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Abstract. Airborne laser scanning survey data were conducted with a scanning density of
4 points∕m2 to accurately map the surface of a unique central European complex of wetlands:
the lower Biebrza River valley (Poland). A method to correct a degrading effect of vegetation
(so-called “vegetation effect”) on digital terrain models (DTMs) was applied utilizing remotely
sensed images, real-time kinematic global positioning system elevation measurements, topo-
graphical surveys, and vegetation height measurements. Geographic object-based image analysis
(GEOBIA) was performed to map vegetation within the study area that was used as categories
from which vegetation height information was derived for the DTM correction. The final DTM
was compared with a model obtained, where additional correction of the “vegetation effect” was
neglected. A comparison between corrected and uncorrected DTMs demonstrated the impor-
tance of accurate topography through a simple presentation of the discrepancies arising in fea-
tures of the flood using various DTM products. An overall map classification accuracy of 80%
was attained with the use of GEOBIA. Correction factors developed for various types of the
vegetation reached values from 0.08 up to 0.92 m and were dependent on the vegetation
type. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported
License. Distribution or reproduction of this work in whole or in part requires full attribution of the origi-
nal publication, including its DOI. [DOI: 10.1117/1.JRS.10.036013]
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1 Introduction

Airborne laser scanning (ALS) is widely applied to retrieve data on topography that is used to
develop digital terrain models (DTMs). ALS remains as a cutting-edge methodology for retriev-
ing high-resolution data on land relief and has multiple advantages over traditional surveying
techniques. It is considered to be the most time-efficient method and advanced technology due to
the capability to derive topographic (bare ground elevation) data by filtering vegetation or other
objects on the surface and the capability to produce centimeter resolution DTMs over large
areas.1 Within near-natural floodplains, dense vegetation can overestimate ALS terrain measure-
ments by masking true terrain elevation. In this regard, the quality of ALS-based DTMs of veg-
etated and relatively flat areas, such as lowland floodplains, requires special scientific attention.

Floodplain topography and its complexity influence water flow and the pattern of floodplain
inundation, creating spatial and temporal patterns related to the processes of erosion, sediment
transport, and deposition.2–6 The (micro)topographic heterogeneity of riparian habitats shapes
unique hydrological conditions present in riverine landscapes that determines biodiversity.7,8

These conditions are relative to the type of water supply and can be considered catchment-
scale variables. Topography of a floodplain underpins the extent of floods and the degree of
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hydration in particular riparian habitats, remaining a strongly local but important element of
these geosystems. The importance of the exchange of water, sediments, nutrients, organic matter,
and biota between the river and the floodplain has been emphasized in many different studies.9–12

Thus, it has been proven that analyzing ecohydrological feedbacks in floodplain wetlands with
respect to terrain relief and elevation, on top of the broad spectrum of hydrological data, requires
appropriate data on floodplain surface topography.12,13

Most of the topographic analyses in hydrological sciences are performed using DTMs cre-
ated from the data retrieved either from traditional ground-surveyed optical measurements or,
more commonly, remote sensing data, ALS in particular. High quality of ALS-based DTMs that
remain as digital representation of bare terrain (surface elevation of the ground without any of the
structures or vegetation), significantly improved the quality of hydraulic modeling, fluvial geo-
morphology analyses, and river dynamic studies.14–16 The quality of topographic data for flood-
plains is critically important because only small changes in elevation across these low relief
landscapes and small local differences in elevations can entail different functions of these eco-
systems and, hence, should be accurately represented by topographic data. However, when var-
iations in DTMs are the result of errors introduced from the chosen data processing method and
do not represent the real terrain features, such DTM data may introduce significant errors in
habitat assessment and, likely, bias conclusions.

The traditional approach has some limitations related to the high costs of field measurements
and/or terrain inaccessibility. Topographic contour maps, especially the ones produced in mid-
20th century (in our case, these maps were used in the analysis as they are the only available
source of data on land relief available in the appropriate scale of 1∶10;000), also face technical
limitations. The uncertainty in elevations introduced from large spacing between contours in flat
areas (such as floodplains) and ground measurement control points negatively influence the
DTM products obtained through interpolation. By contrast, high spatial resolution DTMs
derived by ALS have been shown to be more representative for field slope measurements17

and field-determined elevations18 than DTMs created using topographic contour maps.19

