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Land use change has raised concerns from society and scientific community due to its direct influence
on rivers water quantity and quality. There is a common sense that land use change through deforestation
increases the annual runoff. Most land use impact studies are based on satellite images, although, these
images are scarce in representing past times in some locations. This study has the objective to implement
a method to evaluate the potential effects of land use change on discharge through an application of the
TOPMODEL with a multi-velocity approach. The method is based on an analysis of model residual
(difference between observed and calculated discharges) regarding data error and model structure
limitations. It consists of five steps: (1) model calibration against the entire time-series; (2) model
calibration against a period of six years; (3) model validation, using the parameters determined in the
previous step, against the entire time-series; (4) model residual computation for the steps 1 and 3 and (5)
model residual trend analysis. The method was applied to the Humaita basin, sub-basin of the Amazon
basin. The filtered model residual analysis shows a period of accentuated increase in discharges which
matches with higher deforestation periods, therefore giving evidences that the method may be a key
variable to isolate the effect of land use change on discharges.
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1. INTRODUCTION

Land use change has raised concerns from society
and scientific community due to its direct influence
on rivers water quantity and quality. Quilbé et al."
stated that runnof and water quality are influenced
by many natural and anthropogenic factors that
occur at the watershed scale. It is well-known that
land use constitutes one of these factors, and that
deforestation of one piece of land for agricultural or
urban development can affect locally water balance
and pollutant fate. There is a common sense that
land use change through deforestation increases the
annual runoff ? and the increase depends on several
factors such as forest type, soil type, soil depth and
topography *.

According to Elfert et al. ¥, there are three
different approaches to identify possible impacts of
land use change on catchment hydrology: (1) if

long-term data series and land use information are
available, statistical analysis could be carried out;
(2) paired catchment studies are often performed to
reveal differences in the hydrological behavior of
catchments with different land use; (3) hydrological
models calibrated for the current and/or past land
use are able to simulate future scenarios of land use
and effects on discharges can be studied.

The first approach has issues concerning long-
term data availability. Quite often long-term
discharge data are not available and/or land use
information, such as satellite images, covering the
required period. The second approach relies on
experimental catchments with similar topography
and soil types, among other characteristics, although
with different land use. Those catchments are quite
complicated to find and set up.

Those difficulties in the first two approaches may
explain the amount of studies applying hydrological
models (e.g. Niehoff er al. »; Beighley et al. ©;
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Bettina and Uhlenbrook ”; Tang er al. ®; Lee and
Chung ?; Troy et al. '; Quilbé ef al. V; Wang et al.
M. Mao and Cherkauer '¥; Elfert and Bormann ¥;
Chu et al. '¥; Petchprayoon et al. '¥; Ghaffari et al.
1. Moran-Tejeda et al. '¥).

As pointed out by Elftert er al. *, the use of
hydrological models in order to evaluated land use
change should be followed by a model sensitivity
analysis with respect to land use change. Otherwise,
effects on discharges would be an effect from the
model approach and not from the land use change
itself.

In addition, most of these studies are based on
satellite images to characterize the land use.
Although satellites images are a powerful tool with
spacial resolutions increasing day by day, they fail
to represent a satisfactory temporal resolution when
compared to the temporal resolution of discharge
and other model inputs. Moreover, satellites images
are scarce in representing past times in some
locations. Steininger er al. '” pointed out that
estimates of deforestation that are based on survey
questionnaires or limited samples of satellite
observations, such as those provide by the Food and
Agriculture Organization of the United Nations
(FAO), have been subject to criticism and have
failed to accurately document the distribution of
deforested areas.

In order to avoid the lack of satellite images, a
hydrological model can be applied to a long-term
time-series. Once the model is calibrated for a
specific period, its response is compared with the
observed discharge over the entire time-series.

Lorup et al. ' applied a modified approach
combining statistical analysis and a hydrological
model application. They used the model residual
(difference between observed and calculated
discharges) to analyze the effect of land use change
on discharges. They concluded that the model
residual was the key variable for testing the effects
of land use change in the statistical analysis.
Misinterpretation of the test results, for instance
caused by changes in the rainfall regime. was
avoided. In their study, they used the hydrological
model to reduce the noise on discharges generated
by climate variability. However, they took into
account no effect of data error or model limitation
on the results.

