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A B S T R A C T
The flood hazard mapping in a river basin is crucial for flooding risk 
management, mitigation strategies, and flood forecasting and warning 
systems, among other benefits. One approach for this mapping is 
based on the HAND (Height Above Nearest Drainage) terrain descriptor, 
directly derived from the Digital Elevation Model (DEM), in which 
each pixel represents the elevation difference of this point in relation 
to the river drainage network to which it is connected. Considering 
the Mamanguape river basin (3,522.7 km²; state of Paraíba, Brazil) 
as the study location, the present research applied this method and 
verified it as for five aspects: consideration of a spatially variable 
minimum drainage area for denoting the river drainage initiation; the 
impact of considering a depressionless DEM; evaluation of hydrostatic 
condition; effect of incorporating an existing river vector network; 
and comparative analysis of basin morphology regarding longitudinal 
river profiles. According to the results, adopting a uniform minimum 
drainage area for the river network initiation is a simplification that 
should be avoided, using a spatially variable approach, which influences 
the amount and spatial distribution of flooded areas. Additionally, 
considering the depressionless DEM leads to higher values of HAND and 
to a smaller flooded area (difference ranging between 3% and 99%), 
when compared with the use of DEM with depression, despite 3.1% of 
the pixels representing depressions. The use of the depressionless DEM 
is recommended, whereas the DEM pre-processing by incorporating a 
vector network (stream burning) generates dubious results regarding 
the relation between HAND and the morphological pattern presented 
in the DEM. Moreover, the estimation of flooded areas based on HAND 
does not guarantee the hydrostatic condition, but this disagreement 
comprises a negligible area for practical purposes. 

Keywords: geomatics; digital elevation model; floods.

R E S U M O
O mapeamento de áreas inundáveis em uma bacia hidrográfica é 
fundamental para o gerenciamento do risco de inundações, estratégias 
mitigadoras e sistemas de previsão e alerta, entre outros benefícios. 
Uma abordagem para esse mapeamento é com base no descritor do 
terreno HAND (Height Above Nearest Drainage), derivado diretamente do 
Modelo Digital de Elevação (MDE), no qual cada pixel apresenta a diferença 
de elevação desse ponto em relação ao ponto da rede de drenagem ao qual 
ele se conecta. Considerando a bacia do rio Mamanguape (3.522,7 km²; 
Paraíba) como área de estudo, esta pesquisa adotou esse método e 
verificou sua aplicabilidade quanto a cinco aspectos: consideração de uma 
área mínima variável espacialmente para denotar o início da drenagem; 
impacto de considerar o MDE sem depressões; avaliação da condição 
hidrostática; efeito de incorporação de uma rede vetorial existente; análise 
comparativa à morfologia da bacia em termos do perfil longitudinal 
dos rios. Os resultados indicaram que adotar um valor uniforme de 
área mínima de contribuição para início da rede de drenagem é uma 
simplificação que deveria ser evitada, adotando-se a variação espacial 
de tal parâmetro, que influi no total e na distribuição espacial das áreas 
inundadas. Além disso, considerar o MDE sem depressões leva a maiores 
valores do HAND e menor área inundada (diferença variou de 3% a 99%), 
comparativamente ao MDE com depressões, embora apenas 3,1% dos 
pixels representem depressões. É recomendado considerar o MDE sem 
depressões, ao passo que o pré-processamento por incorporação de rede 
vetorial (stream burning) gera resultados incoerentes quanto à relação 
do HAND com o padrão morfológico representado no MDE. Concluiu-
se, ainda, que a estimativa de áreas inundáveis pelo HAND não garante 
a condição hidrostática, mas esse desacordo abrange uma região de 
extensão desprezível para fins práticos.

Palavras-chave: geomática; modelo digital de elevação; cheias.
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Introduction
Flood is a natural process that has occurred worldwide, even before 

human existence itself, and has been a decisive factor in the rise and 
development of civilizations and the decadence of others (Goerl et al., 
2017). Flood events result from multiple and dynamic factors such as 
intense rainfall, low soil infiltration capacity or changes in land cov-
er and land use patterns (Ali et al., 2020). This has motivated several 
studies to be carried out such as on the trend of occurrence of extreme 
events (Lira and Cardoso, 2018; Paprotny et al., 2018), the resilience 
to these events (Fernandes and Valverde, 2017; Heinzlef et al., 2020), 
and concerning climate change projections related to flood risk (Alfieri 
et al., 2017; Bork et al., 2017).

The association of urbanization with the intense soil imperme-
abilization and the reduction of vegetation cover, in addition to river 
drainage network modifications, leads to runoff increase, infiltration 
reduction, and a consequent decrease in groundwater recharge (Benini 
and Mendiondo, 2015). These aspects, associated with the greater oc-
cupation of high vulnerability areas, intensify the occurrence of disas-
ters, such as floods (Speckhann et al., 2018), with a higher number of 
victims and higher damage costs of different types (Meyer et al., 2013). 
Floods are pointed out as the second most frequent extreme event in 
Brazilian municipalities between 1991 and 2012, with drought occupy-
ing the first place (CEPED/UFSC, 2013).

The analysis of land use and land cover in river basins is crucial for 
flood risk management, for supporting decision-making, flood fore-
casting and early warning systems, and for studying mitigating alter-
natives, among several other benefits (Paul et al., 2019; Ali et al., 2020). 
Flood risk mapping is a basic element for the design of mitigating strat-
egies, justifying the regulation of this instrument by legislation as in the 
case of the USA and European countries (Degiorgis et al., 2012; Caldas 
et al., 2018). This type of mapping may also be adapted for evaluating 
flash floods, caused by the occurrence of rainfall with large volumes 
highly concentrated in time, or even due to the rupture of hydraulic 
structures such as dams (Arabameri et al., 2020).