They provide a comprehensive and highly accurate source of elevation data from exposed
ground and vegetation surfaces. Nevertheless, while the ALS data collection and processing
methods are considered as cutting-edge technology, challenges are still presented to achieve
an accurate DTM for low relief floodplains with dense vegetation and periodic inundation.
Hence, specific efforts are required to obtain an accurate DTM, which is appropriate for hydro-
logical applications. This is because ALS measurements of height or backscatter are returned
from dense and sometimes tall wetland vegetation, a mosaic of flooded and dry lands, the struc-
ture of trees and shrubs as well as the time of data acquisition, negatively affecting the quality of
a DTM. Consequently, estimates of terrain elevation are often invalid as height measurements are
exaggerated due to so-called “vegetation effect” or inundation effects. This problem has been
pointed out in numerous studies. Gorte et al.20 have shown that the low vegetation (heights below
20 cm, e.g., grass or branches lying on the ground) is causing problems in determining the bare
earth elevation. Hodgson et al.21 found high elevation errors in areas covered by shrubs compared
to the other types of the vegetation. Ahokas et al.22 investigated the upward shift of the laser
points compared to the ground points to be �11 cm for grass and �17 cm for forest. Bollweg
and de Lange23 found an upward shift of 8 cm for long dense grass. Su and Bork24 indicated that
many ALS last-return pulses may originate from the forest canopy or understoring vegetation
rather than the true ground, causing overestimations of ground elevations within the extents of
shrubs and forests. Hladik and Alber25 found that mean errors (MEs) of DTM-derived ground
elevations for different land cover classes ranged from 0.03 to 0.25 m compared to the ground
truth data, with larger offsets for taller vegetation. They also developed species-specific correc-
tion factors for selected 10 land cover classes and used these correction factors to modify the
ALS-derived DTM. Będkowski and Stereńczak26 showed that the time of the year at which
ALS data were acquired may considerably influence the quality of a final DTM. They concluded
that elevation differences between DTMs developed on the basis of ALS data acquired in
two seasons—spring and summer may be as high as a few meters. They also concluded
that untypical relations between DTMs (spring–summer) are apparently connected with the pres-
ence of dense broadleaved species in understory canopies. In general, the complexity of DTM
development for areas with the dense vegetation is not a new issue in the contemporary
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literature.20,25 However, the development of ALS DTM processing algorithms and methods
needs to be revisited in terms of accuracy, especially for floodplains with high and dense
vegetation.

The overall goal of the research presented in this paper is to develop an efficient process to
correct ALS data for the “vegetation effect” to gain an accurate DTM that represents the actual
terrain surfaces of the research area, which is a broad temperate floodplain. We contest that the
methodology based on ALS data and extended to geographic object-based image analysis
(GEOBIA),27 along with the application of vegetation height correction coefficients, remains
an efficient algorithm for the development of accurate DTMs for floodplain wetlands. By com-
paring spatial analyses of selected hydrological features of a known flood event, depths of water
within the floodplain, and the volume of floodplain water storage, we revealed that the DTM
developed with the use of proposed methodology provides much better quality elevation data
than the DTM developed with the use of standard data processing procedures.

2 Materials and Methods

2.1 Study Site

The northern part of the lower Biebrza River valley in Poland (Fig. 1. 53°23′49′′N—22°28′34′′E
bottom left and 53°28′12′′N—22°38′9′′E upper right) was chosen as the research site due to its
unique environmental features, including natural vegetation, low human pressure, a natural and
dynamically changing river bed with multiple natural oxbows, and a nearly nonmodified flow
regime.28

Wetlands of the stretch of the valley analyzed are supplied with surface water and ground-
water with spring thaw flooding being a main driver of floodplain ecology.29 The significance of
the lower Biebrza River valley in catchment-scale water retention processes has been reported as
an important ecosystem service.30 The width of the valley in the analyzed stretch reaches from 2
up to 6 km, and the length reaches 12 km. Terrain elevations within stretch of the floodplain
analyzed vary from 103 m above sea level (a.s.l.) to some 107.0 m a.s.l. [Kronstadt normal height
coordinate system (PL-KRON86-NH) based on GRS80 ellipsoid]. Locally, beyond the river
valley, terrain elevations in the area analyzed reach some 118.5 m a.s.l. Such a low variability

Fig. 1 The study site (the northern part of the lower Biebrza River valley).
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of terrain elevations requires special efforts to be undertaken in order to make the DTM rep-
resentative for hydrological and ecological purposes. Due to the numerous oxbows and mean-
ders of the Biebrza River, its length in the analyzed stretch reaches 18.5 km. Most of the northern
part of the valley is covered by floodplain vegetation, which is mainly dependent on seasonal
flooding. The presence of dense vegetation cover consisting of alder forest, willow shrubs, reeds,
and sedges makes the development of an accurate DTM challenging.

2.2 Procedure

The procedure applied in this study involved various types of data and consisted of the follow-
ing tasks:

• Task 1: Rasterization of rivers and streams vector data from the hydrographic map of
Poland (MPHP) at a scale 1∶10;000.

