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WILLIAM TSEHORNG LIUt
FABIO MARTINS AYRES
EDSON LUISSANTIAMIY

PAULO JUN KANAZAWA?

" Laboratério de Geoprocessamento, Universidade Catdlica Dom Bosco.
Caixa Posta 100, Campo Grande, 79117-900-M S, Braxzil.
wi || @icdb. br

Abstract. In this study, a combined use of monthly Precipitation (PCP) and monthly maximum value composite
Normalized Difference Vegetation Index (NDVI) data is proposed to predict monthly River Water Level (RWL)
at Ladario station, which monitors the Upper Paraguay River Basin (UPRB) flood conditions. Inundation area
estimation method presented by Hamilton et al. (1996) was used to predict Pantanal inundation area extension.
Averaged monthly PCP data were obtained from six rainfall stations and averaged NDV| data were obtained
from the watershed monitored at Ladario. The data of May 1981 to April 1994 were used for RWL model
construction while the data of November 1994 to September 2000 were used for RWL model validation. The
results showed that the RWL model had R of 0.7903 and MSE of 0.3612 and SD of 0.601. An averaged
absolute error of 14.45% was obtained from the model validation. An averaged absolute error of 23.65% was
obtained from the comparison of the inundation area calculated from observed and predicted RWL for the period
of 1981 to 2000. It is concluded that by the combined use of RWL model and inundation area estimate, the
Pantanal inundation area extension can be predicted one month in advance with reasonable accuracy.

K eywor ds. remote sensing, Pantanal, Inundation, NDVI, river water level.

1. Introduction

The Pantanal wetland located at the center of the South America Continent covers an area of
137,000 kn?. The shaded area of Figure 1 shows the location of the area, including western
pat of Brazil, eastern pat of Bolivia and Paraguay. The Pantand holds one of the most
diversfied human parimony, housng innumerous floras and faunas. The didinct annud
cycde of inundation provides rich naturd resources for economicaly important fishes and
wildlife, as well as more recently ecologicad truism. Fish yidds may vary from the dteraion
of ther life cycde caused by seasond and annud varidion of inundation pattern (Welcomme,
1985). Animds may have difficulty to find out dry refuges during unpredicted high flood
years (Mittermeier et a. 1990). Therefore the occasona unpredicted high floods and severe
drought affect fishes and wildlife as well as important cettle production in the region. In the
past thirty years, agriculturd activities, egpecidly, cattle production in the catchments area
have been increased considerably. The combination of improper land management on sandy
soils in the upper basin causes serious eroson and acceeration of sediment load in the flood
plan over this past thirty years. Besdes the gradua loss of ranchlands, unpredicted floods
often result serious cettle loss. Also, due to recent increase of river transportetion, riverbanks
erosion in low water leve period becomes more serioudy each year.

The UPRB has a vey didinct hydrologicd feature, which makes the traditiond
hydrological routing more complicated. That is the river may change its course from year to
year due to the combination of a rapid river water current acting on a fragile and curved sandy
riverbank, a shdlow riverbed and a very flat flood land. Galdino and Clarke (1997) used the
corrdaion of RWL to ranfal monitored a Lad&io to probability of floods occurrence.
Hamilton e d (1996) esimated Pantana inundetion area esimation using passive microwave
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remote sendng data. They have observed that the maximum inundation occurred as early as
February in the northern sub basn and as late as June in the south, reflecting the gradudly
delayed drainage time in responding to rainfal from upper to lower pat of the UPRB. They
aso proposed the use of RWL to estimate monthly inundation area with two months after
inundation. The SMMS data were used only for the inundation area estimation not for the
river waer level prediction. Also the inundation area esimation usng RWL daa of two
months after the inundation is not quite practica in predicting inundation area extensgon for
mitigation purposes. Therefore, in this study, we are seeking an dternative method to predict
Pantand inundetion extension before the event.

Recent advances in sadlite data application have shown that NDVI infers quite wel
vegetation greenness conditions which indicates ample soil moigure status but shows up with
a certain time lag after a certain rainfal event (Liu et d., 1994). NDVI vdue is cdculated by
taking the ratio of reflectance vadues of AVHRR channd 1 (Chl: 0.58-0.68 nmm) and channd
2 (Ch2: 0.725 -1.10 mm) and divided by the sum of them, which is expressed by the following
equation:

NDVI=(Ch2-Ch1)/(Ch2+Chl). )

Some green surfaces inferred by NDVI dways exist as long as the river does not dry out in a
catan river basn. But NDVI will reach its maximum vaue aound 0.7 while the surface
greenness reaches its maximum. On the other hand, a high rainfdl amount may infer quite
well the RWL in wet season but a close to zero rainfdl may fal to infer RWL in dry season.
Therefore the purpose of this study is to develop a river water level forecast modd usng both
ranfdl and NDVI (Liu et d. 2002) and to apply the inundation area esimation method
proposed by Hamilton e a (1996) to predict flood area extenson in advance for flood
management and for erosion aswell as river trangportation traffic control.