Hydrological modelling is considered the most recommended ap-
proach to estimate flood areas, as it enables to mathematically repre-
sent the hydrological and hydrodynamic processes in the surface runoff 
generation and flood wave propagation, among other aspects, depend-
ing on the considered models. Thus, ideally, a distributed hydrological 
model can be combined to simulate the rainfall-runoff transformation 
process in areas contributing to the drainage network, and a two-di-
mensional hydrodynamic model to simulate the flood wave routing 
and floodplain inundation (Paz et al., 2011; Zambrano et al., 2020), or 
analogously for urban areas (Prakash et al., 2020), but there are several 
variants of this approach (Bravo et al., 2012; Pontes et al., 2017; Hdeib 
et al., 2018).

However, these mathematical modelling approaches require a 
considerable amount of field data and effort to process these data, to 
prepare and adjust the models (Lin et al., 2020), even with the avail-

ability of automation tools and the existence of graphical user inter-
faces (Siqueira et  al., 2016). In addition, these approaches require 
considerable expertise in hydrological modelling that becomes incom-
patible with fast applications and expeditious surveys (Morelli et  al., 
2014).  Alternatives have been developed by combining multiple lay-
ers in a geographic information system and using statistical analysis 
techniques, such as analytic hierarchy process, logistic regression and 
fuzzy logic, and machine learning methods such as artificial neural 
networks, decision trees and support vector machine (Degiorgis et al., 
2012; Tehrany et al., 2015; Paul et al., 2019; Ali et al., 2020; Lin et al., 
2020). At the same time, these approaches require in-depth knowledge 
of such methods, with a level of complexity that can discourage users 
and hinder their further application (Zheng et al., 2018a).

A more simplified alternative is the estimation of flood areas in 
a more expedient way, based on the processing of Digital Elevation 
Models (DEM) such as the method based on the terrain descriptor 
called HAND (Height Above Nearest Drainage) (Rennó et al., 2008). 
The proposal of this method is to produce reasonable estimates in a 
fast way, such as those required to prioritize evacuation areas during 
extreme events (Afshari et al., 2018), with an easy application proce-
dure and requiring free widely available data for any area, taking ad-
vantage of the availability of DEM data (Garousi-Nejad et al., 2019). 
In fact, freely and globally available DEM, such as those from the 
SRTM Mission (Shuttle Radar Topography Mission) (Van Zyl, 2001), 
have been crucial for flood studies in places with low data availability 
(Hawker et al., 2018).

HAND is an information plan directly derived from DEM, in-
volving two other products also extracted from DEM, namely the 
flow directions and the drainage network (Rennó et al., 2008; Nobre 
et al., 2011). The HAND concept, initially discussed in Rodda (2005) 
and named and presented as such by Rennó et al. (2008), is simple: 
each pixel or point of this information plane presents the altitude dif-
ference of this point in relation to the point of the drainage network 
to which it connects, according to the flow paths extracted from the 
DEM processing. To estimate flood areas based on HAND, accord-
ing to the most simplistic approach, a certain height of this flood is 
assumed, and the HAND analysis is performed: all points of this lay-
er that present attributes lower than the established flood height are 
considered flooded (Nobre et al., 2016). This method identifies flood 
areas assuming, therefore, that the water level equally rises along the 
entire river course, maintaining the unevenness along with the drain-
age network – that is, the water level rises parallel to the bottom of 
the river course.

Another benefit of the use of HAND as a flood area estimator is 
the continuous increase of available topographic data acquired by re-
mote sensing, either showing improvements in terms of more refined 
spatial resolution, regarding the quality of the acquired information, 
or the removal of errors in already existing data (Hawker et al., 2018). 
For example, there are data available from new orbital sensors with 
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increasingly refined spatial resolution and other improved features 
such as the ALOS AW3D (Tadono et al., 2015), the ALOS PALSAR 
DEM (Niipele and Chen, 2019) and the TanDEM-X WorldDEM 
(Krieger et  al., 2007). Another advantage is the availability of data 
resulting from improvements of already used DEM, such as MERIT 
(Yamazaki et al., 2017) and BEST (O’Loughlin et al., 2016), both pro-
posed aiming at reducing the effect of vegetation and other noise on 
SRTM data, and EarthEnvDEM90, proposed as a fusion of SRTM and 
ASTER data (Robinson et al., 2014). Conversely, there is the increas-
ing availability of data obtained from aerial or unmanned remote 
sensing, such as LiDAR survey data, which are already freely avail-
able for the entire state of Pernambuco, Brazil (Cirilo et al., 2014), or 
aerial photogrammetry data, such as those available for the state of 
Santa Catarina, Brazil (Momo et al., 2016), both with a refined spatial 
resolution of 1 meter.

In addition to applications for multiple purposes (Gharari et  al., 
2011; Nobre et  al., 2011; Cuartas et  al., 2012; Rahmati et  al., 2018), 
several research studies have estimated flood areas based on HAND, 
comparing such studies with flood delineations estimated by remote 
sensing (Mengue et al., 2016; Garousi-Nejad et al., 2019) and analyzing 
them against field data indicating flood location and heights (Momo 
et  al., 2016; Nobre et  al., 2016; Goerl et  al., 2017; Speckhann et  al., 
2018) or comparing them with estimates made by hydrological-hydro-
dynamic models (Momo et al., 2016; Afshari et al., 2018; Zheng et al., 
2018b). Clement et al. (2018) and Landuyt et al. (2019) also report the 
use of HAND to mask and restrict areas estimated as inundated in 
studies on synthetic aperture radar images, either previously or as a 
post-processing step.

