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Abstract Hydrological studies in experimental and representative basins are of fundamental importance for
water resources management. This paper presents some activities of hydrological research in experimental
and representative basins of the State of Pernambuco, Brazil. The study areas are located at Tapacura and
Mundau representative basins and at the Gameleira experimental basin, and in experimental plots in Pajet
basin. In the Tapacura basin, three studies were performed: (1) different monthly coefficients “k” of the
Thornthwaite method were tested to calculate the effective temperature and, consequently, the reference
evapotranspiration, giving rise to the method identified as Modified Thornthwaite; (2) the spatial variability
of the retention curve and hydraulic conductivity parameters were analysed using the Beerkan method; (3)
changes in vegetation cover were evaluated through the NDVI and NDWI indexes using TM—Landsat 5
images. In the Mundau representative basin, the performance of different evapotranspiration methods was
evaluated and compared to the FAO standard method, Penman-Monteith. In the Pajet basin, the experimental
plot is covered by pasture and sensors were installed to monitor the following variables: rainfall, air
temperature, the energy balance components (net radiation, latent and sensible heat, and soil heat flux), wind
velocity and CO> flux into atmosphere, soil moisture and runoff.
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INTRODUCTION

A fundamental aspect for adequate water resources management is the knowledge of hydrological
quantities like evapotranspiration, hydraulic conductivity, etc. In the State of Pernambuco, Brazil,
the poorest state in terms of water availability, scientific research related to water resources has been
conducted in Tapacurd, Mundatl and Pajet basins. These studies were led by UFPE (Federal
University of Pernambuco) and UFRPE (Federal Rural University of Pernambuco). Representative
basins are instrumented basins with appliances observation and recording of hydrological and
climatological phenomena and represent basins located in the same homogeneous region. It is of
great importance to study the hydrological processes that occur in these basins, because these basins
are representative in Pernambuco State and are located in areas of water scarcity, mainly in Mandau
and Pajet basins. Tapacura basin contributes to the water supply of the Recife Metropolitan Region
(the capital city) and extends from the coast to the beginning of the semi-arid region. Within the
Tapacura representative basin is the Gameleira experimental basin, where several studies are
conducted in the context of hydrology.

The objective of this work is to show the results obtained in different studies of hydrological
processes performed in the Mundau, Pajet and Tapacura basins in the State of Pernambuco, Brazil.

DATA AND METHODS

The research was conducted in three study areas: Tapacura, Mundat and Pajet basins. The dominant
weather in Tapacurd basin is a pseudo tropical hot and humid climate according to Kdeppen
classification. The average annual rainfall is 1047 mm, the average monthly temperature ranges
between 23.7 and 27.0°C, while the relative humidity during the months from March to July, is over
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Fig. 1 Location of Pajeti, Mundau and Tapacura basins in Pernambuco, Brazil.

70% (Silva et al. 2010). Mundau basin is located in the arid zone and has an area of 4126 km? area,
of which 52.2% is in Pernambuco State and 47.8% is in Alagoas State. The Mundau River rises in
the city of Garanhuns and has about 69 km of extension. The Pajet basin is located in the hinterland
in the semi-arid region and is the largest watershed in Pernambuco State, where rainfed cultivation
and livestock are the main economic base of the region.

In order to determine the reference evapotranspiration (ETo) and comparing methodologies in
Tapacura basin the following were used: (1) the equation of Penman-Monteith FAO-56 (Allen et al.
1998, Moura ef al. 2012), (2) the equation proposed by Thornthwaite concerning the exponential
relationship between mean monthly temperature and evapotranspiration (Thornthwaite 1948,
Pereira and Pruitt 2004), (3) the Modified Thornthwaite method (Pereira and Pruitt 2004); and (4)
the method of Thornthwaite with variable & (Moura et al. 2012).

In Tapacura basin, two Thematic Mapper (TM), Landsat 5 images, orbit 214 and path 66, to
determine NDVI and NDWI were used. Through these the vegetation changes were evaluated. Each
TM scene is composed by seven spectral bands and it is available at the National Institute for Space
Research (INPE). They were obtained in 10 July 1989 and 29 August 2007. In order to obtain the
vegetation index NDVI and NDWI, at first the spectral radiance was calculated by applying the
Markham and Baker (1987) equation; then, the reflectance for each spectral band was determined
following the methodology used by Allen ef al. (2002). The NDVI shows a range between —1 and +1,
and is given by: NDVI = (prv — pv) / (piv + pv), where prv and pv area the reflectance for the infrared
(band 4) and red (band 3) TM bands (Rouse et al. 1973). The NDVI of vegetated surfaces ranges from
0 to 1 and for water or clouds dominate values less than zero. The NDWI was obtained by the ratio
between 4 and 5 TM bands, according to the equation (Gao 1996): NDWI = (prv — pmir) / (Prv+ Prmir),
corresponding to the near-infrared bands (prv) with wavelengths between 0.76 and 0.79 um and
infrared (pmir), with wavelengths between 1.55 and 1.75 pm.

