the ET model developed by Mu et
al. (2007) includes as input variables NDVI and LAI they did not exhibit collinearity
with the dependent variable (ET) which partially justified their inclusion in the multiple
regression analysis. In conjunction with meteorological data, the seasonal variations of

ET were analyzed using Fourier time series analysis. Times series analysis is a powerful
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tool to explore cyclical patterns of data, allowing decomposing a complex time series
into a few sine and cosine functions of particular known wavelengths. Thus it is
possible to reveal a few recurring cycles of different length interval in the time series of
interest (Bloomfield, 1976; Elliott and Rao, 1982; Wei, 1989). The periodogram values,
which is one of the products of the time series analyses, can be interpreted in terms of
the variance explained by a particular frequency (or its inverse: the time at which the
recurring cycles are observed e.g., every six months, because the unit of time in this
study is a month). Cross-correlations were performed between the time series of
LAI/ET and Temperature/ET. The cross-correlation (von Storch and Zwiers, 1999) is a
measure of similarity between two temporal patterns (e.g. LAI and ET) depicted in the

cross-correlogram (cross-correlation coefficients versus time lags).

3. Results
There were seasonal variations in precipitation in the study site, with several
precipitation events throughout the year, but the largest amount of rainfall occurred
during the winter and early spring (Figure 2a). Air temperatures, as expected, were
strongly seasonal with monthly minimum temperatures below 0°C during the cold
season and close to 18°C during the summer (Figure 2b). The average minimum air
temperatures during the study period ranged from 0 to -8°C, however, the absolute
minimum air temperatures can drop to about -20°C (Servicio Meteorologico Nacional,
Argentina). MODIS evapotranspiration (ET) was well coupled to seasonal air
temperature variations, with the lowest ET observed during winter and the maximum
during the spring (Figure 2¢). Winter ET ranged between 0.1 to 0.2 mm day™.There
were also small ET peaks during the late summer season which occurred in 9 out of the

11 years of continuous monthly data which can be observed as a small peak after the
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substantial ET increase during the spring season. The summer ET peak was the result of
isolated summer precipitation events. Leaf area index estimated with the MODIS
product was also strongly seasonal (Figure 2¢). Figure 3 shows daily precipitations and
monthly MODIS ET during 2009, which was selected as an example of a typical yearly
ET-precipitation pattern from the 11 years of continuous monthly data. Many of the
rainfall events occurred during the cold and spring seasons (June to December),
however there were few isolated rainfall events in January and February (summer
season). Average daily MODIS ET per month tracked the magnitude and frequency of
rainfall events with the highest ET during October and a small peak ET value on
February after a relatively large precipitation pulse of 14 mm day™ at beginning of
February (Figure 3).

Fourier time series analysis of 11 years of average daily ET per month showed a
significant peak (either maximum or minimum) every 12 months (explained variance of
ET variations was 70.3%) and a smaller significant peak at 6 months (explained
variance of 16.73%) corresponding to rainfall events during the summer. Neither LAI
estimated with the MODIS product nor precipitation exhibited significant peaks (results
not shown).

For each month we compared the MODIS ET estimates with the open top
chamber estimates by regression analysis, a statistical procedure used for verification of
the MODIS ET algorithm. Daily MODIS ET and daily transpiration and evaporation
measured with the open top chamber (TSE) for May 2010-March 2011 were highly
correlated and the regression line was close to the 1:1 relationship (Figure 4). MODIS
ET overestimated transpirational fluxes by 14.4 % in the middle of the measured ET
range. For example an open top chamber value of 0.35mm day'corresponded to a

MODIS ET value of 0.40mm day” (Figure 4). Neither the slope of the regression was
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significantly different from 1 nor the y-intercept was significantly different from 0
(p<0.05). If the average MODIS ET values from 2001 to 2011, instead of values from
May 2010-March 2011, are used in the regression analysis against the field ET
estimates, the equation (MODIS ET=1.37TSE-0.08) was similar to the regression in
Figure 4. This can be partially explained by the small inter-annual coefficient of annual
ET variation between 2001 and 2011 which was only 4.9%.

