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Abstract: The article presents a simulation of urbanization impact on runoff changes in an urbanized
catchment. Application of a distributed hydrological WetSpa model enabled comprehensive use of
Landsat satellite images as a source of data about contemporary and historical land cover in the catch-
ment. The analyses conducted for the Biata river catchment, with over 60% of the area being urbanized,
revealed a significant influence of changes in the size of urbanized area on runoft hydrograph.

1. INTRODUCTION

Over half of the world’s population live in urban areas nowadays and global trends
suggest that this number will grow in the future (Martine [17]), taking on the character
of a global change (Gutry-Korycka [12]). The rise in urban population is accompanied
by an increase in urbanized area. One of the most important impacts of urbanization
processes is the growing area of impervious (sealed) surfaces such as car parks, as-
phalt, concrete or gravel roads, or house roofs, which prevent rainwater infiltration
into the soil and cause its direct runoff to storm drain systems (Geiger and Dreiseitl
[10], Tourbier and Westmacott [25], Gutry-Korycka [13]).

A lot of possibilities of monitoring environmental changes, including the prog-
ress of urbanization, have appeared with remote sensing techniques. A particularly
useful source of data are satellite images from the Landsat program (NASA Landsat
Program, 1972-2011, [18]), whose historical database goes back to the late 1970s.
The proper application of this data source enables identifying types of land use or
cover and their changes both in time and space. This type of analysis was used to
define changes in CN coefficient in the period 1973-2000 for Kenya (Olang et al.
[21]), and to correlate the impact of land cover changes on the maximum flood lev-
els (Olang and Fiirst [20]). Zhang et al. [29] used similar methodology to identify
the causes of changes occurring in protected wetlands. A broader analysis of the
influence of land use changes on hydrological processes was conducted by Cruise et
al. [8] in the southern states of the USA, but they did not obtain direct statistical
correlations. This article presents a possibility of employing distributed hydrological
model WetSpa (Liu et al. [15]) and data from the Landsat archives for simulating
contemporary and historical runoff hydrographs in urban catchment conditions,
exemplified by research conducted in the city of Biatystok (the Biata river catch-
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ment). Simulation results were compared and assessed in terms of urbanization im-
pact on changes in hydrological characteristics.

2. RESEARCH AREA

The area chosen for the research was the catchment of the river Biala, a left-bank
tributary of the Suprasl and the main river flowing through the city of Biatystok. The
area of the catchment is ¢. 133 km®. The river has its source near the village of Prostki
at the elevation of ¢. 168 m a.s.l. and it flows into the Suprasl at 115 m a.s.l. The river
flows in the north-western direction and it has a uniform drainage pattern. The river
crosses an urbanized area which is why both the watercourse and its valley have been
heavily modified. More than 60% of the river catchment lies in the area of the city of
Bialystok (Tyszewski et al. [26]). The rainwater drainage system supplements, and to
a large extent substitutes, the natural surface drainage. In the city area there are 22
large drainage outfalls. Urbanization in the Biata catchment was particularly intensive
in the late 1970s, which is confirmed by the change in the population of Bialystok. In
this article, the author has attempted to demonstrate how changes in the population
and the area of a city are reflected in runoff changes.

3. METHODOLOGY

3.1. HYDROLOGIC MODEL

The hydrologic model WetSpa — Water and Energy Transfer between Soil, Plant
and Atmosphere, originally developed as a steady state water balance model
(Batelaan et al. [2], Wang et al. [27]), is nowadays used for dynamic calculations of
catchment runoff (De Smedt et al. [24]). WetSpa consists of two modules: a GIS
module facilitating determination of spatial distribution of local parameters and
developing result maps, and the hydrological module. The GIS interface, developed
as a module of ArcGIS 10 software, is equipped with a set of functions enabling
determination of spatial parameters, activating particular hydrologic models and
analysing the obtained results (Chormanski and Michatowski [5]). The hydrologic
module comprises two computational methods: distributed and semi-distributed
(discrete) parameter models. Wetspa model has been used in Poland for simulating
runoff from agricultural catchments (Porretta-Brandyk et al. [22], [23], Chormanski
and Batelaan [4]) and an urban catchment (Berezowski et al. [3], Chormanski et al.
[6]). The research presented used a distributed parameter model, where calculations
are performed in a grid of raster elements (GRID). Based on digital raster maps
(a Digital Elevation Model, a land use map and a soil map), each grid node is as-
signed spatial parameters dependent on soil type, land use and relief. A detailed
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description of the functions used in the model was provided by Liu [16] and Por-
retta-Brandyk (et al. [22]).

