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 SPR = 72.0 – 66.5 BFI [%] (4)

where:
 BFI – base flow index [-]. 

The physical descriptor of the catchment (BFI) was 
determined using the FREND algorithm, developed as 
part of the UNESCO International Hydrological Pro-
gram for rivers throughout Europe (FREND, 1989; 

Bayliss, 1999). It is given as a dimensionless quantity 
between 0 and 1.0. 

The research experiment carried out for the 
Wieprzówka river catchment (see: Fig. 7) showed that 
the calculated SPR values according to the formula (4) 
differ from those calculated according to formula (3). 
The proposed formula (4) is not satisfactory. 

When analysing the highest annual precipitation 
sums, in the studied period, we observe that they occur 

Fig. 6. Values of SPR indicator for the analysed catchments in 1981–2017

Fig. 7. Values of the SPR indicator calculated using formula (3) and those calculated using formula (4) based on the BFI 
determined for Wieprzówka river catchment to the Rudze water-gauge cross-section in the period 1983–2016.
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in the Wisła river catchment, and clearly differ from the 
other studied catchments. The second catchment with 
the lowest rainfall is the Wieprzówka river catchment, 
characterized by the lowest runoff in the analysed peri-
od. In the most urbanized catchment area, i.e. Biała riv-
er catchment, the most irregular and in most cases the 
highest runoff occurs. In individual cases, a higher run-
off is recorded from the analysed mountain catchments.

In addition, for the water gauge of each catchment 
area, two floods from the summer period were anal-
ysed, which in terms of maximum flow in the period 

1981–2017 were the largest and met the criterion of 
modal (single-peaked) floods. For all 4 catchment ar-
eas, these are floods registered in 1991 and 2010.

Each of the registered hydrographs was transformed 
into a unified hydrograph in accordance with the accept-
ed method proposed by Archer (Archer et al., 2000). In 
order to assess the impact of forest and urbanization on 
the runoff from the catchment area for a single flood, 
the registered hydrographs for both adopted periods 
were compared with each other. Figures 8, 9, 10 and 11 
show the registered maximum flow hydrographs.

Fig. 8. Maximum hydrographs in Biała river catchment in 1991 and in 2010

Fig. 9. Maximum hydrographs in Wieprzówka river catchment in 1991 and in 2010
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For each of the eight hydrographs obtained, the 
time to peak, lag time, and hydrograph volume were 
determined. The parameters were determined for the 
hydrograph value, for the flows above the hydrographs 
width W50 and W75, and the obtained results are pre-
sented in Table 5. 

Based on the calculations made, the maximum hy-
drographs were the largest in the Biała river catchment. 

This is liked to the high rainfall that occurred at the time 
in question, as well as to the sealing of the catchment. 
Higher sums of precipitation were recorded in the Wisła 
river catchment. The distribution of precipitation and 
the precipitation totals strongly influence the hydro-
graph volume, as well as the time to peak and lag time.

Variability of flow during the flood hydrograph from 
1991, in the Wisła river catchment, has a completely 

Fig. 10. Maximum hydrographs in Wisła river catchment in 1991 and in 2010

Fig. 11. Maximum hydrographs in Bystra river catchment in 1991 and in 2010
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different course than the other flow hydrographs. The 
hydrograph volume above the W75 hydrograph width is 
the highest value of all the catchment areas analysed, 
suggesting a very high surface runoff in that catchment.

DISCUSSION AND CONCLUSIONS

The basic SPR indicator is used in hydrology to as-
sess the runoff height from a catchment area, based 
on recorded precipitation. In the catchments adopt-
ed for analysis, the data makes it impossible to de-
termine this indicator for the Biała and Bystra river 
catchments. This is most likely due to the low density 
of precipitation monitoring networks in mountainous 
and foothill areas. For the other two catchments – of 
Wisła and Wieprzówka rivers – the SPR does not 
show any significant changes. In the Wieprzówka river 
catchment, the increase in sealed area in the period of 
1990–2012 is balanced by the increment of forest area. 
In the Wisła river catchment, in respect to sealed areas, 
the data did not show an increase, whereas forest cover 
increased slightly.

For the other two catchment areas, although the 
SPR has decreased in recent years, the values of that 
ratio as well as the trend indicate the unreliabili-
ty of the calculated values. An attempt to calculate 
the SPR indicator using the indirect method that ap-
plies formula (4), taking into account the BFI index, 
should also be considered unreliable. A comparison 
of the obtained SPR values with the values obtained 
by direct comparison of the runoff with precipita-
tion demonstrated that formula (4) was not adapted 
to regional conditions. This formula requires that the 
results it produces should be analysed in terms of 
computational correctness for the entire upper Wisła 
region.