• Task 2: Processing of ALS point cloud data to obtain uncorrected DTM, digital surface
model (DSM), normalized DSM (nDSM), and intensity map.

• Task 3: The object-based image classification using nDSMmap to retrieve map with differ-
ent height vegetation classes.

• Task 4: Processing of airborne and satellite imagery to retrieve vegetation indices allowing
to distinguish different types of land cover.

• Task 5: GEOBIA classification of remotely sensed imagery, intensity map, and classifi-
cation map from task 3.

• Task 6: Creation of the vegetation map with respect of the vegetation height.
• Task 7: Application of corrections factor within vegetation classes on DTM from task 2 and

additional correction for shrubs and reed using extraction and interpolation.
• Task 8: Accuracy assessment of the final DTM.

The overall scheme of the data processing steps is presented in Fig. 2. This procedure applies
to additional correction method used in order to obtain accurate DTM, task 7 in areas covered by
very dense vegetation such as shrubberies or reed. Considering the density of point cloud

Fig. 2 The procedure of ALS additional data processing with use of GEOBIA (Task 3 and 5—
dotted line).
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(4 points∕m2) in some places the laser beam did not reach the ground. In these cases, the extrac-
tion and interpolation procedures were used.

2.3 Airborne Laser Scanning Survey Details

The research in the framework of this paper utilized near-infrared (1064-nm Laser Scanner
model and type: Leica ALS70) ALS data acquired in autumn 2011, with a scanning density
of 4 points∕m2 within the nationwide Polish ISOK program (IT System of the Country’s
Protection against Extreme Hazards for Poland).31

The data for analysis were gathered after the growing season, during a period when no or
slight flooding or inundation within the research area was present. This is important due to the
fact that surface water can contribute to inaccurate elevation measurements using ALS data. In
the project, 73 tiles (1 × 1 km) provided by CODGiK (Central Agency for Geodetic and
Cartographic Documentation) were used, covering around 7300 ha in the northern part of
the lower Biebrza River valley. The point cloud was acquired with an average elevation error
of 0.15 m and an average location error of 0.5 m.32 The analysis used in this study generated a 1-
m gridded DTM. The data were delivered in the Polish National Spatial Reference System
frames, geodetic reference frame: National Geodetic Coordinate System 1992 (ETRS89/
Poland CS92, EPSG code: 2180), and vertical reference frame: Kronstadt normal height coor-
dinate system (PL-KRON86-NH) based on GRS80 ellipsoid.

2.4 Airborne Laser Scanning Data Processing

ALS data were delivered in Log ASCII Standard (LAS) file format by CODGiK. First, the
degree of spatial detail in an unprocessed ALS data was quantified with point density and equal
to 4 points∕m2 and point spacing was 0.389 points∕m.

The LASGround module from LASTools software (rapidlasso GmbH) was used. The
LasGround module, the Wilderness algorithm, was applied as recommended for areas with natu-
ral vegetation. Nonground points (mainly trees, shrubs, reed, and sedges) were excluded from
the analysis to obtain primarily bare earth points. This is important because in areas covered by
high and dense vegetation the laser pulse is mainly reflected from the vegetation canopy and
rarely reaches the ground. The filtering allowed high objects to be excluded from the analyzed
data by taking into account only the points from last-return pulse (the lowest points measured by
the laser scanner).

During the ALS point cloud data processing, several products were developed: DTM, DSM,
and nDSM—Fig. 3, slope and ALS intensity maps with the spatial resolution of 1 m × 1 m.

The nDSM was calculated by simply subtracting the last-return product (DTM) from the
first-return product (DSM) to give the relative heights of vegetation.33 The ALS intensity,
defined as the ratio of incoming to outgoing radiation of a laser pulse, is measured during
data acquisition and in this study was used to produce the ALS intensity map. However, the
resulting DTM did not give us a final reliable product for areas covered by trees and willow
shrubs. In these areas, the laser pulse could not reach the ground surface due to the presence
of branches, resulting in an overestimation of the ground elevation as the algorithm used in the
analysis treated the lowest points as ground. The further use of GEOBIA classification in the
processing procedure helped detect such areas and allowed the application of vegetation cor-
rection factors. In the end, a final corrected DTM was obtained. Moreover, in the end, vertical
accuracy was determined by ground truthing after DTM creation and additional analysis was
performed in order to present the importance of DTM accuracy on some crucial hydrological
characteristics.