2. Methods

2.1. Study Area

The UPRB has a catchment’s area of 484,970 kn?, which is located at the centrd part of
South America, covering parts of western Brazil (372,501 knv), Eastern Bolivia (80,843 knv)
and northeastern Paraguay (31,626 km?). Figure 1 shows the basin boundary which extends
from Latitude 14°S to 23°S and longitude 52°W to 61°W. The annud rainfal ranges from
1100 mm to 1900 mm with a distinct wet season occurred during the period of October to
April and a dry season during the period of May to September. Most part of the flood plain is
vey fla with the RWL dropping a a rate of 2.5cm/km, which forms the world largest
continental wetland called Pantand.

2.2. Data Used

RWL daa recorded a the Ladaio hydrologicad doaion (Latitude 19°05°S; Longitude:
57°30°'W) for the period of January of 1981 to December of 2000 provided by the Brazilian
Marine Corp a Corumba, Mato Grosso do Sul State were used in this study. For the same
period, monthly PCP daa of sx ranfal gations, including Arengpdlis (14.51°S, 56.1°W),
Quebo (14.65°S, 56.11°W), Porto Estrela (15.31°S, 56.23°W), Ponte Cabaca (15.47°S,
57.9°W), N. S. Livramento (15.77°S, 56.35°W) and Baréo de Melgaco (16.19°S, 55.95°W),
provided by the Brazilian Nationd Water Agency (Agencia Neciona de Aqua, ANA) were
used. The locations of RWL and PCP measurement stations were shown in the Figure 1.
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Averaged vdues of Sx dation ranfal data were used to represent the rainfal amount

received in the upper part of the UPRB. RWL represents the river water leve of the drainage
areaindicated by the area above the dash line Figure 1.
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NDVI monthly maximum value composte data (Holben, 1986) with a resolution of 8 km
by 8km for the period of July 1981 to December 2000, provided by the GSFC/NASA were
used in this study. According to Eidenshink et al. ( 1997), these data have aready been
processed with radiometric calibration usng the NOAA sandard method (Rao and Chen,
1995) and amospheric corrections including Raleigh scattering using method of Gordon et d.
(1988) and ozone absorption usng method presented by Eidenshink and Faundeen (1997).
Averaged NDVI data of the northern part of the UPRB watershed were used in this study.
Figure 1 shows the watershed area above the dash line was used.

2.3. RWL Prediction Modd Construction and Validation

Corrdations of RWL to PCP and RWL to NDVI were carried out to investigate the time lag
of RWL in responding to PCP and NDVI in order to sdlect candidate independent variables
for modd condruction. A depwise multiple linear regresson technique was applied to
congtruct the modd. The data of June 1981 to February 1993 were used for mode
congtruction while the data of November 1994 to September, 2000 were used for mode
vaidation.

2.4. Inundation Area Estimation

An inundation area edimation equation presented by Hamilton et d. (1996) was used to
edimate the inundation area for the period of 1981 to 2000. Equation 2 shows the monthly
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inundation, as a function of an averaged RWL of the following two-month’'s RWL, which is
expressed as following:

Al=1852 (RWL2 + RWL3)/2 — 17.309 e
R2 = 0.9025 (P < 0.001, N=102)

Where: Al = Inundation area (km?) of month 1
RWL2 and RWL 3 = River water level (m) of month 2 and 3, respectively

3. Results and Discussions

3.1. RWL Moded Construction

Table 1 shows the corrdation coefficient (r) of RWL to PCP and RWL to NDVI with a time
lag of RWL from zero to the month with a highest rvaue. The results showed that a highest
r-vaue of 0.809 was obtained for RWL in responding to PCP after 6 months and a highest
vaue of 0.624 was obtained for RWL in responding to NDVI after 4 months. Table 1dso
shows that a highest r-value of 0.579 was obtained for NDVI in responding to PCP with a
timelag of 2 months.

Table 1 — Corrdation Coefficients (r) of PCP x RWL; NDVI x RWL and PCP x NDVI with 1
month time lag of either RWL or NDV | for each step of correlation.
Correlation Coefficient (r)

Time Lag (month) RWL x NDVI | RWLxPCP | NDVIxPCP
Parameter RWL RWL NDVI
0 0,083 -0,553 0,277
1 0,364 -0,200 0,494
2 0,572 0,189 0,579
3 0,624 0,543 0,531
4 0,500 0,769 -
5 - 0,807 -
6 - 0,652 -