Each raster/grid cell of the model is treated as a set of four horizontal layers: zones
of canopy, roots, soil aeration and aquifer saturation. In each of them, hydrological
processes are simulated in the order corresponding to that of the natural water cycle:
precipitation, interception by vegetation, infiltration, surface (depression) storage,
surface runoff, interflow, percolation and groundwater flow. A land use map of the
catchment is used to calculate vegetation parameters: the maximum (/Cp.y) and mini-
mum (/Cy;,) interception storage capacity, VD — vegetation density and RD — root
depth, as well as n — Manning roughness coefficient. In the aeration and saturation
zones, hydraulic conductivity (Ks) and parameters of soil water retention curves are
determined, 6, — overall porosity, 6, — field capacity, 6,, — permanent wilting point, 0,
— residual moisture, B — pore size distribution index), based on soil texture character-

istics assigned according to soil type.
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Fig. 1. The calculation scheme of spatially distributed physical parameters
in a catchment based on digital maps (adapted from Liu [16])

Digital Elevation Model (DEM) is used for calculating runoff parameters based on
the following maps: S — slopes; FlowDir — direct flow directions, FlowAcc — flow
accumulation, StrNet — model stream network, HydRad — hydraulic radius of streams,
and V — mean flow velocity. The latter one uses surface roughness parameter in the
form of a Manning coefficient map. The FlowAcc map and the StrNet developed from
it are used to determine elementary catchments for the catchment size assigned by the
user. In the next stage, they are used to determine unit hydrograph parameters (#, —
mean time of inflow from a raster cell to the outfall and o — standard deviation of in-
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flow time (equations (4) and (5)), which are numerical approximation of diffusion wave
parameters (c, D). All the three basic maps are used to calculate elementary raster de-
pression storage maps (DC) and the runoff coefficient map (Cr) (Liu [16]). Based on the
parameter maps, a dynamic water balance is calculated in each of the four layers of the
model grid cells. Hydrological processes are modelled by using physical and empirical
functions. The crucial factor responsible for the shape of surface runoff and interflow is
soil moisture in the root zone. Defining this moisture for every catchment cell is based
on the following water balance equation for the surface layer of soil
pAY _p i s_E_F-&r, (1)
At

where:

D —root zone depth,

A8 - change in soil moisture,

At —time step,

P —precipitation,

I —initial loss including interception and depression storage,

S —surface runoff,

E - evapotranspiration,

F —interflow,

R —percolation from root zone.

Interception volume is calculated from the equation

b
]i:Iimin+(]imax_Iimin) l+lSin 27Z-d_87 (2)
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where:

I;imin — minimum interception for a particular cell [mm],

I;max — maximum interception for a particular cell [mm],

d — day of a year,

b — local parameter.

Effective precipitation (S) is calculated by using a modified rational formula de-
pendent on soil moisture and runoff coefficient

S=C,P(610,). 3)

S — effective precipitation,

C,— runoff coefficient dependent on terrain slope, soil type and catchment use,
P, — precipitation volume after subtracting water retained by vegetation interception,
® — actual soil moisture,

O,— maximum soil water storage capacity.
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The effective precipitation calculated in this way fills depression storage first and
is then removed as surface runoff, which is calculated from a simplified diffusion
wave equation. The numerical approximation of the diffusion wave equation (De
Smedt et al. [24]) as an instantaneous unit hydrograph (IUH) enables defining runoff
at the end of its flow path as a function of the mean flow time from a given raster cell
and standard deviation of flow time to the outlet

2
U= exp[‘ ), } , )
G\/Zﬂt3 Ity 207/t
t
00 = [ [0V =r)drdd, (5)
40
where:
u(f) — unit hydrograph function for a particular flow path (s™),
ty — mean flow time (s),
o — standard deviation of flow time (s),
O(f)— runoff hydrograph (m’/s),
Q, — effective precipitation (m*/s),
T — time delay (s),
t — time (s),
A — catchment surface area (km®).