The Beerkan method was used to obtain equation parameters of the soil water retention curve
(Van Genuchten 1980) and hydraulic conductivity curve (Brooks and Corey 1964) in Tapacura basin.
The spatial variability of parameters was analysed by semivariogram adjustments. Maps of the spatial
distribution of shape and standardization parameters of the retention curve 6 (h) and hydraulic
conductivity K (0) were produced by using geostatistical analysis by applying ordinary kriging.

In the Pajeu basin, two periods (wet season: from 27 April 2013 to 12 May 2013 and dry season:
21 September 2013 to 6 October 2013) were selected to represent the wet and dry periods in this
region. In each measured period the fluctuations of CO, flow, and the water and energy balance
components were considered.

In Mundau basin, the study site was located at the “Riacho do Papagaio Farm”, Sao Jodo count
in Pernambuco State. The study was conducted in 2011. A micro-meteorological tower was
established in the centre of the experimental field, and sensors were installed to measure
evapotranspiration. We used FAO Penman—Monteith (Allen et al. 1998), Camargo (1971),
Hargreaves-Samani (1985), Jensen-Haise (1963) and Makkink (1957) methods.
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RESULTS AND DISCUSSION

Reference evapotranspiration by Thornthwaite methods Figure 1 shows the results of
applying the methods of Thornthwaite, Modified Thornthwaite and Penman-Monteith FAO-56. for
the Thornthwaite Modified method we used two values of the “k” coefficient: 0.69 and 0.72
(Camargo et al. 1999, Pereira and Pruitt 2004, Fernandes 2006, Back 2008).

Due to the wet season, which occurs from April to August, it was shown in Fig. 2 that the
evapotranspiration is lowest in this period. Using “k” coefficients equal to 0.69, 0.72 the results
underestimated the evapotranspiration in all months of the year compared with the standard method
of Penman-Monteith FAO-56. With the use of different monthly coefficients (variable k
coefficients), the results are even better than those obtained with k = 0.72 and 0.69 and the original
Thornthwaite method. The use of these coefficients for the studied area accentuated the behaviour
of the original Thornthwaite method in order to minimize the evaporation even more. The results
showed standard error of estimate of 0.475, 0.915, 0.637 and 0.281 mm d"' for the Thornthwaite
original method, “k” coefficient equal to 0.69, “k” coefficient equal to 0.72 and Modified
Thornthwaite method, respectively.

NDVI and NDWI indexes using TM - Landsat 5 images It is noted that NDVI classes with
lower values (0.00 to 0.20), located in urban areas of Pombos and Vitoria de Santo Antao (Fig. 3),
configure stressed vegetation or degraded area by human action, arising out of water scarcity, which
results in the exposure of the soil to deforestation and environmental degradation.

ETo (mm.d-1)

1 { ——Penman-Monteith - Thornthwaite —e Thornthwaite k=0,72

=a= Thornthwaite k=0,69 =& Thornthwaite k varidvel
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Fig. 2 Evapotranspiration calculated by different methods in Tapacura basin.
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Fig. 3 Vegetation Index (NDVI) and Water Index Normalized Difference (NDWI) in Tapacura basin—
PE.

Higher values of NDWI were shown to be associated with vegetation which has high water
content in its internal structure. In contrast, the lowest values are indicative of the vegetation which
contains less water. Even in the comparative analysis between the two indexes, the highest values,
as expected, showed up close to flooded areas of the Tapacura Reservoir, most clearly seen at
coordinates 8° 02' south latitude and 35° 11" west longitude). These high values found in riparian
vegetation are represented in both the NDVI and the NDWI; it also indicates that those areas are
comprised of photosynthetically active vegetation. They also have high moisture content due to the
proximity of water bodies.
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Spatial variability of the retention curve and hydraulic conductivity parameters, using the
Beerkan method (Haverkamp et al. 1994, Braud et al. 2005, Lassabatére et al. 2006): as well as in
most studies in soil science (e.g. Vieira 1997, Souza et al. 2001, Carvalho et al. 2002), the spherical
model was the best fit.

The maps of the spatial distribution of shape and standardization parameters of retention and
hydraulic conductivity curves are shown in Fig. 4.
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Fig. 4 Spatial distribution maps of the studied parameters in Gameleira basin (Tapacura sub basin): (a)
and (b) are shape parameters n and 1, respectively, and (c), (d) and (e) are standardization parameters, 0,
K and h,.