A multiple linear regression analysis revealed that the fPAR, the volumetric soil
moisture content at 50 cm depth (SWC50), and precipitations explained together the 86
% of the seasonal total variations of MODIS ET (Table 1). With the exception of fPAR,
which is included in the ET algorithm by MU et al. (2007) the other two variables are
independent descriptors of ET (precipitation was obtained from a local meteorological
station). The fPAR is an indirect input of the MODIS ET product and it is used in the
multiple regression analysis as independent predictor variable, reducing to some degree
the degree of correlation between the dependent (ET) and independent variables.

Average daily MODIS ET per month was linearly correlated to mean monthly
air temperature when only the values during periods of high water availability were
included in the linear regression (R* = 0.58) (Figure 5). Values of ET corresponding to
periods of low water availability during summer were lower than values of ET obtained
during periods of high water availability, at the same air temperature. Cross-time-series
analysis of the 11 years showed that seasonal variations of ET were coupled to
variations in LAI and T°. Both correlations (LAI- ET and T°- ET) had the same
seasonal behavior with a period of 12 months (Figure 6), however there were lags in
their temporal patterns that occurred at different times. LAI had a 2 months lag with

respect to ET while T° had only one month lag with respect to ET.
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Figure 7 shows seasonal variations in average daily MODIS ET per month
calculated using the whole 2001-2011 data set. MODIS ET started to increase in August
consistent with temperature increases (Figure 7 a, b). Minimum MODIS ET was
observed in June when air temperatures were very low and the highest ET occurred in
October. MODIS LAI was low from April to September and relatively high during
December, the beginning of the summer season in the study area (Figure 7b).

During the time period when evaporation and transpiration were measured in the
field with the open top chamber, air saturation deficit varied between 0.2 kPa (cold
season) and close to 1.0 kPa (summer, December to February) (results not shown).
During winter (June to September), average monthly soil temperatures were lower at 10
cm depth (1 to 2 °C) than at deeper soil depths (7 to 8 °C) (Figure 8a). There was a
cross-over in soil temperature with depth from November to December, being higher at
10 cm and 40 cm depth and lower at deeper soil layers compared to the previous
months. Minimum absolute daily temperatures dropped below 0 °C at 10 cm depth on
June and July and no cross-over in soil temperatures were observed throughout the year
(Inset Figure 8a). The magnitude of the soil volumetric water content variations was
influenced by the soil horizon depth. At 10 cm depth, the water content varied strongly
with a maximum in September (Figure 8b). The magnitude of the variations decreased
with depth and the time of the maximum soil water content moved from September at
10 cm to November at 200 cm depth. At 200 cm the seasonal variations in soil water
content were relatively small. The inset in Figure 8b depicts the root density variations
as a function of soil depth. The maximum amount of roots was observed at 10 cm below
the soil surface and decreased exponentially with depth. Most of the roots were in the
first 80 cm of the soil profile but roots were observed down to 200 cm depth. There was

a decreased in root density below 70 cm depth consistent with the presence of a
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compacted calcium-rich soil layer (inset Figure 8b). Few roots could be observed at

lower soil depths (results not shown).

4. Discussion
4.1. Evapotranspiration and partitioning of water fluxes

Evapotranspiration (ET) is a major variable involved in the study of water cycle
regulation in terrestrial ecosystems and can amount to up to 95% of the incoming
rainfall in dry areas (Wilcox et al., 2003). The individual components of ET at
ecosystem level include evaporation from the bare soil (E), transpiration through the
plants (T) and evaporation of water intercepted by the plant canopy (I). As water limited
environments currently comprise about half of the Earth’s land surface (Newman et al.,
2006), the pressure to use these ecosystems for agricultural and livestock grazing is
expected to increase as a consequence of a rising world population and associated food
demand (Yermiyahu et al., 2007). Hot and cold arid and semiarid ecosystems in
Argentina span a very large continuous area extending over 3300 km from subtropical
deserts in the northern part to very cold deserts near the southern part of the country.
The two main arid ecosystems are the warm Monte desert and the cold Patagonian
steppe which together represent between 55 and 60% of all terrestrial ecosystems in
Argentina. Understanding regulation of water circulation pathways in water limited
ecosystems is of importance for predicting changes in arid ecosystems by land use
practices.