Interflows are estimated for every cell using Darcy’s law according to equations

(6) and (7)

F=C,DS,K(0)/W, (6)
o—0 (2+3B)/B
R=K(6) K‘V(HS _erj , @)
where:

F — interflow,
R — percolation from root zone,
D — root zone depth,
C. — scale parameter dependent on land use,
So  — terrain slope,
K(®) — hydraulic conductivity in unsaturated zone,
K; - hydraulic conductivity in saturated zone,
®, — residual soil moisture,
W  — size of raster cell,
B — soil pore size distribution index.
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Calculations of groundwater flow in WetSpa model are performed in the sub-
catchment with the use of a semi-distributed model assuming non-linearity between
groundwater flow and storage (Wittenberg and Sivapalan [28])

0, =C.S, ®)
where:
Q. — groundwater flow from a subcatchment,
C, — non-linear reservoir recession coefficient,
S, — groundwater storage.

The total flow from a catchment is calculated at the outfall as the sum of surface
runoff, interflow and groundwater flow.

3.2. ASSESSMENT OF THE QUALITY OF MODEL OPERATION

The quality of simulations performed is assessed by calculating statistical meas-
ures of model correctness: ME [m?/s], MAE [m’/s] and NS [-]. Measure ME is the
mean difference between the predicted and the observed runoff, reflecting the possi-
bility of reconstructing the elements of water balance. The best possible ME value
is 0, which accounts for the perfect reconstruction of the observed runoff by the
model (equation (9)).

N
D (05, — Qo))
ME=42=___ 9
v )]
where:
QOs; — values of simulated runoff,
Qo; — values of observed runoff,
N —number of time steps.
Correctness measure MAE (equation (10)) demonstrated mean error expressed in
discharge units

D" 0s, - 0o,

Model correctness measure NS (equation (11)) is the Nash—Sutcliffe coefficient
[19], which is a modified version of determination coefficient that is insensitive to the
heteroscedasticity of discharge determination errors. It describes the correctness of the
simulated runoff along the drainage system. NS values vary from negative ones
to 1, where 1 is the best value.
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N
(0o, ~0s))’

NS =5 ——— . (11)
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Global parameters were calibrated semi-automatically with the use of PEST program
algorithms (Doherty et al. [9]). These parameters enable reproducing general hydrologi-
cal conditions in the catchment: initial soil moisture, groundwater table depth, ground-
water flow recession curve, proportion of surface runoff, interflow and groundwater flow
in the total runoff and parameters characterizing snow melting processes.

3.3. HYDROMETEOROLOGICAL DATA

In the research, a 6-hour temperature and precipitation data sequences for Biatystok
were used obtained from NOAA National Data Center [30] (http: //Iwf.ncdc.noaa.gov/
oa/ncdc.html). Potential evapotranspiration (PET) data, calculated with Penman-
Monteith formula (Allen [1]), were based on data from the Warsaw University of Life
Sciences weather station in Nowy Lipsk, c¢. 80 km north of the research area. 24-hour
PET values were then converted to the 6-hour simulation interval of the model fol-
lowing the proportion: 10% of the 24-hour PET value was assigned to the period be-
tween 0:00 to 6:00; 40% — to the 7:00-12:00 period, 40% — to 13:00-18:00 and 10%
— to the 19:00-24:00 period. Six-hour discharge values were based on water levels
measured with Diver instrument at 20-minute intervals and then aggregated to a 6-hour
modelling step (Tyszewski et al. [26]). The calculations employed a rating curve based
on 18 hydrometric measurements taken in 2008-2010 at a measurement station in
Zawady.

3.4. DIGITAL MAPS

The spatial (local) parameters of the model were estimated from the following in-
formation layers: a 1 : 25000 agricultural soil map developed at the Institute of Soil
Science and Plant Cultivation in Putawy, a Digital Elevation Model (DEM) developed
by contour line interpolation from 1:10 000 topographic maps, and land use maps for
the years 1977, 1992 and 2007 based on satellite images from the Landsat Programme.
The adopted size of calculation cell in the raster data model was 25 m. The DEM used
for determining potential paths of water runoff from the catchment and surface runoff
directions was modified by burning the river drainage network and the storm drainage
network 2 metres into it. This enabled introducing the actual flow directions, which
are not always consistent with terrain slope in urban environment. Due to the fact that
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urban areas lack information about soil type on soil maps, averaged filtration parame-
ters were adopted for them.

