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Abstract

This study aimed to evaluate the applicability of an infrared
thermography technique relying on cooling the soil surface with cold
water for assessing soil water repellency (SWR) severity under field
conditions.

This study is a follow-up of earlier exploratory small-scale laboratory
tests, where SWR spatial variability was mapped and repellent areas
could be clearly detected on the thermal imaging due to their higher
temperatures, thus distinguishing them from the remaining wettable
areas.

Field tests were carried out, where both natural and artificial SWR
were mapped through thermal imaging, using a portable infrared
video camera. Cold water was used to create a temperature
gradient on the soil surface in order to assess SWR.

Naturally repellent soils were found in a pine and eucalyptus forest
and artificial SWR was induced with a waterproofing spray.

The molarity of an ethanol droplet (MED) test was used to measure
both natural and artificial SWR severity.

The technique was, in overall terms, successful in mapping SWR
spatial variability, distinguishing repellent from wettable areas as
well as distinguishing different levels of SWR severity.

Only extensive testing can, ultimately, validate the technique and
reveal its suitability in different field conditions (e.g., surface
roughness, surface cover, spatial scale).

Keywo rds: soil water repellency, infrared thermography, field
tests

Introduction

Soil water repellency (SWR) is recognized as a
key hydrological and geomorphological process since
the earlier part of the 20t century. However, first
observations of this phenomenon were reported in
the later part of the 18™ century (DeBano, 2000,
Doerr et al., 2000). SWR is a major concern to
hydrogeologists and land managers since it can alter
infiltration and solute transport into the saill,
enhancing surface runoff and associated erosion and
affecting seed germination and plant growth,
triggering land degradation processes (Keizer et al.,
2005a; Leighton-Boyce et al. 2007; Ritsema and
Dekker, 1994; Shakesby et al., 1993).

Rezumat. Evaluarea in teren a impermeabilitatii
apei in sol utilizdnd termografia in infrarosu

Acest studiu a avut drept scop evaluarea utilizarii unei tehnici
de termografie in infrarosu, bazandu-se pe racirea suprafetei
solului cu apa rece, pentru a evalua impermeabilitate hidrica a
solului (SWR) in conditii severe de teren. Acest studiu este o
continuare a testelor de laborator anterioare de explorare la
scara micd, in care variabilitatea spatiala a SWR a fost cartata,
iar zonele de respingere a putut fi detectate in mod clar pe
imagini termice datorita temperaturilor lor mai mari, ceea ce a
permis distingerea de perimetrele umectate. Testele de teren
SWR au fost efectuate, in regim natural cat si artificial, iar
cartografierea s-a efectuat prin imagistica termica, cu o
camera video portabila in infrarosu. Apa rece a fost folosit
pentru a crea un gradient termic pe suprafata solului, n scopul
de a evalua SWR. In mod natural, soluri hidrofuge au fost
gasite intr-o padure de pin si eucalipt si SWR artificiala a fost
indusa cu un spray pentru impermeabilizare. Molaritatea unui
test de etanol a picaturii (MED) a fost utilizata_pentru a
masura severitatea SWR atat natural si artificiala. In termeni
generali, tehnica a fost un succes si a permis cartarea
variabilitatii spatiale a SWR, diferentierea perimetrelor
hidrofuge de cele zone hidrofile precum si niveluri distinctive
de severitate diferitd a SWR. Numai testare extinsd poate, in
cele din urmd, sa valideze tehnica si sa dezvaluie caracterul
adecvat in conditii diferite de teren (de exemplu, rugozitate de
suprafata, acoperirea terenului, scara spatiala).

Cuvinte-cheie: impermeabilitate hidricd a solului,
termografiere in infrarosu, testele de teren

SWR is originated by the coating of soil particles
with hydrophobic organic substances usually released
by plants or decomposing plant material (Dekker and
Ritsema, 1994; Keizer et al., 2005b). Repellent soils
have been found in fire affected forest lands (Badia-
Villas et al., 2014; Keizer et al., 2008; Mataix-Solera
and Doerr, 2004), but also in pine and eucalypt forest
lands not affected by fires and in agricultural lands
with high soil organic matter content (Doerr et al.,
2000, Keizer et al., 2007, Santos et al., 2013).