This study has the objective to implement a
method to evaluate the potential effects of land use
change on discharge through an application of the
TOPMODEL with a multi-velocity approach. The
method is based on an analysis of model residual
(difference between observed and calculated
discharges) regarding data error and model structure
limitations. The method was applied to the Humaita
basin, sub-basin of the Amazon basin.

2. METHODOLOGY

(1) Study area and data

For this study the Humaita basin was chosen (Fig.
1). This basin is a sub-basin of the Amazon basin
and has roughly one million km®. It is located in the
southwestern part of the Amazon basin. This basin
has nearly all of its area inserted in the Bolivian
territory. Near its outlet is the city of Porto Velho
which is one of the most important cities in the
north of Brazil.

The topographic data were extracted using
ETOPOI elevations global data. ETOPO1 has a
spatial resolution of one minute and has been
available from National Geophysical Data Center
(NGDC), National Oceanic and Atmospheric
Administration (NOAA).

Meteorological data (precipitation, radiation and
temperature) were extracted from Hirabayashi er al.
') re-analysis. They developed and assessed a global
0.5 degree near-surface atmospheric data from 1948
to 2006 at daily (for precipitation, snowfall, and
specific humidity) and 3-hourly (for temperature,
short- wave radiation, and longwave radiation) time
scales.

Potential ~ evapotranspiration  was
through the Priestley-Taylor radiation method
This method is a good alternative when all the
necessary data for the Penamn-Monteith method *"
are not available.

Priestley-Taylor radiation method uses radiation
data, average daily temperature, air pressure and an
empirical constant. Air pressure values were derived
from the elevation data and the empirical constant
was set to the unit.

An areal average daily precipitation (Fig. 2) and
evapotranspiration (Fig. 3) data were used. For this
period (thirty five years) the mean precipitation
value was 4.86 mm with a maximum value of 39.91
mm, whereas the mean evapotranspiration value
was 3.74 mm with a maximum value of 4.87 mm
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Fig. 1 Location of the Humaita basin (brown area) and the
Amazon basin (black line) in the South America. Elevations in

: meters from ETOPO1.
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and minimum value of 2.36 mm. The precipitation
time-series has a significant downward trend at p <
0.05 according to the Mann-Kendal test, as well as
the evapotranspiration time-series.

The daily observed discharge data, used in this
study, were obtained from ANA at Humaita station.
They encompass the period from 1972 to 2006 (Fig.
4). The first six years (1972 — 1977) of this time
series were used for model calibration purpose and
the entire time series was used for models validation
purpose. The daily observed discharges time-series
has a significant downward trend at p < 0.05.

(2) Hydrological model

In this study TOPMODEL ** with a multi-
velocity approach *** was chosen as a hydrological
model. The multi-velocity TOPMODEL approach
consists in deriving a time-area function from a
distance-area function using the following equation:
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Fig. 2 Areal average precipitation time-series from 1972 to
2006. Significant downward trend at p < 0.05.
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Fig. 3 Areal average evapotranspiration time-series from 1972

to 2006. Significant downward trend at p < 0.05.
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Fig. 4 Observed discharge time-series from 1972 to 2006.

Significant downward trend at p < 0.05.
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where r¢; [T] is the time of concentration of a
determined distance-area function class k; V' is a
proportionality constant [L'T']; V' is a power law
exponent [-]: / is the plan flow path length from a
class area k to the basin outlet; 4; [L?] is the
cumulative area of the class & and N is the total
number of classes which the distance-area function
is composed. As the cumulative area increases the
velocity increases following a power law
relationship. Equation 1 tries to take into account
the spatial variability of velocities in a basin, instead
of the lumped velocity in the original TOPMODEL
approach.

(3) Model performance

In order to evaluate the model performance, Nash
coefficient ** and log Nash coefficient were chosen,
as follows:

3 lo(e)=5(de)f
NSE(@)=1—-tb— (2)

i{o(f)—af
=1

"_ilm(o(:))~1n(a(;|@nf 3)

NSE,(©)=1-"
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where o(1) is the observed discharge at the time ¢,
o(t|®) is the calculated discharge at the time 7 given
the parameter set ©, o is the observed discharge
average and N is the number of time steps. Thereby:,
the model performance (Eff) is determined by the
product of these two coefficients, i.e., by the product
of the Equations 2 and 3. The combination of these
two objective functions is an attempt to search for
simulations which try to fit the observed discharge
data at high and low discharges simultaneously.
Missing observed discharge data were excluded
from the Eff computation.