2.5 Geographic Object-Based Image Analysis Classification

GEOBIAwas used in this study to integrate ALS, optical remote sensing (including satellite and
airborne products), and thematic vector data to develop an accurate map of vegetation type and
height across the northern part of the lower Biebrza Basin. The classification was performed
based on remotely sensed optical imagery (airborne and satellite), laser scanning data, and
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thematic vector data. Data processing was conducted with eCognition software (Trimble
GeoSpatial).

Today, this type of image classification is used by the world’s leading research centers
involved in the processing of remote sensing images.34–36 Processing using the GEOBIA
approach is based on objects—groups of pixels representing various features. In the first step
of the analysis, the pixels are segmented into objects. Then, objects are assigned to land cover
classes defined by the user. This process can be expanded upon and can consist of many steps,
including reshaping, resegmenting, and reclassifying the initially created objects. This allows the
creation of rule sets for processing large amounts of datasets without any user interaction. In this
research, GEOBIA was used to process different types of spatial data (Fig. 2). In the first step
(task 1), vector thematic maps, including streams, ditches, and oxbows, were rasterized.
Application of the existing vector data in analysis allowed considering these objects more accu-
rately in a final DTM. In the second step (task 2), the DTM, DSM, and nDSM were obtained
from ALS point cloud data, and the segmentation and classification of the nDSM were per-
formed in order to obtain the vegetation map on the basis of difference in vegetation height.
The use of satellite (Landsat 8) and airborne images in GEOBIA (tasks 4 and 5) allowed veg-
etated classes to be distinguished from nonvegetated classes and helped delineate the river bed
and oxbows. Multiresolution segmentation was chosen for image segmentation process. The
scale parameter was set to 20. We used the default value of 0.1 for shape factor, 0.2 for smooth-
ness, and the value 0.7 for compactness to obtain better representation of forest and shrub
boundaries. These two parameters control the characteristics of similarity and heterogeneity
for each image-object.

The use of three-dimensional point clouds from laser scanners, particularly in the aspect of
their integration with the multispectral information originating from digital cameras, allowed the
process of image interpretation to be significantly enhanced.37 In task 4, several vegetation indi-
ces were tested in order to differentiate areas covered by alder forests, willow shrubs, common
reed, reed-manna grass, sedges, and grass. The chosen vegetation indices, which are presented in
Table 1, included the normalized difference vegetation index (NDVI38), optimized soil-adjusted
vegetation index (OSAVI39), SAVI,40 modified simple ratio (MSR41), and the vegetation vitality
ratio (VVR42). All vegetation indices, (Table 1) including intensity map, were assigned the same
weight during the segmentation process. Obtained image-objects were further classified into 7
land cover classes.

Fig. 3 DSM, DTM, and nDSM.
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2.6 Digital Terrain Model Accuracy Enhancement

Developed in task 2, the ALS DTM represented the false terrain caused by the so-called “veg-
etation effect.” Therefore, additional correction was performed in task 7 of the presented pro-
cedure (Fig. 2) in order to decrease the influence of the vegetation on the resulting DTM. The
real-time kinematic global positioning system (RTK GPS) measurements taken in the different
types of vegetation within the research area allowed a calculation of the differences between the
ALS DTM and elevation represented by ground control points. The positive values indicate that
the DTM was above the measured ground control points. The mean value of this shift was cal-
culated for each vegetation class and was then subtracted from the DTM in the given vegetation
class in order to correct the elevation values (Table 2). The correction factors for areas overgrown
by shrubberies higher than some 2.5 m and reeds higher than some 3.0 m did not allow sufficient
correction of the ground elevation. An insufficient number and spatial distribution of reference
points measured with the RTK GPS within patches of these vegetation types are likely to have
led to unsatisfactory correction of these types. These problems occurred due to difficulties in
acquiring high accuracy RTK GPS measurements (because the RTK GPS signal in these high
and dense vegetation types was poor). Fortunately, these types of vegetation of the floodplain
could be accurately mapped using GEOBIA. Areas covered by very dense clusters of high shrubs
(represented here by Cornus sericea or willow shrubs) or dense and high reeds, the elevation data
were excluded from the DTM, and interpolation from known ground points surrounding the
erased vegetation patch was applied to fill in the gaps. GEOBIA classification attained a sat-
isfactory classification accuracy (Table 2) with an overall value of 80%.

Table 2 Elevation correction factors for different types of vegetation in the northern part of the
lower Biebrza Basin.

Vegetation type

Number of
GPS

points (n)
Total GPS and ALS

error (m)
Correction
factor (m)

SD
(m)

Classification
accuracy (%)

Mosaic of grass and sedges 83 0.02 0.08 0.03 80

Alder forest 30 0.03 0.11 0.04 84

Loose tussock sedges 31 0.03 0.28 0.10 87

Reed-manna grass 54 0.02 0.39 0.11 83

Tussock sedges 32 0.03 0.43 0.17 67

Reed 62 0.02 0.63 0.20 82

Shrubs 40 0.03 0.92 0.35 76

Table 1 Spectral vegetation indices (SVIs) used in the analy-
sis of satellite and aerial images.