An analysis of the annual runoff totals over 
37 years from 1981 to 2017 in the catchment area 
of the Rudze and Czechowice-Bestwin water-gauge 
cross-section shows clearly higher sums of annual 
runoff in the heavily built-up Biała river catchment. In 
the discussed multiannual period, the average annual 
runoff from the Wieprzówka river catchment – where 
built-up areas are three times smaller – is 60% low-
er than from the Biała river catchment. The average 
annual rainfall in the discussed multiannual period is 
89 mm lower in the catchment area up to the Rudze 
water-gauge cross-section, which suggests the possi-
bility of greater influence on the runoff pattern of other 
factors, such as built-up development, and parameters 
of individual hydrographs. The size of forest areas is 
almost identical in both catchments; therefore it is un-

Table 5. Parameters of the maximum flood hydrographs in 
1991 and 2010 for selected water-gauge cross-sections and 
for the volume above the hydrograph width W50

Year Catchment

Parameters of maximum hydrographs

Time to 
peak W50

[h]

Lag time  
W50 
[h]

W75
[h]

hydrograph 
volume  
[106 m3]

1991

Biała 47.74 185.83 49.88 5.11

Wieprzówka 23.06 82.23 15.43 1.47

Wisła 85.09 91.94 74.47 3.05

Bystra 46.82 220.80 45.98 1.44

2010

Biała 23.15 22.73 17.46 9.08

Wieprzówka 47.68 69.92 23.98 5.68

Wisła 69.57 205.66 43.23 2.02

Bystra 45.79 146.94 19.16 1.06

Table 6. Precipitation total and SPR-W50 and SPR-W75 ru-
noff indices for 1991 and 2010 hydrographs, for the selected 
catchments 

Year Catchment

Precipi- 
tation 
total  
[mm]

Qmax
[m3 ∙ s–1]

SPR-W50
[%]

SPR-W75
[%]

1991

Biała 166.8 59.8 26 8.8

Wieprzówka 59.5 50.6 16.3 4,2

Wisła 206.8 24 27 9,6

Bystra 146.4 17.8 20.4 5.2

2010

Biała 371.7 286 20.7 5.2

Wieprzówka 232.8 131 16.1 4

Wisła 332.8 25.8 11.1 2.6

Bystra 165.8 30.2 13.3 3.4
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likely that this has much impact in this case. In the 
Wieprzówka river basin, the annual runoff is the most 
regular. A characteristic feature is also a very even ra-
tio of the hydrograph volume to the sum of precipita-
tion. Both in 1991 and 2010 the ratio of the volume 
of the hydrograph above the W50 hydrograph width to 
the sum of precipitation is 16%, and the ratio of the 
volume of the hydrograph above the W75 hydrograph 
width is 40% (in 1991) and 42% (in 2010), despite 
a significant difference in the total amount of precip-
itation that occurred at that time. The average annual 
ratio of runoff to the precipitation total from the mul-
tiannual period in the catchment is only 40%, with 
a value of 76% for the Biała river catchment. A clear 
correlation between the amount of precipitation and 
the size of the runoff as well as the parameters of a sin-
gle hydrograph remains the characteristic feature of 
the Biała river catchment. An increase in precipitation 
results in an immediate response of the catchment area 
– namely, it results in increased runoff, an increased 
volume of the hydrograph, and a shorter time to peak, 
and lag time of the hydrograph. 

When comparing the annual runoff and annual 
precipitation in the two analysed mountain catch-
ments, we have concluded that in the Bystra river 
catchment, the average sum of the annual runoff from 
the multiannual period is about 6% lower than for the 
Wisła river catchment, with a large rainfall difference 
of about 36%.

Most of the published results concern the impact 
of forest cover on the runoff from small experimental 
catchments with an area below 10 km2. Based on the 
conducted experimental studies (Guillemette et al., 
2005), the author determined a clear trend depending 
on the degree of deforestation and reduction of the 
maximum flow. Transferring these results to larger 
catchment areas is difficult, as the authors of the pub-
lication stated, and would require additional analysis 
including but not limited to the composition of tree 
stand. Grant et al. (2008) proposed an assessment of 
the impact of afforestation on the reduction of max-
imum flows based on the results obtained for small 
research catchments. They found that the flow reduc-
tion could be close to 30% for 100% forest cover, and 
they also found that as the catchment area increases, 
the impact of afforestation on the flow reduction de-
creases. 

Experimental studies conducted for catchments 
with larger surface areas confirm the impact of forest 
cover size on the size of the runoff (Coutu and Vega, 
2007). The authors studied the impact of forest cover 
changes on surface runoff in partial catchments with 
areas ranging from 0.5 to 50 km2. Studies have shown 
that an average reduction in forest cover of 17% in 
a 316 km2 catchment area affected the increase of su 
face runoff, by 12.15% on average. At the same time, 
the values for individual sub-catchments showed great 
variation.