(4) Analysis of the effects of land use change on
discharges

The method consists of the following steps: (1)
model calibration against the entire time-series:(2)
model calibration against a period of six years; (3)
model validation, using the parameters determined
in the previous step, against the entire time-series;
(4) model residual computation for the steps 1 and 3
and (5) model residual trend analysis.

The model residual trend analysis is computed
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through the difference between the model residual
from the model calibration for the entire time-series
and model validation. Thereby, reducing the effect
of model structure limitations and data error on the
model residual. This new model residual is called
filtered model residual.

Furthermore, the filtered model residual is
analyzed in order to identify a possible relationship
with the deforestation process in the basin.

3. RESULTS AND DISCUSSION

The model was calibrated for the entire time-
series obtaining a performance Eff of 0.66. It is
considered a rather efficiency. Fig. 5 shows the
hydrographs comparison for this calibration. It can
be noticed a model overestimation during the first
ten years. This overestimation is noticeable through
the calculated total discharge, uncertainty and
max/min bounds as well. The overestimation may
be associated to data error (for instance the areal
average precipitation) and/or model structure
limitations.

In the calibration period for six years, the model
obtained a performance coefficient Eff of 0.80 and
in the validation period, Eff was equal to 0.61.
Through the Fig. 6 is possible to see that most
observed discharges lay inside the uncertainty and
max/min  bounds. Therefore, the model was
validated for the entire time series. As expected, the
model performed better the first ten years (such
years nearly coincide with the calibration years),
however, it underestimated the last years.

It was confirmed, by means of the model
residuals analysis (Figs. 7 and 8), an upward trend
in the discharges. Fig. 7 shows the model residual
for a model calibration against the whole time-
series. It would be expected no trend in this
analysis. Therefore, this trend can be associated to
data error and/or model structure limitations. Fig. 8
shows the model residual for the model validation
after calibration for six years. The upward trend
seen in this analysis can be associated to land use
change, data error and model structure limitations.
Considering these two trends, the hypothesis of this
work is the possibility to filter the data error and
model structure limitations taking the difference
between the two model residuals.

Fig. 9 shows the filtered model residual (model
residual from Fig.7 minus model residual from Fig.
8). There still is a remaining upward trend. This
trend is statistical significant according to the Mann-
Kendall test at a significant level of 0.05. This trend
is hidden in the original discharge data, which has a
downward trend. This upward trend means that the
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Fig. 5 Hydrographs comparison, uncertainty and max/min
bounds. Model calibration (Eff = 0.66) for the entire time-series
from 1972 to 2006.
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Fig. 6 Hydrographs comparison, uncertainty and max/min
bounds. Model calibration (Eff= 0.80) for six years. Model

validation (Eff= 0.61) for the entire time-series from 1972 to
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Fig. 7 Model residual trend for the calibration period from 1972
to 2006. Significant upward trend at p < 0.05,
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Fig. 8 Model residual trend for the validation period from 1972
to 2006 after calibration for six years. Significant upward trend

at p < 0.05.

difference between observed and calculated
discharge increased along the time and it may be an
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Fig. 9 Filtered model residual trend from 1972 to 2006.
Significant upward trend at p < 0.05.

evidence that the discharges in the basin increased
during the analyzed period due mostly to alterations
in the basin, such as land use change.

Fig. 10 shows the frequency distributions of the
filtered model residual grouped in seven temporal
classes. Each class corresponds to a period of five
years. Thereby, the seven classes corresponds to the
periods of 1972-1976, 1977-1981, 1982-1986, 1987-
1991, 1992-1996, 1997-2001 and 2002-2006.

Through Fig. 10 is possible to notice that between
the periods 2 and 3 (1977-1981 and 1982-1986)
there was an accentuate increase in discharges,
mainly in the low discharges. After these period the
increase in discharge remained constant until the
end of time-series.

Nearly the same period was verified when
analyzing the filtered model residual cumulated
annually (Fig. 11). There is a steep upward trend
until 1985. This may indicate an accentuated
process of deforestation in the basin.