3.5. SATELLITE IMAGES AND CLASSIFICATION

The analysis employed 3 satellite images from the Landsat Programme archive re-
corded at 15-year intervals in August: a Landsat 2 MSS image from 7th August 1977,
a Landsat 4 TM image from 30th August 1992 and a Landsat 5 TM image from 16th
August 2007. In order to develop land use maps for the years analysed, supervised image
classification using the maximum likelihood method was conducted and its results were
later generalized. Error matrix demonstrated very high agreement of classification results
with the type of land cover identified in the following classes: built-up areas, meadows
and pastures; arable land, water bodies, broadleaf forests and coniferous forests. The
overall accuracy reached 97.5%, 98.0% and 98.5% for the images from 1977, 1992 and
2007, respectively, and the values of kappa coefficient were close to zero, which enabled
evaluating classification results as very good (Kazubski [14]).

The results of supervised classification were adapted to the structure and spatial
resolution of the hydrological model, and also adjusted to the classes of the model land
use map. In the subsequent analytical process, the delineated urbanized areas were modi-
fied, by adopting a variable degree of terrain surface sealing on raster cell scale, in line
with the methodology proposed by Chormanski et al. [7]. The 2007 image was acknowl-
edged as representative of the city development in the simulation period. For that year,
the adopted sealing of impervious terrain was expressed as a proportion defined from
classification of a VHR (very high spatial resolution) satellite image from Ikonos sensor,
with a 1 m pixel resolution (Berezowski et al. [3]). Terrain sealing determined in this
way, and used in the distributed model, produces better results of precipitation-induced
flood simulations for an urban catchment than sealing determined from lower pixel
resolution images, e.g., Landsat — 30 m (Berezowski et al. [3]).

Due to the varying spatial resolution of historical data from Landsat satellite (1992
—30 m; 1977 — 60 m) and the absence of field measurements (or high-resolution pic-
tures) for the analysed historical images, a similar sealing degree distribution (from
a VHR image classification) was adopted in urban pixels common for both historical
images and the contemporary image (2007).

4. RESULTS

4.1. LAND USE CHANGES

The results of land use change analysis indicate that significant land cover changes
in the Biata catchment in 1977-2007 took place chiefly in two classes (Table 1): built-
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up area and agricultural area. In 1977, built-up area accounted for 20% of the catch-
ment area, in 1992 — 40%, and in 2007 — 46%. For the first 15 years of the period,
Bialystok developed practically in all directions but the biggest changes occurred
south and west of the city centre. Outside the city area, a growth in urbanized area was
observed at the south-eastern edges of the Biala catchment. Differences in the extent
of urban area in 1992 and 2007 are not big, one can observe urban sprawl chiefly in
the north-western and western directions. The urbanized area in 1977 and the growths
in built-up area after the next 15 and 30 years are shown in Fig. 2. The city growth

Tablel

Proportion of land-cover classes in the Biata catchment in 1977, 1992 and 2007

cl Proportion of the catchment area [%]
ass

1977 (MSS) 1992 (TM) 2007 (TM)
Agricultural areas: meadows, 66 47 41
pasture, arable land
Water bodies 1 1 1
Urbanized area 20 40 46
Forests 13 12 12

/U watercourses
7% the Biata catchment
urbanized areas

. 1977

I 1992

12007

Fig. 2. Extent of urban area in the Biata catchment in 1977, 1992 and 2007
(adapted from Kazubski [14])
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took place at the cost of agricultural area. In 1977, agricultural area accounted for 66%
of the catchment area, 15 years later — only 47%, and after the next 15 years — 41%.
The remaining land cover classes did not undergo significant changes with time. The
proportion of water bodies was smaller than 1% in each image, while the area of for-
ests ranged between 12—13% (Table 1).

The growth in urbanized area in the Biala catchment is reflected by demographic
changes. In 1977, Bialystok had 207 416 residents (Central Statistical Office [11]) and
till 1992 the population grew by 66 679 to reach 274 095 (Central Statistical Office [11]).
This means a growth by more than 32% over the analysed 15 years. On the other hand,
population growth in 1992-2007 was not so significant. In 2007, the city had 294 143
residents (Central Statistical Office [11]), i.e. 20 048 more than fifteen years earlier,
which accounts for a mere 7% growth.