SVI Equation

OSAVI NIR−RED
NIRþREDþY

MSR
�

NIR
RED − 1

�
∕
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

NIR
RED þ 1

q �

NDVI NIR−RED
NIRþRED

VVR 1 − a·RED
NIR−b

Note: Y is the correction factor that equals 0.16; NIR is the near-infra-
red band; RED is the red band; and a and b are soil line coefficients.
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2.7 Verification of the Digital Terrain Model Processing Results and Influence of
Digital Terrain Model Accuracy on Habitat Assessment

All topographic products developed from laser scanning data were verified using RTK GPS
surveys performed within the research area43–45 (Fig. 4).

A regular distribution of the measurement points was not possible due to the very demanding
field conditions (flooding) and the lack of roads or paths allowing the penetration of the valley.
These measurements were taken during surveys carried out in recent years in Biebrza National
Park46 and by field measurements performed within this study. Data from the current study were
collected using high-precision Topcon dual-frequency (L1/L2) RTK Global Navigation Satellite
System (GNSS) receivers (GR-3 and GRS-1), and archival data were collected using dual-fre-
quency (L1/L2) Topcon Legacy E receivers with a PGA-1 antenna. The RTK GPS surveying
method was applied using the real-time NAWGEO service of the multifunctional precise satellite
positioning system of ASG-EUPOS. Estimated precision of the real-time NAWGEO service is as
high as 0.03 m (horizontally: XY coordinates) and 0.05 m (vertically: Z coordinate).

The RTK GPS measurements were taken using only GPS reference stations as no GLONASS
and GALILEO reference stations are present in northeastern Poland.

All measurements were taken using multipath reduction and only in RTK fixed mode with
position dilution of precision values lower than 4. Data points for which the GPS was not able to
achieve a good GPS solution (RTK fixed solution), due to signal attenuation by the vegetation,
were excluded from further use. RTK fixed solution means that the GPS can see at least five
satellites in common and is receiving corrections from the base stations. The measurement accu-
racy in RTK mode is estimated as �1.5 cm horizontally and �2 cm vertically. Points measured

Fig. 4 Location of the RTK GPS survey points within research area presented on the map result-
ing from GEOBIA classification.
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were not referenced to any geodetic control network reference point because no such network
exists in the research area.

Measurements were scattered throughout the river valley depending on topography and
included 307 points taken randomly in different types of vegetation within the study area.
At each location point, up to four measurements were taken, and then averaged in order to
improve RTK GPS accuracy due to the lack of geodetic benchmarks in the research area.
This allowed data to be obtained with an accuracy close to the one recommended by the
American Society for Photogrammetry and Remote Sensing47 and the European Spatial Data
Research Network48 regarding accuracy validation of ALS data. To quantify DTM error, several
measures were computed (Table 3).

To present the relevance of DTM enhancement for quantification of hydrological features of
the floodplain, we compared flood extents, depths of water within the flooded plain, and volumes
of flood computed with the uncorrected and corrected DTMs applied to the analysis. Analyses
were based on the intersection of grid datasets containing elevations of water table in various
flood scenarios. (We used data of flooding in 1%, 5%, 10%, 20%, and 50% recurrence intervals
computed by Grygoruk et al.49) Differences in assessed values of these parameters are expected
to present the relevance of DTM correction for hydrological estimation of floodplains and their
role in shaping ecological features of riparian wetlands.

3 Results and Discussion

3.1 Accuracy Assessment Results

The accuracy assessment was performed on two developed DTMs (Figs. 5 and 6). A comparison
of the accuracy of the analyzed DTMs shows that the best-fit between the ground-measured
elevations and DTM-derived elevations was obtained in the case of the processed ALS
DTM with “vegetation effect correction” (Table 4).

Considering the fact that the variance of n independent variables having the same distribution
equals 1∕n of the variance of each individual variable, the summaric influence of GPS and ALS
accuracy on calculated correction factor reach the value of ½ð0.052 þ 0.152Þ∕n�0.5, and—in our
case—never exceeds 0.03 m (Table 2). This value is significantly lower than the assessed and
developed correction factors for particular vegetation types analyzed (Table 2).