By examining the corrdation coefficients presented in the Table 1, nine parameters,
including PCP1, PCP2, PCP3 SPCP12, SPCP23, SPCP123, NDVI3, NDVI4 and SNDV134
were used as independent variables and RWL7 as dependent variadble for RWL mode
congruction. Number 1, 2, 3, 4 and 7 represent month 1, 2, 3, 4 and 7 respectively. The letter
S of SPCP and SNDVI represents the sum of months indicated by the numbers. For example,
taking PCP1 as PCP of May, NDVI3 is NDVI of July and RWL7 is RWL of November.
SPCP12 represents sum of PCP1 and PCP2 whiles SNDVI34 presents sum of NDVI3 and
NDVI4. By applying the Stepwise Multiple Linear Regresson Technique, a RWL modd was
obtained and presented by the following equation:

RWL 7=0.94578+1.02594SNDV 134+0.00275PCP3+0.00309SPCP123  (3)

The model had a R value of 0.7903 with MSE of 0.3612 and SD of 0.6010 (P < 0.008).
The averaged absolute error of 15.22% was obtained for the smulated RWL. Figure 2 shows
the comparison of observed and smulated RWL for the period of November 1981 to April
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1994. It was obsarved that the mode smulated mostly quite well the occurrences and
megnitudes of maximum and minimum RWL. But faled to smulate the occurrence of pesk
RWL in 3 years including: 1982, 1985 and 1988. The peek RWL were dl occurred in April
indead of the smulated in July. From checking the RWL deata, it was observed that al these 3
years had maximum RWL over 6 meters. It may indicate that a larger volume of surface
runoff water caused by intensve summer raindorm may contribute sgnificantly to anticipate
the RWL to reach its pesk vaue 1 to 3 months before normd rainfadl years. The modd aso
faled to smulate pesk RWL in years of 1984, 1989 and 1993. Instead of risng to a pesk
RWL occurred in July, the smulated RWL dropped and then rose again in the following
month. A lower NDVI caused by a larger flood area may contribute to this error. Therefore
further sudy on the rainfal behaviors should be made in order to detect the anticipation of

pesk RWL in high rainfal years and correct the abnorma drop of RWL caused by a low
NDVI in the pesak of rainy season.

Figure 2 - Comparison of observed and simulated river water level for the period of July, 1981 to April,
1994 at Ladario Station (19.1°S;57.5°W), MS, Brazil
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3.2. RWL Modd Validation

The results of modd vaidation showed that an averaged absolute error of 14.45% was
obtained. It indicates that the RWL modd was quite stable since this vdue was within the
smulated error (15.22%). Figure 3 shows the comparison of observed and predicted RWL for
the period of May 1995 to September 2000. It was observed that there were 39 out of 65
months had absolute error within 10% and 19 months had absolute error between 10 to 30%.
The rest of 7 months had error higher than 30%. Within these 7 cases, 6 cases were occurred
in 1999. It was observed that in this particular year, a lowest RWL of 1.17m was recorded.
From checking the rainfdl data of year 1999, it was observed that there were dmost no
ranfdl from May to August and a lower ranfdl amount recorded in September (40 mm) and

October (80 mm). It demondtrated that the modd did not predict this extreme drought event.
Except the year 1999, the RWL prediction modd works quite well.
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Figure 3 - Comparison of observed and predicted river water level for the period of May, 1995 to
September, 2000 at Ladario Station (19.1°S;57.5°W), MS, Brazil
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3.3. Inundation Area Prediction

Inundation area edimation equation (2) presented by Hamilton et d. (1996) was used to
predict Pantand inundation area extenson for the sudied period. Figure 4 shows the
comparison of the inundation area caculated from observed and predicted RWL for the
period of 1981 to 2000. An averaged absolute error of 23.65% was obtained. The error was
acceptable since the error was a sum of two estimation erors including the error from the
RWL prediction modd (14.45%) and the other from the inundation area estimation equation.
It is worthwhile to nention that the RWL prediction modd can be used to predict RWL four
months before and the inundation area estimation equation can be used to estimate inundation
area two months &fter. Therefore the combined use of these two models, the inundation area
can be predicted one month before it occurs. The advantage of applying this approach is that
the inundation area extenson can be predicted in one month before the inundation occurs.
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Figure 4 - Comparison of Pantanal Inundation Area Estimation by Hamilton Method Using
Observed and Predicted RWL at Ladario Station
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4. Conclusion and Suggestions

This study has demondrated that the inundation area extension can be predicted one month
before it occurs by a combined use of RWL prediction model and inundetion area estimation
method proposed by Hamilton et d. (1996). For further study, it is suggested that several sub
basns models should be congructed to evaluate the consstency of the method as well as to
improve the prediction accuracy. Also a high resolution Digitd Elevation Modd is needed to
better understanding the detailed interflows between sub basins caused by spatid variation of
rainfal. It is concluded that the dtatistical gpproach presented in this study may provide us a
useful tool to predict RWL and hence to prevent floods damage in high RWL period as well
as to control river trangportation traffic in order to prevent riverbark eroson during low RWL
period.
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