Steininger et al. ' analyzed the deforestation
processes in the Bolivian Amazon. Despite some
criticism about the values of rate of deforestation,
they included the FAO analysis in their work. Fig.
12 shows the deforestation rates for every five years
from 1970 to 1995. In order to improve the
comparison, it was added two null data related to the
periods of 1996-2000 and 2001-2006. The period
from 1970 to 1985 was the noticeable deforestation
rates.

The analysis using the filtered model residual
matches with the deforestation rates estimated by
FAO and cited by Steininger ef al. '”, taking into
account that the Humaita basin is nearly totally
inserted in the Bolivian territory. Therefore, the
analysis gives evidences that the filtered model
residual may be a key variable to isolate the effect
of land use on discharge of the Humaita basin.

4. CONCLUSIONS

The present work introduced a method to evaluate
the potential effects of land use change on
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Fig. 10 Frequency distribution of the filtered model residual.
Groups: 1 (1972-1976), 2 (1977-1981), 3 (1982-1986), 4 (1987-
1991), 5 (1992-1996), 6 (1997-2001) and 7 (2002-2006).
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Fig. 11 Filtered model residual cumulated annually from 1972
to 2006.
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Fig. 12 Deforestation rates in Bolivia. Groups: 1 (1970-1975), 2
(1976-1980), 3 (1981-1985), 4 (1986-1990), 5 (1991-1995), 6
(1996-2000) and 7 (2001-2006).

discharge. The method consists of analyzing the
model residual from calibration and validations
processes. The method tries to take into account the
data error and model structure limitations. Model
residuals from a model calibration for the entire
time-series and from a validation process (using
parameters calibrated against six years) were
subtracted. The remaining model residual (filtered
model residual) was analyzed in terms of its
frequency distribution (for every five years) and
annual cumulated distribution. Afterwards, the
results were compared with deforestation data
surveyed in the basin.

The TOPMODEL multi-velocity approach was
chosen as a hydrological model and it was applied
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to the Humaita basin. A period of 35 years (1972 —
2006) was selected to carry out the simulations.

The frequency distribution analysis and annual
cumulative analysis of the filtered model residual
show a period (1977 — 1985) of accentuate increase
in discharges. This period is consistent with
deforestation data and gives evidence that the
method can isolate the effect of land use change on
discharge. However, it is necessary to bear in mind
that climate variables, by means of
evapotranspiration, for instance, may also affect the
residual, although in a less likely way.

The filtered model residual may be considered as
a key variable to analyze the potential effect of land
use in the Humaita basin and further studies should
be carried out in other basins in order to thoroughly
validate the method.

REFERENCES

1) Quilbé, R., Rousseau, N., Moquet, J.-S., Ricard, S., Garbouj,
M.S.: Hydrological responses of a watershed to historical
land use evolution and future land use scenarios under
climate change conditions. Hydrol. Earth Syst. Sci., Vol 12,
pp. 101 — 110, 2008.

2) Bruijnzeel, L.A.: (De)forestation and dry season flow in the
tropics: A closer look. J. Trop. For. Sci., Vol 1 (3), pp. 229 -
243, 1998.

3) Bosch, JM., Hewlett, J.D.. A review of catchment
experiments to determine the effect of vegetation changes on
water yield and evapotranspiration, Journal of Hydrology,
Vol. 55, pp. 3 -23, 1982.

4) Elfert, S., Bornann, H.: Simulated impact of past and possible
future land use changes on the hydrological response of the
Northern German lowland 'Hunte' catchment. Journal of
Hydrology, Vol. 383, pp. 245 — 255, 2010.

5) Niehoff, D., Fritsch, U., Bronstert, A.: Land-use impacts on
storm-runoff generation: scenarios of land-use change and
simulation of hydrological response in a meso-scale
catchment in SW-Germany. Journal of Hydrology, Vol. 267,
pp- 80-—93, 2002.

6) Beighley, R.E., Melack, J.M., Dunne, T.. Impacts of
California's climatic regimes and coastal land use change on
streamflow characteristics. Journal of the American Water
Resources Association, Vol. 39(6), pp. 1419 — 1433, 2003.

7) Bettina, O., Uhlenbrook, S.: Quantifying the impact of land-
use changes at the event and seasonal time scale using a
process-oriented catchment model. Hydrology and Earth
System Sciences, Vol. 8(1), pp. 62 — 78, 2004.