One of the most commonly used technique to
measure SWR is the Molarity of an Ethanol Droplet
(MED) test (Letey, 1969), which measures the
surface tension between an ethanol solution and the
soil surface to indirectly determine how strongly the
water is repelled. It provides quantitative data, but
the subsequent classification or characterization of
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these data varies with the objective of the
investigator and perception of what constitutes low
or high SWR severity. The MED test is a practical
and quick test and has therefore been widely
applied in especially intensive field monitoring
studies (Keizer et al., 2005b; 2007, 2008; Malvar et
al., 2015; Santos et al., 2013). Other techniques
used to measure SWR include measurement of the
time taken by a water drop to completely penetrate
into the soil, measurement of the water-soil contact
angle, measurement of ethanol and water ethanol
sorptivity, measurement of the water entry pressure
head of a soil and the sessile drop method (King,
1981; Dekker et al., 2009). However, these
techniques only provide punctual data that must be
grouped or scaled to bring out spatial coherence, in
order to properly map spatial variations of SWR at
field and landscape scales.

Infrared thermography based methods have
been used as high resolution imaging tools in
hydrology (Bonar and Petre, 2015; Mejias et al.,
2012; Schuetz et al., 2012) and physical geography
(Dehvari and Heck, 2007; Pohl and Van Genderen,
1998; Ricchetti, 2001), in particular those using
portable hand-held infrared cameras have been
increasing due to recent reductions in their prices
and substantial enhancements of their portability
and spatial resolution. In recent studies, infrared
thermographic techniques were used by the authors
to assess different soil surface hydrological
processes in laboratory and field conditions
(Abrantes et al., 2017; Abrantes and de Lima, 2014;
de Lima and Abrantes, 2014a, 2014b; de Lima et al.,
2014a, 2014b, 2014c, 20153, 2015b).

This study aimed to evaluate the applicability of a
field infrared thermography technique relying on
cooling the soil surface with cold water for assessing
small-scale SWR severity under field conditions. This
study is a follow-up of exploratory small-scale
laboratory tests presented in Abrantes et al. (2017)
where SWR spatial variability was mapped and
repellent areas could be clearly detected on the
thermal imaging due to their different coloration
associated with  higher temperatures, thus
distinguishing them from the remaining wettable
areas.

Study area and soil surface repellency

The field tests presented in this study were
conducted in a Pine (Pinus pinaster) and Eucalyptus
(Eucalyptus globulus) forest site located in Pinhal de
Marrocos, Coimbra, Portugal, in the surroundings of
the Department of Civil Engineering of the Faculty of
Sciences and Technology of the University of
Coimbra. The soils in this site were loamy sand soils
with a surface slope between 15-20%. Soil surface
was dry at the beginning of the tests.

The thermographic technique was tested in 6
areas of the study site, each with approximately 0.65
x 0.85 m2 The areas presented different
characteristics (Fig. 1a), such as areas with bare soil
surface in open patches of the tree canopy (i.e.
wettable soil surface) and areas with soil surface
covered with a thick litter layer of pine and
eucalyptus residues (i.e. repellent soil surface). Some
wettable areas of the soil surface were also induced
with artificial repellency by applying a waterproofing
spray. This allowed to test the technique in different
soil surface repellent conditions, ranging from

wettable to extremely repellent: scenario 1 with
wettable soil surface; scenario 2 with low SWR;
scenario 3 with moderate SWR; scenario 4 with
severe SWR; scenario 5 with half of the area
artificially induced with extreme repellency (Fig. 1b);
and scenario 6 with circular areas artificially induced
with extreme repellency (Fig. 1c).