4.2. HYDROLOGICAL MODELLING

In order to demonstrate the influence of urbanization on the runoff volume from
a catchment, the author used a WetSpa model developed for the Biata catchment
(Berezowski et al. [3]). It was calibrated and verified for a short period of floods in the
range NWQ-WWQ (low high discharge — very high discharge). Model simulations
were carried out for the measurement station at Zawady between 11th May 2009 and
Sth June 2009 (calibration) and from 5th June 2009 to 1st July 2009 (verification).
Statistical model quality measures for the verification period assumed the values: ME
=0.13 m’/s; MAE = 0.69 m’/s; NS = 0.49. A visual comparison of hydrographs from
the calibration and verification stages is shown in Fig. 3. The statistical measures of
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Fig. 3. Observed and calculated discharges in the river Biata at Zawady station at calibration
and verification stages. Precipitation in 6-hour intervals
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model correctness enable autonomous assessment of model quality. The obtained val-
ues allow regarding calibration results as satisfactory. The analysis of runoff hydrog-
raphs demonstrates that the model reconstructs very well both the moment and the
discharge of most floods and low-water periods. The few discrepancies may be inter-
preted as a consequence of the absence of spatial precipitation distribution in the
catchment (only one precipitation station). Worse results were obtained while com-
paring the observed and the simulated flood wave recession curves, which is largely
responsible for the relatively low values of the statistical measures of model quality.

Table2
Hydrological statistics in particular years of historical analysis calculated
for the periods shown in Fig. 3

NQ wQ SO Mean discharge | Mean discharge

Year | Low discharge | High discharge | Medium discharge >80 <S80
[m’/s] [m?/s] [m’/s] [m’/s] [m?/s]

1977 0.52 6.48 1.19 2.29 0.70
1992 0.50 8.09 1.21 2.44 0.69
2007 0.50 8.39 1.23 2.51 0.69
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Fig. 4. Simulated discharges in the river Biata at Zawady station
for different development stages of Biatystok. Precipitation in 6-hour intervals

Subsequently, model parameters defined at calibration stage were used to perform
a simulation for the same period of time, but with changed maps of local parameters
based on satellite images from 1977 and 1992. The results of particular simulations for
the three periods of city growth are shown in Fig. 4. Figure 5 presents the summary
hydrograph of groundwater flow and interflow. Table 2 contains a comparison of ba-
sic hydrological statistics. Both the comparison of statistical data calculated from dis-
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charge simulation and the hydrograph shapes demonstrate a rise in high water levels
and a fall in low water levels accompanying the advancing urbanization. What is
more, urbanization development is accompanied by changes in runoff structure — the
proportions of groundwater flow and interflow decrease significantly.
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Fig. 5. Simulated groundwater-induced discharge in the river Biata at Zawady
at different development stages of Biatystok city. Precipitation in 6-hour intervals

5. SUMMARY AND CONCLUSIONS

The use of remote sensing methods has enabled accurate elaboration of contemporary
and historical maps of land cover, which have allowed observing the changing extent of
urban area in the Biata catchment. The obtained results are reflected in population size
changes in the city of Biatystok, whose 30% growth in 1977-1992 brought about a 100%
rise in the size of urban area. Analysing satellite images enabled defining spatial parame-
ters of a hydrological model of the catchment. The experiments demonstrated the validity
of WetSpa model for simulating runoff from a catchment with a large proportion of urban
areas. Thanks to spatial distribution of modelling parameters, the model is capable of per-
forming accurate simulations of both the size and the time of a flood peak. It should be
noted that only a model with fully distributed parameters enables a comprehensive use of
information from satellite images. The obtained simulation results demonstrated a signifi-
cant influence of urbanization processes on runoff volume from the Biata catchment. The
1977 scenario showed the maximum WQ discharge to be lower by 23% than real-time
discharges, while the values obtained in the 1992 scenario were slightly lower (by 4%)
than those from contemporary observations. The simulation results also pointed to a sig-
nificant change in the structure of runoff from the catchment, where a rise in the total
runoff is accompanied by a decreased value of groundwater flow and interflow.
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