The variable impact of forest cover on the size of 
the SPR runoff index was confirmed by Sriwongsi-
tanon and Toesombat (2011), based on research car-
ried out for 11 catchments with areas from 240 to 
3858 km2. A higher degree of afforestation reduced the 
SPR runoff index in the event of small flood episodes, 
while for large flood events wooded areas increased 
the amount of retained water resources, which in turn 
resulted in an increased runoff.

The rate of development of forest cover for the in-
vestigated catchments using data from CLC1990 and 
CLC2012, similarly to the forest cover index, shows 
an upward trend, whereas for the Wisła river catch-
ment to the Wisła water-gauge cross-section there is 
a slight decrease. This suggests a negative process of 
changes in afforestation carried out in the catchment 
area. The increase in afforestation area does not im-
prove the retention of the catchment area.

Summing up, the analyses we have carried out 
did not show the impact of forest areas and sealed 
surfaces on the runoff from the catchment. The ad-
opted SPR indicator proved to be ineffective as an 
impact determinant. In addition, determining the 
value of this indicator is extremely difficult, and 
it requires well-functioning hydro-meteorological 
monitoring.

Other indicators are used in hydrology, such as 
the aforementioned BFI, PROPWET and GLEMOK 
(Bayliss, 1999; Reed, 2007; Mills el al. 2014; Baziak 
et. al., 2019). The latter descriptors include reference 
evaporation from the catchment. Perhaps one of these 
indicators will clearly determine the correlation be-
tween the impact of sealed and forest surface changes 
on the runoff from the catchment.
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OCENA WPŁYWU ZAGOSPODAROWANIA ZLEWNI NA ODPŁYW Z WYKORZYSTANIEM WSKAŹNIKA 
SPR

ABSTRAKT

Cel pracy
Celem publikacji jest ocena wpływu obszarów leśnych oraz zurbanizowanych na przebieg odpływu rzeczne-
go w wieloleciu wraz z analizą przebiegu hydrogramów w wybranych zlewniach dla regionu górnej Wisły.

Materiał i metody
Dla potrzeb przeprowadzonych analiz wykorzystano: – dane wektorowe z bazy Komputerowej Mapy Po-
działu Hydrograficznego Polski – MPHP, 2010 w skali 1:50 000 pozyskane z Krajowego Zarządu Gospodarki 
Wodnej (MPHP 2019); – dane hydrologiczne – baza danych Instytutu Meteorologii i Gospodarki Wodnej PIB 
(dobowe wartości przepływu) w 4 przekrojach wodowskazowych zlokalizowanych na rzece: Bystrej, Wiśle, 
Wieprzówce i Białej dla okresu pomiarowego1981–2017 r. (IMGW PIB, 2019); – dane meteorologiczne – 
baza danych Instytutu Meteorologii i Gospodarki Wodnej PIB obejmujące sumy dobowe opadów dla stacji: 
Kamesznica, Wisła-Malinka, Wadowice, Gierałtowice, Straconka, Szczyrk i Mazańcowice dla okresu 1981– 
–2017 r. (IMGW PIB, 2019); – zagospodarowanie i użytkowanie obszaru zlewni – dane wektorowe z baz 
CLC1990 oraz CLC2012 w skali 1:100 000 (CLC, 2019). Szczegółowej analizie poddano maksymalne hy-
drogramy zarejestrowane w roku 1991 i 2010. Zarejestrowane hydrogramy przepływu zostały przekształcone 
do zunifikowanej postaci hydrogramu zaproponowanej przez Archera (Archer et al., 2000; Gądek, 2017). Na 
podstawie danych został określony wskaźnik odpływu standard percentage runoff SPR oraz przeprowadzono 
ocenę formuły umożliwiającej obliczenie wskaźnika SPR na podstawie base flow index BFI.

Wyniki i wnioski
Uzyskane wyniki przedstawiono na rysunkach oraz w tabelkach. Przeprowadzone analizy nie wykazały 
wpływu powierzchni zalesionych i szczelnych na odpływ ze zlewni. Przyjęty wskaźnik SPR jako identyfika-
tor wpływu okazał się mało skuteczny. Dodatkowo wyznaczenie wartości tego wskaźnika jest bardzo trudne 
i wymaga dobrze funkcjonującego monitoringu hydrometeorologicznego.

Słowa kluczowe: wskaźnik lesistości, SPR, BFI, wyróżnik przepływu W50, wskaźnik urbanizacji