Fig. 1: Photographs of: a) study area with
observation of the increasing layer of litter and,
consequently, increasing SWR; b) and c) scenarios
5 and 6, respectively, with representation of the
boundary between the wettable and the induced
repellent areas (photographs taken immediately
after application of the waterproofing spray); and
d) location of the places where the MED test was
used to measure the SWR in the scanned area,
after removal of the litter layer

SWR severity was determined at the soil surface
after removal of the litter layer, using the MED test
(following proceeding used in Abrantes et al., 2017).
SWR severity was divided in 5 repellency intensity
classes, according the ethanol concentration, as
follows (adapted from Doerr et al., 1998): class 0,
wettable (0%); class 1, low repellency (1, 3 and
5%); class 2, moderate repellency (8.5 and 13%);
class 3, severe repellency (18 and 24%) and class 4,
extreme repellency (36, 50% and more). In each
scenario, SWR measurements were conducted
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randomly at the soil surface on 16 points in a
regular pattern, as shown in Fig. 1d.

Materials and methods

Infrared thermographic technique

A schematic representation of the experimental
setup used in this study is presented in Figure 2.
The proposed thermographic technique, tested
previously in laboratory (Abrantes et al., 2017),
started by applying approximately 4.0 L of cold
water, at a temperature of 6.3+0.5 °C (cooled in a
refrigerator), over the soil surface. The water was
released manually by turning over a feeder box
located upslope of the scanned area (Fig. 2). The
feeder box was tipped in a quick and fast movement
in order to achieve a uniform discharge and a flow
depth uniformity over the scanned area but, at the
same time, to induce minimum soil surface
disturbances.

Portable infrared
video camera

Tripod

/ 0.65m

y i
T

Thermal videos of the soil surface and water
were recorded with an Optris PI-160 portable
infrared video camera (Optris GmbH, Germany) with
an optical resolution of 160 x 120 pixels. The
camera was attached to a support structure with the
focal direction perpendicular to the soil surface, at a
distance of 2.15 m (Fig. 2). These videos were
then analysed with the objective of distinguish
repellent from wettable areas as well as identify
different levels of SWR. For each scenario, two
thermograms (i.e. snapshot of the thermal video)
were selected and its temperatures were analysed:
one corresponding to an instant just before the
coldwater application; and other corresponding to
an instant just after the passage of the cold water
wave through the scanned area, approximately 5 s
after the cold water application. This specific instant
was chosen because, in general, it revealed the
strongest thermal differences between wettable and
repellent areas and, thus, allowed evaluating the
best possible performance of the proposed
technique.

Portable
monitor

Feeder box with cold
V)rater

surface

0%5“\ '&Scanned
area

Surface flow
direction

Fig. 2: Scheme of the setup used in the field tests (not at scale)

Results and discussion

Thermograms of the six scenarios studied in the
field experimental tests, using the proposed infrared
thermography technique, are presented in Figure 3.
Each thermogram comprises a total of 19200 pixels
(i.e. temperature data points), each one with a size
of 28.8 mm?2,

At the beginning of the tests, soil surface
temperature was not exactly the same in all
scenarios. Average soil surface temperature of
scenarios with previous presence of a litter layer of
forest residues (removed at the beginning of the
tests and before thermal images were captured) was
lower than bare soil scenarios (average values of
22.2 and 24.0 °C, respectively). Before the
application of the thermographic technique (i.e.
application of the cold water on the soil surface), the
extremely repellent area induced with waterproofing
spray could not be distinguished from the wettable
area in scenario 5 (Fig. 3e left). However, circular

extremely  repellent  areas, induced  with
waterproofing spray, in scenario 6 showed slightly
lower temperatures than the remaining wettable
area. Even so, these thermal differences were not
significant and, by themselves, were not sufficient to
identify the extremely repellent areas.

As the cold water flowed down the scanned
areas, it started to be repelled in the repellent areas.
Therefore, after the passage of the water wave
through the scanned areas, scenarios with stronger
levels of SWR presented higher average
temperatures (cold water was repelled), as opposed
to scenarios with no (wettable soil) and lower levels
of SWR, where more cold water infiltrated into the
soil, thereby cooling it.