The effect of the channel initiation on the results of flood area 
estimates using HAND has also been evaluated (Mengue et al., 2016; 
Goerl et  al., 2017; Speckhann et  al., 2018) as well as the influence 
of the source of the DEM data (Zheng et al., 2018b) and the spatial 
resolution of the DEM (Goerl et  al., 2017; Speckhann et  al., 2018). 
Some studies have estimated flooded areas by proposing modifica-
tions to the HAND-based method, such as combining it with rating 
curves and streamflow forecasts (Liu et al., 2018; Zheng et al., 2018b; 
Garousi-Nejad et  al., 2019) or with streamflow frequency analysis 
(Speckhann et al., 2018).

Despite the simple concept and the wide use of the HAND-based 
method, there are issues involved in the estimation of flood areas that 
require further study, which are addressed in this research: 
• the effect of considering a spatially varying minimum area thresh-

old to denote channel initiation, as this identification of the head-
waters is one of the most challenging aspects in the DEM process-
ing and has a strong influence on the extracted drainage network 
(Li et al., 2020), but no previous research considered such spatial 
variation in the computation of HAND; 

• the impact of considering or not the depressionless DEM, tak-
ing into account that the removal of depressions is necessary 

to establish continuity in flow paths and constitutes the main 
motivation in the improvement of DEM processing algorithms, 
although there are authors who used the DEM without depres-
sions (Garousi-Nejad et  al., 2019) and others who used the 
DEM with depressions (Zheng et al., 2018b) in the HAND cal-
culation; 

• evaluation of the hydrostatic condition of the flood area, prelimi-
narily mentioned by Momo et al. (2016); 

• the effect of incorporating an existing vector network as a DEM 
pre-processing procedure (Lindsay, 2016), deepening the related 
discussion as the one presented by Mengue et al. (2016); 

• comparative analysis of HAND-based results to the basin mor-
phology in terms of the longitudinal profile of rivers.

This study aims to verify the applicability of HAND in estimating 
flood areas, covering the five raised issues and deepening the under-
standing of such approach. The Mamanguape River basin, located in 
the state of Paraíba (Brazil) and subject to a historical record of flash 
floods and serious consequences (Aagisa, 2004), is considered as the 
study area.

Materials and Methods

Study area and data 
The study area, the Mamanguape River basin, is located entirely in 

the state of Paraíba, in Northeast Brazil, in the mesoregions of Zona da 
Mata and Agreste, and with a drainage area of 3,522.7 km² (Governo 
do Estado da Paraíba, 2006; Figure 1). A warm and wet climate pre-
dominates in the region, with the main rainy period between March 
and August and annual precipitation ranging from 700 to 1,600 mm 
(Barbosa, 2006; Santos et al., 2015). The Atlantic Forest biome predom-
inates in this basin, with the presence of restinga and mangrove vegeta-
tion (Rodrigues et al., 2005).

The Mamanguape River basin is the third largest basin in the state 
of Paraíba in terms of area and has a fundamental role in economic, 
social, and environmental aspects, especially for over 42 municipalities 
totally or partially inserted in this area. Ten of these municipalities are 
in areas prone to the occurrence of river flooding (Aagisa, 2004; Bar-
bosa, 2006), with a total population of over 450,000 inhabitants (Santos 
et al., 2015).

The topography varies from sea level at the river mouth in the 
east region to 750 m in the Borborema Plateau region (Marques et al., 
2015). Topographic variation, characteristics of the rainfall regime, 
and geomorphological characteristics of the basin increase the oc-
currence of flash floods, in response to intense precipitation events, 
with rapid runoff and large destructive power. In 2004, one of these 
flash flood events occurred, with major socioeconomic losses (Aagi-
sa, 2004). A field survey during the flood identified more than 150 
critical points in the basin (Aagisa, 2004; Figure 1).
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In addition to this field survey of the critical flood points in the 
2004 event, the materials used for the present research were: DEM 
with spatial resolution of 30 m from SRTM data (Farr et al., 2007); 
vector river drainage network available from the geographic data 
portal of the Paraíba State Water Resources Management Executive 
Agency  (Agência Executiva de Gestão das Águas do Estado da Paraíba 
– AESA); and satellite images available from Google Earth.

Basic Digital Elevation Model processing
The DEM of the study area was initially processed to derive ba-

sic information layers for estimating flood areas. Depressions were 
removed and flow directions were defined, i.e., the flow direction for 
each pixel was established in the direction of one of its eight neigh-
bors (D8 method –Deterministic Eight-Neighbor; Mark, 1984; Jen-
son and Domingue, 1988). Depressions that were removed can be 
either real, such as areas of the terrain lower than the neighborhood, 
or artefacts caused by noise and other interference during DEM data 
acquisition (Barnes et al., 2014). This removal of depressions is neces-
sary to achieve flow path continuity from the headwaters to the basin 
mouth (Mark, 1984; Jenson and Domingue, 1988). 

The main rule for defining flow direction is to set this direction 
toward the neighboring pixel that provides the highest slope, but 
with specific rules for the treatment of situations of depressions and 
flat areas according to each algorithm, usually involving operations 
of elevation increase or decrease (Barnes et al., 2014). The TerrSET 
software was used, whose algorithm for removing depressions and 
defining flow directions is of the Priority First Search type (PFS; 

Sedgewick, 1992; Jones, 2002), described by Buarque et  al. (2009) 
and Siqueira et al. (2016) with results evaluated as of superior quality 
in relation to other algorithms, such as the one used in the ArcGIS 
software, which tends to present unreal parallel drainage lines (Paz 
and Collischonn, 2008).