The ME of the ALS DTM versus the RTK GPS field measurements of ground elevation
reached <0.13 m, which we consider to be acceptable for application in hydrological analyses,
such as flood depths and extents calculation. Although the maximum error of this DTM reached
1.1 m, the standard deviation (SD) of all the values analyzed allows the conclusion that although
errors higher than 0.5 m have occurred [32% of the data has an error of (0.12� 0.4 m)], their
frequency of occurrence was considerably lower than in the case of the uncorrected DEM
(Fig. 7). The errors higher than 5 m were associated with forest class.

The application of GEOBIAwe present in our study remains the first ever use of this meth-
odology for improving DTM on the basis of vegetation classes distinguished. Reaching the clas-
sification accuracy at the level of 80%, which we consider more than satisfactory and very
promising as the research task to be further developed, our study opens the field for the improve-
ment of ALS-based DTMs of densely vegetated wetlands. Among the main issues we faced in

Table 3 Quality assessment measures used to measure the differences between values pre-
dicted by a model (DTM) (Mz ) and the values actually observed (Iz ).

Quality assessment measure Equation

ME ME ¼ 1
n

Pn
i¼1½Mzðx; yÞ − Izðx; yÞ�

Mean absolute error (MAE) MAE ¼ 1
n

Pn
i¼1½jMzðx; yÞ − Izðx; yÞj�

Root mean square error (RMSE) RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Pn
i¼1 ½Mzðx; yÞ − Izðx; yÞ�2

q

Note: n is the number of test points.
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Fig. 6 The ALS DTM with “vegetation effect” correction: (a) DTM and (B) hillshade map.

Fig. 5 The ALS DTM without “vegetation effect” correction: (a) DTM and (b) hillshade map.

Table 4 ME, MAE, RMSE, minimum (Min), maximum (Max), and SD of discrepancies between
ground elevations of analyzed DTMs versus field-measured ground elevations. Values are given
in meters.

DTM ME MAE RMSE Min Max SD

DTM with additional correction 0.13 0.30 0.40 −1.10 1.04 0.38

DTM without additional correction 0.60 0.10 1.15 −1.20 7.23 0.98
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the presented approach, there was unsatisfactory accuracy of terrain elevation measurements
done with RTK GPS in patches of high (>2.5 m) bushes and dense and high (>3.0 m) reeds,
which were used to calculate the correction factors related to particular types of the vegetation.
The next step in the development of the presented herein methodology of DTM improvement
would be to make accurate measurements of terrain elevations within extents of those vegetation
types, preferably done with the use of standard optical geodetic devices such as the total station.
Such measurements, being much more accurate than the ones done with RTK GPS, would allow
gathering high-quality elevation data within patches of high and dense vegetation. Although low
accessibility to the study area and harsh field conditions did not allow such measurements to be
undertaken, we foresee that the application of optical geodetic measurements would allow reach-
ing even higher accordance of performed DTMs comparing to the field-collected data.

3.2 Flood Mapping Results

To present how different DTMs applied to flood-mapping procedures affected the final results of
the flood area and floodplain volume calculations, we analyzed floods of 1%, 5%, 10%, 20%,
and 50% recurrence (Table 5). Water levels were modeled using a one-dimensional hydrody-
namic model.50

Being aware that microtopography and the presence of dense vegetation may significantly
modify flood distribution and should therefore be determined with high accuracy, the ALS-based
DTM with additional correction was expected to give the most reliable results of flood analysis.
The result shows that the application of coarse quality elevation data in flood mapping can lead
to a significant underestimation of flood extent and flood depth. Such a fact can result in inap-
propriate decision making when hydrological characteristics play important roles in ecosystem
management (Fig. 8). As ecological analyses frequently refer to flood depths, we evaluated
maximum and mean depths of the flood along with SDs (Table 6).

Maximum flood depth reached ∼2.18 m (ALS DTM without additional correction), which is
0.24 m lower than the value of maximum depth obtained in calculations using ALS with addi-
tional processing methods. Again, the results of flood depth calculations obtained with a course

Fig. 7 Histograms of elevation errors for ALS-derived DTMs [(a) without and (b) with additional
correction] in comparison to ground-measured data from RTK GPS.

Table 5 Calculated flood areas results for each DTM. Values are given in hectares.

DTM

Flood recurrence time

1% 5% 10% 20% 50%

DTM with additional correction 5076 4956 4872 4754 4525

DTM without additional correction 3692 3535 3435 3302 3058
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DTM applied to lowland floodplains do not allow comprehensive conclusions of floodplain
hydrology to be derived.