Remote sensing can assess the dynamics of ecosystem processes such as ET at
large temporal and spatial scales. Algorithms are needed to transform the spectral
images provided by remote sensors into values of an ecosystem process. The MODIS

ET product (MOD16, Mu et al., 2007) used here can predict well the variations of
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evapotranspiration in the Patagonian steppe, overestimating ET by a relatively small
percentage. The comparison between MODIS ET and field measurements was done
with values of six different measurement periods comprising the whole range of
environmental conditions during a year. Each data point in the regression equation was
calculated by 360 open top chamber measurements for field ET estimates, and the
MODIS ET estimates were obtained averaging 4 values obtained every 8 days within a
month. The advantage of using remote sensors for estimating ecosystem processes such
as ET after they are verified by field measurements, is the extrapolation of the
ecosystem process to the entire period with remote sensing data (11 years in our case),
and also allows for the comparison of seasonal and annual variations of the studied
process with meteorological variables. The MODIS ET temporal dynamics in the study
area had a significant 12 month period, as predicted by time series analysis,
corresponding to frequent rainfall events and low temperatures during the winter, and a
smaller period of 6 months corresponding to a few rain events in the middle to late
summer. Most of the annual ET is lost to the atmosphere during spring and early
summer which is derived from winter rain stored in the soil profile. The ET during this
period (73.4 mm in 4 months) partially depleted the water content of the upper soil
layers, indicating that winter rain stored in the soil profile is an important determinant of
the annual plant’s water budget in this arid ecosystem. A smaller percentage of annual
ET was derived from the isolated summer rainfall events (41.4 mm in 3 months).
During the peak of the cold season (June and July) only 11.9 mm were lost by ET. Low
ET during the cold season can be explained by relatively low evaporative demand and
low water uptake. Low rates of water acquisition can be the consequence of most shrubs
being leafless during this period, low root hydraulic conductivity, as well as to the

relatively high water viscosity at relatively low temperatures (e.g. Kramer and Boyer,
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1995; Bloom et al., 2004). Small rainfall events (<5Smm) represent less than the 20% of
annual precipitation in the Patagonian steppe (Golluscio et al.,1998) and wet only the
upper soil layers. These events can be utilized only by plants with a very short response
time (Sala ef al., 1982) and with shallow or dimorphic root systems (roots with shallow
and deep roots). Bucci and coworkers (2009) observed that species-specific differences
in predawn leaf water potentials of Patagonian steppe shrubs during the summer are
consistent with their rooting depths. Predawn leaf water potentials, under the
assumption that night time transpiration losses are very small and thus thermodynamic
equilibrium is achieved at night between leaves and soil, range from -4.0 MPa for
shallow rooted shrubs to -1.0 MPa for deep rooted shrubs, suggesting that deep roots
species have access to abundant moisture, whereas shallow-rooted shrubs are adapted to
use water deposited mainly by small rainfall events.

The correlogram in Figure 6 suggests that when environmental conditions were
adequate for plant metabolic activities during the spring and early summer, the MODIS
satellite data show ET increasing either one or two months earlier than temperature and
LALI At first sight it may be difficult to understand this temporal behavior. However, ET
is both a biological and a physical process determined by variables such as the
evaporative demand (determined by atmospheric conditions), transpiration and total leaf
surface area. The time series of ET and temperature were strongly correlated with only a
difference of one month lag in their seasonal patterns. Evapotranspiration increases at
the beginning of the growing season when evaporative demand increases due to rising
air temperatures and high soil water content in the upper soil layers in winter. During
the summer, soil water content in the upper soil layers is lowest thus limiting ET during
this season. Plant growth is a relatively slow process which depends on high irradiance

and adequate soil water content and consequently LAI peaked two month after
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maximum ET as shown by the correlogram. A similar temporal cross-correlations
approach was used to test the relationship between MODIS derived vegetation water
content indices and vegetation water content measured in the field in a Mediterranean
shrubland (Delenne et al., 2013). In this Mediterranean shrubland study, the MODIS
signal increase a few days after increasing the soil volumetric water content.