The accumulated drainage areas were determined based on the 
flow directions. These areas consist in a raster layer whose attribute 
of each pixel represents the upstream contribution area (sum of the 
areas of the pixels whose flow paths drain into the pixel in question). 
Based on the definition of the Mamanguape River basin outlet into 
the ocean, the river basin was delimited by the automatic identifica-
tion of all pixels whose runoff drains into this point.

Drainage network determination
The drainage network was determined based on the accumu-

lated drainage areas, initially following the procedure of adopting 
a uniform minimum threshold (Amin) of accumulated area (Fan 
et al., 2013; Momo et al., 2016; Goerl et al., 2017; Speckhann et al., 
2018). In other words, all pixels in the river basin that have drain-
age area greater than Amin become representatives of the drainage 
network. Different Amin values were adopted to represent the sen-
sibility of the drainage network obtained to this parameter: 5, 10, 
25, 50, 75, and 100 km², resulting in their corresponding drainage 
networks.

This procedure is simplified, considering that physical (soils, 
vegetation cover, relief, geology, etc.) and climatic (precipitation) 
characteristics imply that each headwater formation corresponds to 

Figure 1 – (A) Location of the Mamanguape river basin in the state of Paraíba, Brazil and (B) Delimitation of the 
basin with the indication of the drainage network and critical flood points raised for the 2004 event according to Aagisa (2004).
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a specific upstream accumulated area. Hence, a second procedure 
was adopted, considering a spatially variable Amin value, follow-
ing the approach suggested by Fan et  al. (2013). Based on satellite 
images available from Google Earth, 25 headwaters of the drainage 
network were visually identified and the drainage area value derived 
from the DEM corresponding to each of these points was surveyed. 
Based on these values, the basin was divided into three regions con-
sidered relatively uniform regarding the upstream drainage area of 
the surveyed headwaters. For each region, a specific Amin value was 
adopted (20.54 km², 39.92 km², and 78.75 km²), established by the 
average of the accumulated area identified for the headwater points 
in the region.

Incorporation of the existing vector drainage network
Considering the river vector drainage network provided by 

AESA and assuming that one intends to determine flow paths from 
the DEM in a compatible way with such vector network, the DEM 
pre-processing procedure known as stream burning was performed 
(Lindsay, 2016; Wu et  al., 2019). The vector network was convert-
ed to a raster format, with the same spatial resolution of the DEM, 
and them the decrease of the elevation of DEM pixels located exactly 
along the representative pixels of the vector network was performed. 
This burned DEM was processed to remove depressions and derive 
flow directions, accumulated areas, river basin delimitation, and 
drainage network, as described in the previous items for the DEM 
without stream burning.

Extracting the longitudinal profiles of the drainage network
A computational routine in FORTRAN language was developed 

to elaborate longitudinal profiles of the entire river drainage network, 
with the following algorithm: 
• starting from each headwater, the downstream flow path is fol-

lowed pixel by pixel according to the flow directions; 
• the accumulated distance travelled (Dacum_i) is counted, where 

each incremental step between pixels has summed the size of a 
pixel (dx) or the value of √2dx, if the step is orthogonal or diag-
onal, respectively; 

• the elevation of the visited pixel (Z_i) is recorded; 
• after following all flow paths, the distance of each pixel relative to 

the basin outlet (Dexu_i) is calculated as the difference between 
Lmax and Dacum_i, where Lmax is the full river length relative 
to the outlet. 

The pairs of points (Dexu_i, Z_i) are considered to construct 
the longitudinal profiles. As the distances in each profile were cal-
culated in relation to the basin outlet, it is possible to graph all 
points of the drainage network together, increasing the potential 
of the analysis.

HAND determination
For determining the HAND terrain descriptor, another compu-

tational routine was developed in FORTRAN language, having as 
input the DEM, the flow directions, the basin delimitation, and the 
drainage network in the raster format. For each pixel of the basin that 
is not part of the drainage network, its elevation (Zp) is registered 
and the downstream flow path until reaching the drainage network is 
traced, registering the elevation of this pixel of the drainage network 
(Zr) that was reached. HAND is calculated by the difference between 
Zp and Zr, that is, the topographic referential of HAND varies (Nobre 
et al., 2016), and each pixel has its corresponding referential (Zr).

The routine execution was repeated, and several HAND layers 
were obtained, varying one or more of the input data (Table 1), 
to provide three main focuses of comparative analyses. For the 
first analysis, HAND was determined considering the drainage 
network obtained from the uniform Amin rule, but testing differ-
ent values (HANDu5 to HANDu100), and considering the drain-
age network obtained from the spatially heterogeneous Amin 
(HANDhet). All other input data for HAND remained unchanged 
for this first analysis.

The second analysis was performed with two configurations for 
obtaining HAND that only differs to the input DEM: one configu-
ration uses the original DEM, from SRTM-30m data, which pres-
ents depressions as any DEM without pre-processing (HANDdep); 
the other configuration uses this DEM after having the depressions 
removed for generating continuous flow paths (HANDhet). In the 
third analysis, the difference between both configurations for obtain-
ing HAND is only the flow directions and, consequently, the derived 
drainage network: in one configuration, the flow directions were ob-
tained by applying the PFS algorithm of TerrSET to the depression-
less DEM determined from SRTM-30m data (HANDhet); in the oth-
er configuration (HANDburn), this same algorithm for determining 
the flow directions is employed, but firstly the SRTM-30m DEM is 
pre-processed with the incorporation of the drainage vector network 
made available by AESA (stream burning procedure).