Knowing that the quality of the DTMs affected flood extent and flood depth calculations, we
also compared floodplain water retention capacities (Table 7). Respectively, the calculated flood
volumes were higher in average by 13.04 M∕m3 for the DTM with correction. The flood volume
for 1% flood recurrence time was higher by 15.93 M∕m3 and for 50% flood recurrence time by
9.95 M∕m3. Our analyses confirmed that in addition to the importance of vegetation influence
on computed hydrological features of floodplain wetlands (volumes of vegetation versus vol-
umes of flood),51 it is highly important to consider vegetation-type-dependent quality of DTM to
obtain reliable results of topographic and ecohydrological analyses of these ecosystems.

Table 6 Calculated water depth results for each DTM. Values are given in meters.

DTM Flood depth

Flood recurrence time

1% 5% 10% 20% 50%

DTM with additional correction Max 2.42 2.28 2.20 2.10 1.94

Mean 0.89 0.78 0.73 0.66 0.56

SD 0.38 0.36 0.34 0.33 0.30

DTM without additional correction Max 2.18 2.03 1.94 1.67 1.59

Mean 0.79 0.70 0.65 0.59 0.50

SD 0.39 0.36 0.35 0.33 0.30

Table 7 Calculated flood volumes for each DTM. Values are given in M/m3.

DTM

Flood recurrence time

1% 5% 10% 20% 50%

DTM with additional correction 44.96 38.82 35.39 31.34 25.13

DTM without additional correction 29.03 24.62 22.21 19.39 15.18

Fig. 8 The flood depth results for 50% recurrence time for ALS DTM with (a) additional correction
and (b) without such correction.
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4 Conclusions

The main goal of this research was to efficiently process an ALS point cloud dataset to obtain an
accurate DTM of a densely vegetated floodplain, without losing relevant terrain information that
may affect future hydrological analyses wherein a DTM is to be applied. The combination of
different types of data, including topography and spatial patterns of wetland vegetation, provided
a basis to develop an accurate DTM. Methodology for the development of DTMs based on ALS
and including GEOBIA classification and plant height correction coefficients was proven to be
an effective tool for high-quality DTM development. Comparison of the DTM produced using
the standard procedures with the DTM developed with the proposed methodology showed that
RMSE values were up to three times lower for the vegetation-height-corrected DTM.
Application of GEOBIA for vegetation mapping, which was a novel approach to DTM improve-
ment, achieved an overall classification accuracy of 80%. Correction factors developed for vari-
ous types of the vegetation reached values from 0.08 up to 0.92 m and were dependent on the
vegetation type. The methodology of removing dense vegetation from the ALS point cloud, then
interpolating terrain elevations for these spatial gaps in data considerably increased the accuracy
of the DTM. Although the values of vegetation height correction coefficients seem universal for
the plant communities analyzed, we strongly recommend to derive appropriate values of these
coefficients in particular research sites other than the Biebrza Valley. Flood volume assessment
discrepancies between the two DTMs applied reached values as high as 66%. The proposed
method, although, was proven to be capable of providing a good quality DTM to be used
in hydrological analyses of the temperate floodplain wetlands, is more resource- and time-con-
suming than the standard one, mainly due to the extensive field measurements that have to be
done in order to obtain the accurate field elevation data. In spite of this disadvantage, we rec-
ommend this methodology for all the cases of riparian wetlands, where accurate representation
of floodplain’s topography may play the crucial role in the appropriate management of wetlands.

Acknowledgments

This study was part of the research task realized in the framework of the Polish-Norwegian
Research Program (Norway Grants): “Integrated wetland flow model: a tool for management
adaptation in protected wetlands—WETFLOD” (Nor/209804/42/2013). The authors wish to
acknowledge valuable remarks of two anonymous reviewers who greatly helped to improve
the paper.

References

1. P. Tarolli, “High-resolution topography for understanding Earth surface processes: oppor-
tunities and challenges,” Geomorphology 216, 295–312 (2014).

2. D. Hughes, “Floodplain inundation-processes and relationships with channel discharge,”
Earth Surf. Processes Landforms 5, 297–304 (1980).

3. J. Lewin and D. Hughes, “Welsh floodplain studies: II. Application of a qualitative
inundation model,” J. Hydrol. 46, 35–49 (1980).

4. P. D. Bates and A. P. J. De Roo, “A simple raster-based model for flood inundation
simulation,” J. Hydrol. 236, 54–77 (2000).

5. A. Nicholas and C. Mitchell, “Numerical simulation of overbank processes in topographi-
cally complex floodplain environments,” Hydrol. Processes 17, 727–746 (2003).

6. M. S. Horritt and P. D. Bates, “Evaluation of 1D and 2D numerical models for predicting
river flood inundation,” J. Hydrol. 268, 87–99 (2002).

7. P. Banaszuk, A. K. Kamocki, and R. Zarzecki, “Mowing with invasive machinery can affect
chemistry and trophic state of rheophilous mire,” Ecol. Eng. 86, 31–38 (2016).