Extremely repellent areas induced with
waterproofing spray in scenarios 5 and 6 (Figures 3e
and 3f) could be clearly distinguished from the
wettable area, based on their lighter coloration
associated with higher temperatures (also observed
in Abrantes et al., 2017).
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Imaging results were driven by soil water content
as a result of infiltration differences (also observed
in de Lima et al.,, 2014b). As stated before, in
wettable areas more cooled water flowed into the

soil, therefore these areas presented lower
temperatures. Repellent areas presented higher
temperatures, because less cooled water has

infiltrated in these places since it was repelled.
Therefore, these imaging results are a clear
indicator of the drainage pattern of each studied
scenario, especially Figures 3c and 3d.

Since the application of the thermographic
technique only lasted 5 s (i.e. time taken from the

application of the cold water to its passage through
the scanned area), temperature exchange between
the soil surface (and/or water flowing at the soil
surface) and the atmosphere was considered
negligible. The thermogram of scenario 6 presented
some deformations of the circular areas, where
extreme SWR was induced, suggesting leaching of
SWR from these areas in the downslope direction
(also observed in Abrantes et al., 2017).

These deformations could result/reflect the
transport of repellent soil particles by the water
wave and/or heat diffusion, as observed in de Lima
and Abrantes (2014) and in de Lima et al. (2014b).

a) Scenario 1 - Wettable b) Scenario 2 — Low SWR
t,=0s =0s
) Scenario 3 — Medium SWR d) Scenario 4 — Severe SWR
t;=0s
e) Scenario 5 — Artificial extreme SWR
t,=0s
Surface flow —
0°C 15°C 30°C direction 0.25m

Fig. 3: Unprocessed soil surface thermograms of the six scenarios studied in the field tests, before (ti = 0
s) and after (tf = 5 s) the application of the thermographic technique (i.e. application of the cold water on
the soil surface): a) scenario 1 with wettable soil surface; b) scenario 2 with low SWR; c) scenario 3 with
moderate SWR; d) scenario 4 with severe SWR; e) scenario 5 with half of the area artificially induced with
extreme repellency; and f) scenario 6 with circular areas artificially induced with extreme repellency

As stated before, soil surface temperature at the
beginning of the tests (i.e. prior to cold water
application) was not exactly the same in all
scenarios; therefore, the temperature in the
thermograms was corrected by subtracting the
temperature of the thermograms before the cold
water application (Ti at ti = 0 s) to the temperature
of the thermograms after the cold water application
(Tr at tr = 5s), as schematized in Figure 4 for
scenario 1.

Since the temperature of the cold water applied
to the soil surface was approximately equal in all
tested scenarios (6.3+0.5°C) a correction of this
temperature was not done. However, a similar

correction should be considered if the temperature
of the applied water would not equal.

T;

0°C 15°C 30°C  _p0°C 0°C
Fig. 4: Scheme of the procedure used in the
temperature correction of the soil surface

thermograms, for scenario 1

© 2017 Forum geografic. All rights reserved.
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The correction procedure resulted in the final
thermograms is shown in Figure 5, for all tested
scenarios. With this correction, temperature of all
thermograms can be compared without interference
of the initial temperature of the soil surface. This is
relevant because average soil surface temperature
of scenarios with previous presence of a litter layer
of forest residues was lower than bare soil
scenarios.

As shown in Figure 5 (left), scenarios with
stronger levels of SWR presented a corrected
temperature (i.e. temperature difference) closer to 0
°C, since its final temperature was more similar to
the initial temperature, due to lower cold water
infiltration. By contrast, scenarios with no and lower
levels of SWR presented average lower corrected
temperatures, due to higher infiltration of cold water
into the soil. This is shown in the graph of the

a) Scenario 1

b) Scenario 2 )

Scenario 3 d)

Scenario 4

Figure 5g which presents the average corrected
temperatures, extracted from the processed
thermograms, and plotted against the 5 SWR
severity classes measured with the MED test.