Estimation of flood areas
For each HAND configuration, the estimation of flood areas 

was performed in the standard way, by adopting an inundation 
height threshold. In other words, once this threshold (Hlim) is es-
tablished, all pixels with HAND attribute lower than Hlim are part 
of the flood area. Different arbitrarily chosen Hlim values were test-
ed to denote a variation of the flood height, and the Hlim value of 
1.5 m was also specifically evaluated based on information reported 
for the flood height that occurred in the 2004 event (Folha de S. 
Paulo, 2004). 

For estimating the flood areas obtained from the HAND configu-
ration adopted as reference (HANDhet), the inclusion of a post-pro-
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cessing step was additionally evaluated to impose the hydrostatic 
condition in the immediate neighborhood of flood areas.

In a situation of a flood area in which the velocity of water can be 
neglected, pressure at any point of this region follows the hydrostatic 
approximation. Considering that the variation in water density is also 
negligible, according to this hydrostatic approximation, pressure is a 
function of the height of the water level above the considered point. In 
this study, it was verified whether, for each pixel integrating the flood 
area, there was a valid hydrostatic equilibrium condition concerning 
the neighboring pixels.

The procedure was carried out as follows: for each flooded pix-
el, the authors identified which of its eight neighbors in a 3x3 win-
dow were not flooded; for each non-flooded neighbor, it was checked 
whether its elevation was lower than the sum of the elevation and the 
height of the water level in the central flooded pixel. If this was the case, 
the hydrostatic condition was not satisfied, and the neighboring pixel 
was considered flooded.

Results and discussion
Estimation of flood areas: configuration of the reference HAND

With the HAND configuration considered as reference (HAND-
het), the terrain descriptor varied over the Mamanguape River ba-
sin as illustrated in Figure 2A, with a predominance of lower values 
near the drainage network, mainly in the middle and lower parts 
of the basin, as expected. By assuming a 5-m HAND threshold, 
the corresponding flood areas are predominantly in the margins 
of the watercourses, with greater spreading in the final stretch of 

Mamanguape River near the basin outlet. Nevertheless, there are 
also regions in the upper and middle parts of the basin, including 
marginal areas toward the Araçagi River and, in lower proportion, 
in smaller tributaries (Figure 2B).

The total flood area obtained ranged from 10.7 km², for the 1-m 
HAND threshold considered as flood height, to 404.7 km², when 
considering 15  m for such threshold (Figure 3A). An increase in 
flood area as a function of the increase in flood height based on 
HAND is noted, approximately following a third-degree polynomi-
al function, a pattern similar to that found by Goerl et  al. (2017) 
for another study area. The result presented in Figure 3A refers to 
the spatially variable Amin threshold condition for obtaining the 
drainage network (Figure 3B), as described by the HANDhet con-
figuration in Table 1.

Influence of the definition of the drainage network initiation
By varying the criteria for defining the drainage network initiation, 

a direct effect is produced on the total flood areas estimated based on 
HAND, for the same flood height threshold of 5 m (Figures 3B and 4).

With a uniform minimum area equal to 5 km², there is an esti-
mate of 166.7 km² of flood areas, a total that exponentially decreases 
to 77.3 km² (54% reduction) when considering a uniform minimum 
area of 100 km². This result pattern of inundated area reduction as a 
function of increasing Amin parameter was also obtained by other au-
thors (Mengue et al., 2016; Goerl et al., 2017; Speckhann et al., 2018) 
for other study areas. This may be generalized and expected for any 
area considering that, conceptually, there is a reduction of the drainage 

Table 1 - Configurations used for the determination of the different HAND layers and an indication of the main focus of each comparative analysis.

Pre-processing the 
DEM to obtain flow 
directions (stream 

burning)

Input DEM for 
HAND

Amin’s criterion for obtaining drainage 
network HAND Comparative analysis

No

DEM without 
depressions

Uniform Amin

5 km² HANDu5

10 km² HANDu10

25 km² HANDu25

50 km² HANDu50

75 km² HANDu75

100 km² HANDu100

Heterogeneous Amin HANDhet

DEM with 
depressions Heterogeneous Amin HANDdep

Yes DEM without 
depressions Heterogeneous Amin HANDburn

 

Influence of the 
drainage network 
initiation

Effect of 
considering 
the removal of 
depressions

Stream-
burning 
effect
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network extension with the increase in the minimum area and, con-
sequently, the drainage density. In the Mamanguape River basin, for 
a minimum area of 5 km², there is a total of 1,311 km of rivers in the 
basin (drainage density of 0.40 km/km²), whereas the total extension 

is only 371 km (drainage density of 0.11 km/km²) when considering a 
minimum area of 100 km².

In the study conducted by Mengue et al. (2016), the comparison 
of the results obtained from HAND considering different values of 

Figure 2 – (A) HAND terrain descriptor obtained for the HANDhet configuration; (B) Flood area assuming a 5-m HAND threshold and the HANDhet 
configuration.

Figure 3 – (A) Flood height used as HAND threshold and the corresponding obtained inundated area (HANDhet configuration); (B) Minimum area for 
drainage network initiation and the corresponding obtained inundated area, considering a 5-m HAND threshold; (C) Minimum area for drainage network 
initiation and the resulting drainage density; the red line indicates the value on the y-axis for a spatially variable minimum area, whereas the dashed curves 

and equations indicate the trend curves fitted to the points.

Figure 4 – Mapping of flood areas for a 5-m HAND threshold, considering a uniform minimum contributing area for drainage network initiation with values 
of (A) 5 km² (HANDu5); (B) 25 km² (HANDu10); and (C) 100 km² (HANDu100).
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Amin with the estimate of the inundated area from LANDSAT sat-
ellite images allowed identifying which Amin value provided the bet-
ter agreement. However, it is understood that the estimate based on 
HAND could be further improved if the spatial variability of Amin was 
incorporated. The consideration of a spatially variable minimum area 
for the drainage network initiation is a more reasonable way for obtain-
ing the drainage network and it has greater resemblance to reality than 
assuming a uniform value, as there is no uniformity in the drainage 
area of each river headwater.