The observed and estimated average of all evaluated parameters showed no significant
differences at the 0.05 level of probability. The Beerkan method has proved to be a promising tool,
robust and easy to use, which can help parameterization of hydrological models of physical and
distributed types. Souza et al. (2008) found »n values in the interval 2.15 to 2.36, in an alluvial soil
and 2.16 to 2.23 on an Oxisol. Souza (2005) studied two experimental areas with beans grown in
the State of Paraiba, with 1 observed values range from 7.5 to 15.5 and 9.5 to 15. Silva et al. (2009)
analysed soil samples with different textural classes (sand, sand and sandy frank frank) found for
the parameter 05 values with amplitudes from 0.28 to 0.53 ¢cm® cm™ in the Guaraira basin. Souza et
al. (2008) analysed soil samples with different textural classes and reported values for the parameter
he with ranging from 12.25 to 84.30 mm.

Energy and water balance components and CO; fluxes During the wet season (from March
to May) when the grass (Urochloa mosanbicensis) was in full stage photosynthesis, CO- values were
near —11 mmol m? s! between 11:00 and 13:00 hours (local time). This value is similar to that
reported by von Randow et al. (2004) for pasture in the Amazon forest, Brazil. During dry
fluctuations CO; flux showed lower magnitude throughout the day. It is observed that during the
night respiration (positive values) CO, values were approximately three times greater for the wet
season compared to the dry season (from June to February) (Fig. 5(a)). The water balance
components are presented in Fig. 5(b). During the wet season there was 23 mm of rain, of which
76.24% of this rain were converted into 29.09% evapotranspiration and runoff. In pastures, where
the soil tends to have high densities of soil due to animal grazing, runoff can reach 54.53% of rainfall
(Costa et al. 2013). As no rain was recorded during the dry season, evapotranspiration was
considered equal to the variation of water storage in the soil.

The daily fluxes of the energy balance components are shown in Fig. 6. The ratio LE/Rn
indicates the fraction of the net radiation used in the evapotranspiration process. During the wet
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Fig. 5 (a) daily flow of CO; in the wet and dry seasons; (b) water balance components in the wet and dry
seasons in grassland.
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Fig. 7 (a) Comparison of mean monthly ETo calculated from the FAO PM model and the temperature-
based methods in Sdo Jodo, Pernambuco, Brazil, during the 2011 growing season. (b) Comparison of
mean monthly ETo calculated from the FAO PM model and the radiation-based methods in Sdo Joao,
Pernambuco, Brazil, during the 2011 growing season. (CA), Carmargo; (PM), Penman-Monteith; (HS),
Hargreaves-Samani; (JH), Jensen-Haise; (MK), Makkink.

season, the ratio LE/Rn equal to 0.429 indicates great water availability in the soil and that the largest
fraction of the net radiation was converted in the evapotranspiration process (Fig. 6(a). Krishnan et
al. (2012) reported values between 0.230 and 0.300 for LE/Rn on grassland during the wet season
in the semi-arid area of the United States. The ratio H/Rn was equal to 0.126. In the dry period a
change between the latent and sensible heat was observed, and the ratio H/Rn became equal to 0.359
and due to the low content of available soil water the ratio LE/Rn was only of 0.001.

Comparisons of estimated mean monthly ETo values using the temperature-based and
radiation-based ETo methods are shown in the Figs 7, 8 and 9.

The Hargreaves-Samani and Makkink methods are suitable for predicting ETo in Sao Jodo,
Pernambuco when Rn, Ae and U data are missing, as the Makkink method had better performance
because due to a smaller root mean square error (0.62 mm d™!), while other methods had errors range
from 0.94 to 1.18 mm d".



Hydrological studies in experimental and representative basins in Pernambuco State, Brazil 427

8 8
(a) =74 (b
7 771 ()
o 6 E 6 - &
E ~
é 5 1 g 5 1 o
< 4 5 4
o %
2 3 1 @ 3 1
2>
i = 2 B -
§ 2 y = 0.2250x + 2.5343 2 Y = 0,683« + 20357
S 11 R? = 0.6404 T 1 =0
w o
0 — o —
01 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8
ETo, FAO Penman-Monteith (mm d-1) ETo, FAO Penman-Monteith (mm d-)

Fig. 8 Relationship between daily ETy measured by Penman-Monteith-FAO estimated by the Camargo
(a) and Hargreaves-Samani (b) methods.
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CONCLUSIONS

In Tapacura basin, the Thorthwaite modified method performed better than the standard Penmam-
Monteith method. NDVI and NDWI were similar and presented consistent behaviour with other
studies; the Beerkan method is a promising tool, robust and easy to use, which can help
parameterization of hydrological models of the physical type and distributed.

In Pajet basin, the flow of CO; in the dry season showed lower fluctuations compared to the
wet season, which presented the CO, stream approximately three times the period of highest
intensity (11:00 to 13:00 h); During the wet season, the largest fraction of the net radiation was
converted to evapotranspiration process, whereas in the dry period this process was significantly
reduced;

In Mundau basin, the Makkink method performed better than the standard Penmam-Monteith
method.
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