For each and every year, the values of the Figure
6 (right) shows corrected temperatures extracted
from the thermograms, for some cross sections of
the scanned area, for all tested scenarios. The
longitudinal (Fig. 6a) as well as transversal (Fig. 6b)
cross sections revealed that average corrected
temperatures  contrasted markedly  between
scenarios 1, 2, and 3-4. However, almost no
difference was observed between the average
corrected temperature of scenarios 3 and 4. For the
induced extreme SWR scenarios (scenario 5 in Fig.
6¢c and scenario 6 in Fig. 6d) a clear distinction
existed between the corrected temperature in the
repellent and wettable areas.
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Fig. 5: a), b), c), d), e) and f) Themograms of the soil
surface after the correction procedure, for all tested
scenarios; and g) Average and standard deviation
(19200 data points) of the corrected temperatures
plotted against the 5 SWR severity classes measured
with the MED test (class 0 — wettable, class 1 - low
SWR, class 2 - moderate SWR, class 3 - severe SWR

and class 4 - extreme SWR)

Conclusion

In the present field study, a technique based on
infrared thermography was tested for assessing
water repellency at the soil surface (SWR). The
technique proved to be an easy and fast way for
gathering a high resolution SWR map in small scale
field plots, allowing thermograms with 19200 data

SWR Severity class

—
0.25m

a) Distance (m)

0 02 0.4 0.6 0.8

Scenario 6

Welt Rep. Wellable Rep.,  Well

T,(°C)
BE e be

Ti

L -.l-. -
1

o

Fig. 6: Soil surface corrected temperature
(data points and average lines), for some cross
sections of the scanned area (shown in the
right side of the plots): a) Longitudinal cross
sections for scenarios 1, 2, 3 and 4 (160 data
points); b) Transversal cross sections for
scenarios 1, 2, 3 and 4 (120 data points); c)
Cross section for scenario 5 (90 data points);
and d) Cross section for scenario 6 (60 points)

points versus the 16 MED measurements. The
technique was, in general, successful in
distinguishing areas that were water repellent from
areas that were wettable as well as in distinguishing
between areas with different levels of SWR. Overall,
the proposed technique apparently has high
potential to contribute to a better understanding of
the hydrological impacts of SWR, by also revealing
the drainage pattern of the field plots.
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However, the proposed technique presented
some drawbacks: i) it may require measurements of
SWR as a basis for accurate predictions; ii) it can
only be applied to relatively flat sloping soil surfaces
and its results may depend strongly on experimental
aspects (e.g., temperature of applied water), as well
as on local soil conditions, such as roughness,
temperature, moisture and macroporosity, which
could create preferential infiltration patterns even in
highly repellent areas; iii) it may affect the soil
surface characteristics, especially in easily erodible
soils and it may alter SWR levels and, especially
through leaching, SWR spatial patterns.

Results of this study suggest that is worthwhile
to explore this technique. Only extensive testing
can, in fact, validate the technique and reveal its
suitability under different field conditions (e.g.,
surface roughness, surface cover, spatial scale).

Acknowledgements

This study was supported by the project
“RECARE - Preventing and Remediating degradation
of soils in Europe through Land Care" (Grant
Agreement 603498) funded by the European Union
(EU), through a 5 months research grant of the first
author (BI/UI88/7111/2015).

This study is also in the framework of the
doctoral (SFRH/BD/103300/2014) and post-doctoral
(SFRH/BPD/97851/2013) grants of the first and third
authors, respectively, and the project “HIRT -
Modelling surface hydrologic processes based on
infrared thermography at local and field scales”
(PTDC/ECM-HID/4259/2014 - POCI-01-0145-
FEDER-016668), coordinated by the second author
and funded by the Portuguese Foundation for
Science and Technology (FCT) and FEDER (Fundo
Europeu de Desenvolvimento Regional).