In the study by Liu et al. (2018), the location of the identified head-
waters of a reliable vector network representative of the river course was 
used as the definition of the DEM-derived drainage network initiation. 
This ensures not only the issue of each headwaters with their specific 
contributing area, but also increases the reliability of this DEM-derived 
drainage network, proportionally to the quality of the available vector 
network. But this approach is clearly limited to the availability of this 
vector network of acceptable quality. Meanwhile, McGrath et al. (2018) 
adopted the criterion of applying HAND only considering the reaches 
of the drainage network with higher order according to the hierarchy 
of the Strahler method. However, this approach does not disregard the 
effect of the Amin choice to denote the drainage network initiation. In 
fact, the channel initiation influences the hierarchy of the network ac-
cording to the Strahler method. Furthermore, there is the subjectivity 
of which minimum hierarchical order of the drainage network to be 
adopted for HAND determination.

An alternative would be to identify the drainage network initia-
tion from the combination of the contribution area (A), the local slope 
(S), and a parameter k by the expression ASk, as adopted by Degior-
gis et al. (2012). This method would also lead to spatial heterogene-
ity of the contributing area at each of the headwaters, but with the 
disadvantage of involving an additional parameter (k), in addition to 

the decision of which threshold to adopt for the ASk term denoting the 
channel initiation. 

With the Amin parameter spatially varying as performed in this 
study, a total river length equal to 615 km was obtained (drainage den-
sity of 0.19 km/km²) and the inundated area for the 5-m HAND thresh-
old was 103.1 km² – results that are close to those obtained for the 
uniform condition of the minimum area equal to 25 km².  However, the 
spatial occurrence of the flood areas presents considerable differences 
between the two cases. This is because, when considering the spatially 
variable minimum area, there is a change in the positioning of each 
headwater concerning the drainage generated by considering a con-
stant minimum area. This variation is even greater when comparing 
the results obtained from the variable minimum area with those ob-
tained for the other minimum area values (Figure 4).

Effect of the removal process of DEM depressions 
In order to obtain the continuous flow paths downstream from any 

pixel of the basin up to the outlet, depressions that reached 3.1% of 
the river basin pixels were removed. Most of them (84% or 2.6% of the 
river basin total) resulted from elevation lowering; and the remaining 
(16% or 0.5% of the river basin total), from elevation raising. Most of 
the removed depressions are located along with the drainage network 
and are associated with the effect of the vegetation marginal to the river 
on SRTM data (O’Loughlin et al., 2016). This leads to the difference 
among the longitudinal profiles drawn along the Mamanguape River 
considering the original DEM (with the presence of depressions) and 
the depressionless DEM (Figure 5A).

The removal process of depressions tends to generate lower ele-
vations than there were in the original DEM along the main river, in 
addition to smoothing the elevation variations. Considering that the 
effect of vegetation on the elevations in the SRTM data and the abrupt 

Figure 5 – (A) Mamanguape River longitudinal profile considering DEM with and without depressions; (B) Inundated area in the basin for different flood 
heights considering DEM without and with depressions, in the HANDhet and HANDdep configurations, respectively.
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variations in elevation along the main river are not consistent with re-
ality, it is more reasonable to consider the DEM without depressions 
as input for the HAND calculation, as used by Garousi-Nejad et  al. 
(2019), than the original DEM with depressions (adopted by Zheng 
et al., 2018b). However, to minimize the effect of the removal of de-
pressions, Garousi-Nejad et al. (2019) adopted a procedure that relies 
on elevation information from another data source, with higher spatial 
resolution. This is a methodological alternative, though limited to the 
availability of such auxiliary data. Zheng et  al. (2018b) evaluated, as 
an advantage of using the DEM with depressions, the fact of correctly 
identifying local flood areas, such as small lakes not connected to the 
drainage network, from the comparison with estimates made by hy-
drological modelling.

In this research, the lower elevations present in the depressionless 
DEM along the main river induced higher HAND values for other 
points in the basin and the reduction of flood areas for the same HAND 
threshold, compared with the use of the original DEM (Figure  5B). 
This reduction ranged from 3% to 99% according to the HAND thresh-
old, with greater difference the lower the considered flood height. This 
indicates a greater impact of considering DEM with or without depres-
sions on the estimation of flood areas corresponding to smaller floods. 
In this type of event, flood areas are predominantly in the parts of the 
floodplain closest to the river channel, precisely the regions most sub-
ject to vegetation height bias on the SRTM data. This is because vegeta-
tion affects the elevations of the SRTM DEM (O’Loughlin et al., 2016; 
Yamazaki et al., 2017), and there is greater presence of vegetation in 
areas marginal to the rivers in the studied basin.

This pattern of results becomes clearer when observing the map 
with values concerning differences between the HAND obtained for 
the DEM with depressions (HANDdep) and that without depressions 
(HANDhet). Negative values are predominant (Figure 6A), indicating 
that HANDhet presents higher values than HANDdep. In the compar-
ison of the flood areas corresponding to the 5-m HAND threshold, the 

consideration of the DEM with depressions leads to the identification 
of more areas subject to flooding in the lower part of the basin than the 
DEM without depressions, but this also occurs in a lower proportion in 
the middle and upper parts (Figure 6B).