The mean annual rainfall for the period 2010-2011 was 145.5 mm and the MODIS
ET corrected by equation in Figure 4 (relationship between field and MODIS ET
values) was 135.1 mm. This means that 92.9 % of the mean annual precipitation returns
to the atmosphere through ET. According to these calculations, only 7.1 % of the annual
precipitation infiltrates to soil layers deeper than 200 cm (drainage or deep percolation).
The mean annual rainfall for the 12 month period of 2010-2011 during the OTC
measurements was 127 mm. The annual evaporation from bare soil was 49.7 mm y™' and
annual transpiration from grasses and shrubs was 54.4 mm y' (annual ET 109.1 mm y™)
during this period (data not shown). This annual ET represents 85.9% of annual rainfall;
the remaining 14.1% can be accounted by canopy interception and deep percolation.
Notice the close agreement between remote sensing ET and field measurements ET
data. The soil water simulation model by Paruelo and coworkers (2000) in a site with
150 mm annual precipitation, predicted that deep percolation is about 7%, slightly
higher than the value obtained in this study with field ET measurements (4.1%) and
similar to ET estimated by remote sensing (7.1%). Our estimates of deep percolation
with field measurements will depend on the annual values of canopy interception used
that we assumed to be 10%, and thus being an average value for the 12 month period

does not depend on the amount and intensity of each individual rain event.

4.2. Environmental and biological determinants of Evapotranspiration
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The volumetric soil water content at 50 cm depth, the fraction of photosynthetic active
radiation and precipitation explained together 86% of the total variations of ET MODIS
according to the multiple linear regression analysis (R* = 0.86). Leaf area index and air
temperature were not linearly correlated with ET because of the multiple interaction
among variables resulting in time lags. For example, air temperature and ASD increase
at the beginning of the growing season but low soil temperature results in soil water
unavailability for plant water use and many deciduous shrubs species are still either
leafless or the leaves are still expanding. It is possible that these two variables (ASD and
air temperature) were not included in the linear model due to temporal lag effects.

The seasonal changes in soil water content at different depths were influenced in
this study by the pattern of distribution of roots and soil temperatures. Root abundance
decreased exponentially with depth and a relatively small amount of roots can be
observed below 70 cm depth. At 10 and 50 cm depths the seasonal changes in soil
available water were substantially larger than those at 200 cm suggesting that roots
utilize a substantial amount of water within the upper portion of the soil profile. During
the summer (January to March) when evaporative demand is high and precipitation is
very low, the soil water content increased with depth because there are only few roots at
deeper soil layers. During the winter, contrary to water content differences across the
soil profile measured during the summer, the volumetric water content at 10 cm was
substantially higher than at deeper soil layers. It is possible that the low winter soil
temperatures of the upper soil layers restrict water uptake resulting in higher water
content at 10 cm depth compared to soil water content at lower soil depths, and that
furthermore the evaporation from bare soil is very low. A very low LAI and air
saturation deficit put a ceiling on the amount of water that is transpired during the

winter. There is only one evergreen shrub with relatively high cover (Senecio spp.) in
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the study site, and the grasses have very few potentially active green leaves during the
cold period. According to the MMS5 model developed by the CIMA (Centro de
Investigacion del Mar y de la Atmdsfera, CONICET-UBA, Argentina), a substantial
increase in air temperature is expected to occur in central Patagonia due to global
warming (e.g. an increase of 1.5 °C is predicted to occur during the 2050/2059 years).
During the same period, there will be no increases in precipitation according to the same
model. This may have consequences for the hydrological cycle and species composition
of the vegetation in the study area. High temperatures may decrease the magnitude of
the winter water recharge in the soil and increase ET during the growing season, mainly
as a result of high soil evaporation and transpiration. This will reduce the amount of
water available in the upper soil layer perhaps resulting in a decrease in the abundance
of the more shallow rooted plants (e.g. grasses).