References

Acreman, M. C,, Fisher, J., Stratford, C. J., Mould, D. J., &
Mountford, J. O. (2007). Hydrological science and
wetland restoration: some case studies from Europe.

Hydrol. Earth Syst. Sci., 11, 158-169,
doi:10.5194/hess-11-158-2007.
Abrantes, J.R.C.B. & de Lima, J.L.M.P. (2014).

Termografia para determinacdo da microtopografia da
superficie do solo em diferentes condicdes de
cobertura morta. Rev. Bras. Ciénc. Agrar. X3), 445-
453. doi:10.5039/agraria.v9i3a3602.

Abrantes, J.R.C.B., de Lima, J.L.M.P., Prats, S.A. & Keizer,
J.J. (2017). Assessing soil water repellency spatial
variability using a thermographic technique: An
exploratory study using a small-scale laboratory soil
flume. Geoderma, 287, 98-104.
doi:10.1016/j.geoderma.2016.08.014.

Badia-Villas, D., Gonzalez-Pérez, J.A., Aznar, J.M., Arjona-
Gracia, B. & Marti-Dalmau, C. (2014). Changes in

water repellency, aggregation and organic matter of a
mollic horizon burned in laboratory: soil depth affected
by fire. Geoderma 213, 400-407.
doi:10.1016/j.geoderma.2013.08.038.

Bonar, S.A. & Petre, S.J. (2015). Ground-based thermal
imaging of stream surface temperatures: technique
and evaluation. N. Am. J. Fish Manag. 35(6), 1209-
1218. doi:10.1080/02755947.2015.1091410.

de Lima, J.L.M.P. & Abrantes, J.R.C.B. (2014a). Can
infrared thermography be used to estimate soil surface
microrelief and rill morphology? Catena 113, 314-322.
doi:10.1016/j.catena.2013.08.011.

de Lima, J.L.M.P. & Abrantes, J.R.C.B. (2014b). Using a
thermal tracer to estimate overland and rill flow
velocities. Earth Surf. Proc. Land. 3910), 1293-1300.
doi:10.1002/esp.3523.

de Lima, J.L.M.P., Abrantes, J.R.C.B., Silva Jr., V.P., de
Lima, M.I.P. & Montenegro, A.A.A. (2014a). Mapping
soil surface macropores using infrared thermography:
Exploratory laboratory study. Sci. World J. 2014, Art.ID
845460. doi:10.1155/2014/845460.

de Lima, J.L.M.P., Abrantes, J.R.C.B., Silva, JR., V.P. &
Montenegro, A.A.A. (2014b). Prediction of skin surface
soil permeability by infrared thermography: a soil
flume experiment. Quant. Infrared Thermogr. 11(2),
161-169. doi:10.1080/17686733.2014.945325.

de Lima, J.L.LM.P., Silva Jr., V.P., Abrantes, J.R.C.B.,
Montenegro, A.A.A. & de Lima, M.I.P. (2014c). In situ
observation of soil macropores using infrared
thermography. Die Bodenkultur 643-4), 57-62.

de Lima, J.L.M.P., Silva, JR., V.P., de Lima, M.L.P,,
Abrantes, J.R.C.B. & Montenegro, A.A.A. (2015a).
Revisiting simple methods to estimate drop size
distributions: a novel approach based on infrared
thermography. 1. Hydrol. Hydromech. 63(3), 220-227.
doi:10.1515/johh-2015-0025.

de Lima, R.L.P., Abrantes, J.R.C.B., de Lima, J.L.M.P. & de
Lima, M.L.P. (2015b). Using thermal tracers to
estimate flow velocities of shallow flows: laboratory
and field experiments. J. Hydrol. Hydromech. 63(3),
255-262. doi:10.1515/johh-2015-0028.

DeBano, L.F. (2000). SWR in soils: a historical overview. J.
Hydrol, 231-232, 4-32. doi:10.1016/50022-
1694(00)00180-3.