Comparative analysis of the morphology of the basin 
concerning the longitudinal profile of the rivers

When generating the drainage network from the accumulated 
areas, by considering the criterion of a spatially variable minimum 
contributing area to denote the drainage network initiation, that is, 
considering the value of the parameter Amin variable in the basin, 
31 headwaters were obtained (Figure 7A). For each drainage headwa-
ters, the area directly contributing to the continuous river reach down-
stream of that point was also identified, whereas the longitudinal pro-
files of these reaches are presented in Figure 7B, maintaining the basin 
outlet as a reference of the distances in the x-axis.

Headwater 1 represents the channel initiation of the main river of 
the basin, which is the Mamanguape River, whose points every 10 km 
of distance are indicated in Figure 7C. In the longitudinal profile of 
this river there is an abrupt variation in slope around 165 km from 
the outlet. This has a direct impact on the occurrence of larger flood 
areas downstream to this point than along upstream reaches of this 
river (Figure 7D). The figure illustrates the extent of incremental flood 
areas (i.e., not cumulative) directly connected to each point along the 
Mamanguape River. An abrupt change is verified around the 165-km 
position, with greater occurrence of flood areas than in previous posi-
tions. This is a coherent result, as this abrupt change in the longitudinal 
slope of the river drastically alters its hydraulic conveyance, resulting 
in a lower capacity of the river to convey the flow, which facilitates 
the overflow of the river channel onto the floodplain. In fact, in the 
field survey carried out for the 2004 flood (Figure 1), several points of 
the overflow of the channel and floodplain inundation were observed 
along this river reach.

Figure 6 – (A) Difference in HAND obtained from the DEM with depressions and the DEM without depressions; (B) Analysis of flood-prone areas obtained only 
from the DEM without depressions, only from the DEM with depressions, and those simultaneously obtained from both.
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Around the 55-km position, an increase in riverbed slope reduc-
es the occurrence of flood areas, whereas around the 40-km position 
there is another remarkable reduction in slope, once again increasing 
the occurrence of flood areas.

Effect of the stream burning procedure
The vector drainage network provided by AESA presents some di-

vergences compared with the drainage network obtained in this research 
from the SRTM DEM data, mainly in the lower part of the basin near 
the outlet (Figure 8A). The AESA vector drainage network was used for 
pre-processing the SRTM DEM data by the stream burning procedure, in 
such a way to obtain the flow paths and the raster drainage network. With 
these data, HAND (HANDburn) was obtained, whose difference in rela-
tion to the reference HAND of this study (HANDhet) indicates that the 
DEM pre-processing by stream burning has resulted in the decrease of the 
HAND in most of the basin (Figure 8B). As a result, there is an increase in 
the flood areas obtained from HANDburn in relation to HANDhet, and 
such increase is distributed throughout the extension of the drainage net-
work, but with a higher concentration in the lower part (Figure 8C).

The procedure used for HANDburn was similar to the proce-
dure adopted by Mengue et  al. (2016), and aims at producing re-
sults compatible with an existing river drainage network. This is 
indeed the benefit reported in the literature when using the stream 
burning procedure (Lindsay, 2016; Wu et al., 2019). But such com-
patibility occurs in terms of the river drainage network as such, i.e., 
the network derived from the DEM modified by stream burning 
approximates the existing vector network. It is understood that this 
is valid if the existing vector drainage network is representative of 
the actual river flow paths, at least in higher quality than the flow 
paths resulting from the DEM processing, as in the case of the ap-
plication of HAND made by Garousi-Nejad et al. (2019). If there are 
no elements to measure the quality of the available river vector net-
work, the performance of the stream burning processing is deemed 
unreasonable.

Conversely, even if the quality of the available vector drainage net-
work is guaranteed, the use of such vector network for DEM pre-pro-
cessing by stream burning prior to obtaining the HAND is question-
able for two reasons.

Figure 7 – (A) Identification of the 31 headwaters of the drainage network and the corresponding areas of direct contribution to the continuous downstream 
river reach; (B) Longitudinal profiles of each river reach downstream of the headwaters, with distance measured to the basin outlet and numerical 

identification of the main headwaters; (C) Digital Elevation Model with indication of the accumulated distance along the Mamanguape River, measured from 
the basin outlet, according to each yellow dot mark; (D) Incremental flood area at each specific point of the Mamanguape River, in HANDhet configuration 

and for three HAND thresholds.
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First, it is assumed that the burned DEM should not be used to 
calculate HAND, as it presents elevations arbitrarily lowered along 
with the drainage network, which was not done in this research and is 
addressed in the literature (Mengue et al., 2016). Garousi-Nejad et al. 
(2019) present another point of view, whose results showed that the 
lowering of the DEM according to the vector drainage network led to 
greater coherence of the flood area estimates compared with hydro-
logical modelling studies. In the aforementioned study, by having a 
vector drainage network that is well representative of the river course 
and having a high spatial resolution DEM, the lowering of the DEM 
by stream burning prevented large areas marginal to rivers from being 
erroneously identified as flooded areas. The burning procedure also 
avoided inconsistencies in the results caused by bridge interference in 
the DEM, which exemplifies the high spatial resolution of the DEM 
used by the authors. Nevertheless, in studies such as the present one, 
which use DEM from SRTM data and have an available vector network 
whose degree of concordance with the river course is unknown, stream 
burning would not present this advantage.

Second, there is the conceptual issue of compatibility of the topo-
graphic information from the DEM with the available vector network. 
The use of flow directions and drainage network derived from the 
burned DEM, as input to obtain HAND, leads to results of this terrain 
descriptor inconsistent with the morphological pattern represented in 
the DEM. This occurs because the DEM was modified by stream burn-
ing only in the pixels along that vector trace.