8) Tang, Z., Engel, B.A, Pijanowski, B.C,, Lim, KlJ.
Forecasting land use change and its environmental impact at a
watershed scale. Journal of Environmental Management, Vol.
76, pp. 35 — 45, 2005.

9) Lee, K.S., Chung, E-S.: Hydrological effects of climate
change, groundwater withdrawal, and use in a small Korean
watershed. Hydrological Processes, Vol. 21, pp. 3046 — 3056,
2007.

10) Troy, B., Sarron, C., Fritsch, .M., Rollin, D.: Assessment of
the impacts of land use changes on the hydrological regime of

a small rural catchment is South Africa. Physics and
Chemistry of the Earth, Vol. 32, pp. 984 — 994, 2007.

11) Wang, S., Kang, S, Zhang, L., Li, F.: Modelling
hydrological response to different land-use ans climate
change scenarios in the Zamu River basin of northwest
China. Hydrological Processes, Vol. 22, pp. 2502 — 2510,
2008.

12) Mao, D., Cherkauer, K.A.: Impacts of land-use change on
hydrologic responses in the Great Lakes region. Journal of
Hydrology, Vol. 374, pp. 71 - 82, 2009.

13) Chu, H-J., Huang, C-W., Chen, H-Y.: Modelling the
hydrologic effects of dynamic land-use change using a
distributed hydrologic model and a spatial land-use allocation
model. Hydrological Processes, Vol. 24, pp. 2538 — 2554,
2010.

14) Petchprayoon, P., Blanken, P.D., Ekkawatpanit, C., Hussein,
K.: Hydrological impacts of land use/land cover change in a
large river basin in central-northern Thailand. International
Journal of Climatology, 2010.

15) Ghaffari, G., Keesstra, S., Ghodousi, J., Ahmadi, H.: SWAT-
simulated hydrological impact of land-use change in the
Zanjanrood Basin, Northwest Iran. Hydrological Processes,
Vol. 24, pp. 892 — 903, 2010.

16) Moran-Tejeda, E., Ceballos-Barbancho, A., Llorente-Pinto,
J.M.: Hydrological response of Mediterranean headwaters to
climate oscillations and land-cover changes: The mountains
of Duero River basin (Central Spain). Global and Planetary
Change, Vol. 72, pp. 39 — 49, 2010.

17) Steininger, M. et al.: Tropical deforestation in the Bolivian
Amazon, Environmental Conservation, Vol. 28 (2), pp. 127 -
134, 2001.

18) Lorup, J.K., Refsgarrd, J.C., Mazvimavi, D.: Assessing the
effect of land use change on catchment runoff by combined
use of statistical tests and hydrological modelling: Case
studies from Zimbabwe. Journal of Hydrology, Vol. 205, pp.
147 - 163, 1998.

19) Hirabayashi, Y., Kanae, S., Motoya, K., Masuda, K., Doll,
P.: A 59-year (1948-2006) global near-surface meteorological
data set for land surface models. Part I: Development of daily
forcing and assessment of precipitation intensity.
Hydrological Research Letters, Vol. 2, pp. 36 — 40, 2008.

20) Priestley, C.H.B., Taylor, R.J.: On the assessment of surface
heat flux and evaporation using large-scale parameters. Mon.
Weather Rev., Vol. 160 (2), pp. 81 - 92, 1972.

21) Doorenbos J, Pruit WO.: Crop water requirements. Roma:
FAO, 144 p. 1991.

22) Beven, K.J. and Kirkby, M.J.: A physncally-based variable
contributing area model of basin hydrology, Hydrol Sci. Bull.
Vol. 24, pp. 43 - 69, 1979.

23) Silva, R.V., Yamashiki, Y., Tatsumi, K., Takara, K.: Large-
scale runoff routing modeling using TOPMODEL. Annual
Journal of Hydraulic Engineering, Vol. 54, pp. 91 — 96, 2010.

24) Silva, R.V,, Yamashiki, Y., Takara, K.: Evaluating a multi-
velocity hydrological parameterization in the Amazon basin.
Annual Journal of Hydraulic Engineering, Vol. 55, pp. 49 —
54, 2011.

25) Nash, J. E. and Sutcliffe J. V.: River flow forecasting
through conceptual models part I — A discussion of
principles, Journal of Hydrology, Vol. 10 (3), pp. 282-290,
1970.

(Received April 11, 2011)
(Accepted Jun 11, 2011)

1_222