Dehvari, A. & Heck, R.J. (2007). Comparison of object-
based and pixel based infrared airborne image
classification methods using DEM thematic layer. J
Geogr. Reg. Plan. 24), 86-96.
doi:10.5897/IGRP2009.5B0C0A51198.

Dekker, L.W. & Ritsema, C.J. (1994). How water moves in
a water-repellent sandy soil: 1. Potential and actual
water-repellency. Water Resour. Res. 3((9), 2507-
2517. doi:10.1029/94WR00749.

Dekker, L.W., Ritsema, C.J., Oostindie, K., Moore, D. &
Wesseling, J.G. (2009). Methods for determining soil
water repellency on field-moist samples. Water
Resour. Res. 454), WO00D33.
doi:10.1029/2008WR007070.

Doerr, S.H., Shakesby, R.A. & Walsh, R.P.D. (1998).
Spatial variability of hydrophobicity in fire-prone
eucalyptus and pine forests, Portugal. Soil Sci. 163(4),
313-324. doi:10.1097/00010694-199804000-00006.

Doerr, S.H., Shakesby, R.A. & Walsh, R.P.D. (2000). Soil
water repellency: its causes, characteristics and hydro-

© 2017 Forum geografic. All rights reserved.


http://dx.doi.org/10.1016/j.geoderma.2013.08.038
http://dx.doi.org/10.1016/j.catena.2013.08.011
http://dx.doi.org/10.1002/esp.3523
http://dx.doi.org/10.1155/2014/845460
http://dx.doi.org/10.1080/17686733.2014.945325
http://dx.doi.org/10.1515/johh-2015-0025
http://dx.doi.org/10.1515/johh-2015-0028
http://dx.doi.org/10.1016/S0022-1694(00)00180-3
http://dx.doi.org/10.1016/S0022-1694(00)00180-3
http://dx.doi.org/10.1029/94WR00749
http://dx.doi.org/10.1097/00010694-199804000-00006

Field Assessment of Soil Water Repellency Using Infrared Thermography

geomorphological significance. Earth-Sci. Rev. 51(1-4),
33-65. doi:10.1016/S0012-8252(00)00011-8.

Keizer, 1.J., Coelho, C.0.A., Shakesby, R.A., Domingues,
C.S.P., Malvar, M.C., Perez, I.M.B., Matias, M.J.S. &
Ferreira, A.J.D. (2005a). The role of soil water
repellency in overland flow generation in pine and
eucalypt forest stands in coastal Portugal. Soi/ Res.
43(3), 337-349. doi:10.1071/SR04085.

Keizer, 1.]., Doerr, S.H., Malvar, M.C., Ferreira, A.J.D. &
Pereira, V.M.F.G. (2007). Temporal and spatial
variations in topsoil water repellency throughout a
crop-rotation cycle on sandy soil in north central
Portugal. Hydrol. Process. 21(17), 2317-2324.
doi:10.1002/hyp.6756.

Keizer, 1.J., Doerr, S.H., Malvar, M.C., Prats, S.A., Ferreira,
R.S.V., Onate, M.G., Coelho, C.0.A. & Ferreira, A.1.D.
(2008). Temporal variation in topsoil water repellency
in two recently burnt eucalypt stands in north-central
Portugal. Catena 743), 192-204.
doi:10.1016/j.catena.2008.01.004.

Keizer, 1.1., Ferreira, A.].D., Coelho, C.0.A., Doerr, S.H.,
Malvar, M.C., Domingues, C.S.P., Perez, I.M.B., Ruiz,
C. & Ferrari, K. (2005b). The role of tree stem
proximity in the spatial variability of soil water
repellency in a eucalypt plantation in coastal Portugal.
Soil Res. 43(3), 251-259. doi:10.1071/SR04096.

King, P.M. (1981) Comparison of methods for measuring
severity of water repellence of sandy soils and
assessment of some factors that affect its
measurement (Australia). Aust. J. Soil Res. 1943), 275-
285. http://dx.doi.org/10.1071/SR9810275.