However, by not applying the stream burning, the results of HAND 
and estimated flooded areas may be spatially incoherent in relation to 
the actual drainage network delineation. An alternative is to improve 
the acquisition of DEM data itself so that their processing better rep-
resents the actual drainage network, as in the case of Garousi-Nejad 
et al. (2019). These improvements may include the refinement of the 
spatial resolution of the DEM (as pointed out by Speckhann et  al., 
2018; Goerl et al., 2017 and Garousi-Nejad et al., 2019) and reduction 
of noise and other interferences such as vegetation cover. The quality 
of the topographic data source is pointed out as key information for 
estimating flood areas, including when using more elaborate methods 
such as hydrodynamic modelling (Zambrano et al., 2020).

Hydrostatic condition analysis
The hydrostatic condition of the flooded area, with estimation 

results based on HAND, is addressed in this topic, considering the 
HANDhet reference configuration. For instance, consider the pixels 
Pa, Pb, and Pc indicated in Figure 9A, whose elevation is the same 
(57 m). According to the flow paths illustrated in Figure 9B, pixels 
Pb and Pc drain into the same point in the drainage network, whose 
elevation is 50.9  m, which is distinct from the point to which the 
flow drains from pixel Pa, whose elevation is 52.4  m. As a result, 
the HAND of Pa is 4.6 m, whereas the HAND of Pb and Pc is 6.0 m 
(Figure 9C). When considering a 5-m HAND threshold for identify-
ing the flood area, Pa is part of the flood area, but Pb and Pc are not 

Figure 8 – (A) Comparison between river drainage networks obtained with and without stream burning; (B) Difference in HAND obtained using the DEM 
with and without stream burning; (C) Analysis of flood areas obtained only for HAND without stream burning, only for HAND with stream burning, and 

simultaneously obtained with both.
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(Figure 9D), thus violating the hydrostatic condition of this flood 
area delimitation.

All green pixels in Figure 9E are not considered to be inundated 
by the HAND criterion, but are immediate neighbors to pixels in 
the inundated area and have elevation equal to or lower than those 
inundated. The orange pixels consist in those neighboring the im-
mediate neighbors to the HAND-based flood area, but they also 
meet the elevation criterion and would thus be flooded as well. By 
doing this procedure for the entire Mamanguape River basin, there 
is an increase in the flood area of 2.18 km² and 1.19 km², respec-
tively, for the regions of the immediate neighborhood and second 
neighborhood to the inundated area by the direct HAND criterion. 
These are small increases, representing 2.1% and 1.2%, respectively, 
of the flood area according to the HAND threshold. Thus, although 
the isolated HAND criterion does not guarantee the hydrostatic 
condition in the neighborhood of each pixel considered part of the 
inundated area, despite what Momo et al. (2016) states, the inclu-
sion of areas to guarantee such condition increased this inundate 
area in a practically negligible way in this study.

Conclusions
In this research, the HAND terrain descriptor was applied to the 

Mamanguape river basin for estimating flood areas, obtaining the fol-
lowing conclusions:

• The definition of the drainage network initiation controlled its exten-
sion and density, which altered the HAND values and, consequently, 
the estimation of flood areas. Adopting a uniform minimum area val-
ue to denote the drainage network initiation is a simplification that 
continued to have a considerable effect on the estimation of flood ar-
eas based on HAND, regardless of the value of this parameter. Ideally, 
the spatial variation of this parameter over the basin should be adopt-
ed or the location of the headwaters should be previously identified;

• In the HAND calculation, the choice of using the original DEM or 
the DEM modified by the removal process of depressions impact-
ed on the results concerning flood areas, mainly for minor flood 
heights. It is recommended to consider the DEM without depres-
sions, as this leads to a smoothing of the longitudinal flood profile 
along the river, which is more consistent with reality, rather than 
there being sharp variations in flood elevation due to point varia-
tions in river bottom elevation;

• The estimate of flood areas based on HAND is coherent with the ba-
sin morphology expressed in terms of the topographic longitudinal 
profile of the river. Widespread occurrence of flood areas was clearly 
associated with sudden reductions in the river slope pattern, due to 
an abrupt reduction in hydraulic conveyance and greater chance of 
runoff overflow to the floodplain. The analysis of the total of flood 
areas connected by the DEM-derived flow paths to each point along 
the river course was essential for this type of verification;

Figure 9 – Analysis of the hydrostatic condition of the flooded areas based on HAND: (A) DEM; (B) Accumulated drainage areas, with indication of the flow 
directions by arrows; (C) HAND – HANDhet configuration; (D) Flood area for 5-m HAND threshold; (E) Flood area with neighborhood inclusion; (F) Total 

flooded area obtained from the HANDhet configuration and by the additional criteria of immediate neighborhood and second neighborhood.
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• The incorporation of an existing drainage network as a DEM 
pre-processing step (via stream burning) induced the network de-
rived from the DEM to become more compatible with such exist-
ing network, though causing inconsistencies in the HAND meth-
od regarding the morphological pattern represented in the DEM. 
As a solution, there is the improvement of the DEM data acquisi-
tion, in such a way to better represents the drainage network trace; 

• The hydrostatic condition did not occur in the flood areas esti-
mated from the HAND, with sets of no flood pixels that have the 

same elevation or even lower elevations than neighbors integrating 
the flood areas. However, this occurrence was in a quantity that 
can be disregarded in terms of the impact on the pattern of flood 
estimates in this basin; 

• Finally, it is recommended to validate the results of this research 
by applying the methods used to estimate flood areas for a specific 
actual flood event in the Mamanguape river basin, estimating the 
inundated area from field observations or, at least, via other tools 
such as satellite images or hydrodynamic modelling.
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