8. W. Kotowski, E. Jabłońska, and E. Bartoszuk, “Conservation management in fens: do large
tracked mowers impact functional plant diversity?” Biol. Conserv. 167, 292–297 (2013).

9. W. J. Junk, P. B. Bayley, and R. E. Sparks, “The flood pulse concept in river-floodplain
systems,” Can. Spec. Publ. Fish. Aquat. Sci. 106, 110–127 (1989).

Mirosław-Świątek et al.: Developing an algorithm for enhancement of a digital terrain model. . .

Journal of Applied Remote Sensing 036013-13 Jul–Sep 2016 • Vol. 10(3)

http://dx.doi.org/10.1016/j.geomorph.2014.03.008
http://dx.doi.org/10.1002/(ISSN)1931-8065
http://dx.doi.org/10.1016/0022-1694(80)90034-7
http://dx.doi.org/10.1016/S0022-1694(00)00278-X
http://dx.doi.org/10.1002/(ISSN)1099-1085
http://dx.doi.org/10.1016/S0022-1694(02)00121-X
http://dx.doi.org/10.1016/j.ecoleng.2015.10.005
http://dx.doi.org/10.1016/j.biocon.2013.08.021


10. M. C. Thoms, “Floodplain-river ecosystems: lateral connections and the implications of
human interference,” Geomorphology 56, 335–349 (2003).

11. S. E. Bunn et al., “Flow variability in dryland rivers: boom, bust and the bits in between,”
River Res. Appl. 22, 179–186 (2006).

12. K. A. Tockner, M. S. Lorang, and J. A. Stanford, “River flood plains are model ecosystems
to test general hydrogeomorphic and ecological concepts,” River Res. Appl. 26, 76–86
(2010).

13. M. W. Scown, M. C. Thoms, and N. R. De Jager, “An index of floodplain surface complex-
ity,” Hydrol. Earth Syst. Sci. 20, 431–441 (2016).

14. C. C. Sampson et al., “Use of terrestrial laser data to drive decimetric resolution urban
inundation models,” Adv. Water Resour. 41, 1–17 (2012).

15. G. Wierzbicki et al., “Using VHR multispectral remote sensing and LIDAR data to deter-
mine the geomorphological effects of overbank flow on a floodplain (the Vistula River,
Poland),” Geomorphology 183, 73–81 (2013).

16. D. Shen et al., “Integration of 2-D hydraulic model and high-resolution Lidar-derived DEM
for floodplain flow modelling,” Hydrol. Earth Syst. Sci. 19, 3605–3616 (2015).

17. S. Szporak-Wasilewska et al., “Processing of airborne laser scanning data to generate accu-
rate DTM for floodplain wetland,” Proc. SPIE 9637, 963720 (2015).

18. X. Shi et al., “A comparison of Lidar-based DEMs and USGS-sourced DEMs in terrain
analysis for knowledge-based digital soil mapping,” Geoderma 170, 217–226 (2012).

19. J. Vaze, J. Teng, and G. Spencer, “Impact of DEM accuracy and resolution on topographic
indices,” Environ. Modell. Softw. 25, 1086–1098 (2010).

20. B. Gorte, N. Pfeifer, and S. O. Elberink, “Height texture of low vegetation in airborne laser
scanner data and its potential for DTM correction,” Int. Arch. Photogramm. Remote Sens.
Spatial Inf. Sci. 36, 150–155 (2005).

21. M. E. Hodgson et al., “An evaluation of lidar- and IFSAR-derived digital elevation models
in leaf-on conditions with USGS level 1 and level 2 DEMs,” Remote Sens. Environ. 84,
295–308 (2003).

22. E. Ahokas, H. Kaartinen, and J. Hyyppä, “A quality assessment of airborne laser scanner
data,” Int. Arch. Photogramm. Remote Sens. Spatial Inf. Sci. 34(Part 3), 23 (2003).

23. A. Bollweg and R. de Lange, “Wat ruist er door het struikgewas. . . Welke maaiveldhoogte
wordt met laseraltimetrie gemeten bij aanwezigheid van vegetation?” Technical Report
AGI-GAR-2003-22, AGI, RWS, The Netherlands (2003). (in Dutch)

24. J. Su and E. Bork, “Influence of vegetation, slope, and Lidar sampling angle on DEM accu-
racy,” Photogramm. Eng. Remote Sens. 72, 1265–1274 (2006).

25. C. M. Hladik and M. Alber, “Accuracy assessment and correction of a LIDAR-derived salt
marsh digital elevation model,” Remote Sens. Environ. 121, 224–235 (2012).
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