Leighton-Boyce, G., Doerr, S.H., Shakesby, R.A. & Walsh,
R.P.D. (2007). Quantifying the impact of soil water
repellency on overland flow generation and erosion: a
new approach using rainfall simulation and wetting
agent on in situ soil. Hydrol. Process. 21(17), 2337-
2345. doi:10.1002/hyp.6744

Letey, J. (1969). Measurement of contact angle, water
drop penetration time, and critical surface tension. In:
DeBano, L.F., Letey, J. (Eds.), Proceedings of the
Symposium on Water-Repellent Soils, University of
California, Riverside, CA, USA, 43-47.

Malvar, M.C., Prats, S.A., Nunes, J.P. & Keizer, ].J. (2016).
Soil water repellency severity and its spatio-temporal
variation in burnt eucalypt plantations in north-central
Portugal. Land Degrad. Dev. 2A5), 1463-1478.
doi:10.1002/Idr.2450.

Mataix-Solera, J. & Doerr, S.H. (2004). Hydrophobicity and
aggregate stability in calcareous topsoils from fire-
affected pine forests in southeastern Spain. Geoderma
1181-2), 77-88. doi:10.1016/S0016-7061(03)00185-X.

Mejias, M., Ballesteros, B.J.,, Antdn-Pacheco, C.,
Dominguez, J.A., Garcia-Orellana, J., Garcia-Solsona,
E.G. & Masqué, P. (2012). Methodological study of
submarine groundwater discharge from a Kkarstic
aquifer in the Western Mediterranean Sea. J. Hydrol.
464-465, 27-40. doi:10.1016/j.jhydrol.2012.06.020.

Pohl, C. & Van Genderen, J.L. (1998). Review article
Multisensor image fusion in remote sensing: Concepts,
methods and applications. Int. J. Remote Sens. 145),
823-854. doi:10.1080/014311698215748.

Ricchetti, E. (2001). Visible-infrared and radar imagery
fusion for geological application: A new approach using
DEM and sun-illumination model. Int. J. Remote Sens.
22(11), 2219-2230. doi:10.1080/713860801.

Ritsema, C.J. & Dekker, L.W. (1994). How water moves in
a water repellent sandy soil: 2. Dynamics of fingered
flow. Water Resour. Res. 30(9), 2519-2531.
doi:10.1029/94WR00750.

Santos, J.M., Verheijen, F.G.A., Wahren, F.T., Wahren, A.,
Feger, K.H., Bernard-Jannin, L., Rial-Rivas, M.E.,
Keizer, J.J. & Nunes, J.P. (2013). Soil water repellency
dynamics in pine and eucalypt plantations in Portugal —
a high resolution time series. Land Degrad. Dev. 2/5),
1334-1343. doi:10.1002/Idr.2251.

Shakesby, R.A., Coelho, C.0.A., Ferreira, A.D., Terry, J.P.
& Walsh, R.P.D. (1993). Wildfire impacts on soil
erosion and hydrology in wet Mediterranean forest,
Portugal. Int. J. Wildland Fire 3X2), 95-110.
doi:10.1071/WF9930095.

Schuetz, T., Weiler, M., Lange, ]J. & Stoelzle, M. (2012).
Two-dimensional assessment of solute transport in
shallow waters with thermal imaging and heated
water. Aadv. Water  Resour. 43, 67-75.
doi:10.1016/j.advwatres.2012.03.013.

forumgeografic.ro


http://dx.doi.org/10.1016/S0012-8252(00)00011-8
http://dx.doi.org/10.1071/SR04085
http://dx.doi.org/10.1002/hyp.6756
http://dx.doi.org/10.1016/j.catena.2008.01.004
http://dx.doi.org/10.1071/SR04096
http://dx.doi.org/10.1002/hyp.6744
http://dx.doi.org/10.1029/94WR00750
http://dx.doi.org/10.1002/ldr.2251