As indicated before, only 4.4 % of total annual precipitation infiltrates down to
200 cm in the soil profile. Species with deep roots exploring dependable soil water
sources (small or negligible seasonal water content variations) such as Schinus
johnstonii and Berberis heterophylla have low specific hydraulic conductivity compared
to species with shallow root systems such as Senecio filaginoides and Mulinum
spinosum (Bucci et al. 2009; 2013). Shallow rooted shrub species with high hydraulic
conductivity and grasses are plants that may efficiently utilize soil water during the
small summer rainfall pulses and which are accountable for the summer increases in ET
observed with remote sensing. Other explanation for the relatively constant soil water
content at 200 cm depth may be related to the presence of a water table at about 2.5 m
depth which could result in non-saturated water flow during the summer, when the soil

water potential gradient is favorable for upward water movement.
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5. Conclusions
The results of this study show that the MODIS ET product (MOD16) results were
consistent with field measurements of ET by the open top chamber method. The soil
water content, the fraction of photosynthetic active radiation, and precipitation can
predict 86 % of the ET monthly variations in a central Patagonia cold desert. The linear
model predicts well the variables that drive complex ecosystem processes such as ET.
Leaf Area Index and air temperature were not linearly correlated to ET because of the
multiple interactions among variables resulting in time lags. Evapotranspiration
increases one to two months earlier than temperature and LAI during the spring, when
environmental conditions start to be adequate for plant metabolic activities. The high
volumetric water content and the small seasonal variations at 200 cm depth were
probably the result of relatively small water uptake by plants in the deeper soil horizons
and perhaps from non saturated upward water transport from the water table. Most of
the annual ET occurred in spring and early summer indicating that winter rain stored in
the soil profile is an important determinant of the seasonal pattern of the water cycle in
this arid ecosystem. A relatively small percentage of annual ET was derived from few
rainfall events occurring during the mid or late summer. The 95.6 % of the mean annual
precipitation returns to the atmosphere by transpiration or evaporation from the bare soil
and by canopy interception. Leaks from the ecosystem water cycle are from bare soil
evaporation and from a small amount of deep percolation. The high correlation between
remote sensing and field measurements of ecosystem water fluxes will help the
investigation of the regional hydrological balance at different temporal and spatial

scales across the Patagonian steppe.
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Table 1: Coefficients, standard error (SE), p values of variables (p value), variance
inflation factor (VIF), determinant coefficient (R?), Fisher statistical (F), degree of
freedom (gl) and model p value (p) of a multiple linear regression analysis using
monthly MODIS evapotranspiration as the dependent variable. ASD is the air saturation
deficit, fPAR is the fraction of photosynthetic active radiation intercepted by vegetation,
pp is precipitations, maxT® is maximum temperature, NDVI is the normalized
difference vegetation index and SWCS50 is the soil water content at 50 cm depth.
Variables were previously normalized. Model 1 depicts all variables included in the
linear regression analysis while model 2 shows the final model proposed to predict
evapotranspiration with a = 0.05. NDVI was included in the model because was

marginally significant but increase the R? of the overall model from 0.86 to 0.91.

Mode  Variables  Coefficien SE pvalue VIF R’ F;glsp

1 t
ASD (kPa) -0.871 0.526 0.159 44.6
fPAR (%) -0.656 0.148 0.007 35
pp (mm) 0.5 0.144 0018 33

1 maxT° (°C) 0.609 0.556 0.324 499 093 26.01;11;0.001
NDVI 0.398 0.119 0.021 2.3
SWC50 (%) 0.410 0.085 0.005 2.5
Constant 0.130 0.08 0.165 -
fPAR (%) -0.634 0.114 0.001 1.0
pp (mm) -0.478 0.113 0.003 1.0 .

2 SWCs0 (%) 0.298 0078 0005 10 086 2345 11<0.001
Constant 0.094 0.111 0.419 -
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Figures and legends
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Figure 1: Scheme of the Open Top Chamber used in field measurements. The

Fan

components of the system are: (a) chamber, (b) pump, (c) dew point hygrometer, (d)
mass flow meter, (e) anemometer, (f) internal recirculation fan and (g) datalogger.
Continuous lines are parts of the pneumatic system while the dashed line is a cable

connector.
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