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Land cover is considered to have significant influence on the hydrologic response of a river basin. In this
study, we assessed how changes in land cover over time affected flood behaviour from 1988 to 2005, in
the Upper Ping River Basin, northern Thailand. We correlated the types of land cover with rainfall–runoff
behaviour for smaller and larger flood events taking place during this period. To quantify land cover, nine
Landsat 5 TM images taken during the dry season (January or February) were obtained and processed to
examine inter-annual land cover changes. From the networks of daily read rainfall data and stream gau-
gings available across the basin, 68 rainfall and 11 runoff stations were selected to evaluate peak flow rate
and runoff coefficient for flood events. For individual sub-catchments, strong non-linear correlations
were found between the overall runoff coefficient and peak flow rates for flood events. These runoff
coefficients to peak flow relationships varied from year to year with different land cover for each sub-
catchment. From these relationships within a particular sub-catchment, we determined relationships
between different types of land cover and runoff coefficient for the 2, 5, 10 and 15 year Annual Recur-
rence Interval (ARI) peak flood events. We found that runoff coefficient increased with increasing forest
proportion for these specified peak flood conditions, on nine out of eleven sub-catchments. On the other
hand, the runoff coefficient associated with these peak flood events decreased as agricultural and dis-
turbed forest areas increased. The influence of land cover on runoff coefficient was, however, found to
be very different between smaller (lower than �2 year ARI) and larger flood events (larger than �2 year
ARI). Runoff coefficient is higher for high forest cover during larger flood events; but for smaller flood
events, runoff coefficient is lower when forest cover is high. This is due to the fact that for smaller flood
events, rainfall loss rate for the forest area is normally higher than that of the non-forest area according to
higher evapotranspiration and soil moisture capacity. Forests have proved to potentially offer flood mit-
igation benefits for smaller flood events. However, for larger flood events the situation of the basin can be
different, especially on a basin with higher antecedent soil moisture or even under saturation stage. Ante-
cedent soil moisture from the previous storms could be better retained within the forest area than the
non-forest area due to deeper rote zone and higher soil moisture holding capacity of the forest area com-
pared to non-forest area. For the larger flood events, forest area tends to produce more runoff than non-
forest area as found in this study. These findings gave us a more thorough understanding of the effect of
land cover types on flood behaviour at different stages of soil moisture conditions, and the severity of
storm events. It can be useful for land use and flood management of the river basin.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Internationally, there has been much concern for quite some
time that deforestation of upland catchments may alter down-
stream flood hydrology. This concern has been fostered by the
strong evidence that deforestation leads to increased flooding on
scales smaller than 2 km2 (Bosch and Hewlett, 1982). However,
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for larger catchments the situation is more complex. The limited
numbers of studies that have quantified effects of land cover
changes on flood behaviour report a diversity of results. Some
studies reported that deforestation is linked with an increase in
flood peaks and flood volumes (Bates and Henry, 1928; Fritsch,
1990; Lavabre et al., 1993), a number of other studies finding no
definite change in flood behaviour (Hibbert, 1967; McGuinness
and Harrold, 1971; Hewlett, 1982; Robinson et al., 1991; Beschta
et al., 2000; Andréassian, 2004), and some studies even showing
evidence that flooding reduces as deforestation occurs (Troendle
and King, 1985; Hornbeck et al., 1997; Austin, 1999).

Lin and Wei (2008) provide a good example of a large scale study
showing a trend of increased flooding with decreasing forest cover.
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Their study was conducted in the Willow catchment (2860 km2)
in Canada. The majority of the catchment consists of a long, broad
valley at low to medium elevations and gentle to moderate slopes.
They showed evidence that deforestation in the catchment signifi-
cantly increased mean and peak flows between 1957 and 2005 dur-
ing spring periods; however, the mean and peak flows in summer
and winter were not significantly affected. Legesse et al. (2003) also
concluded – in their study on hydrological response of a catchment
to climate and land use changes in south-central Ethiopia – that
changing a catchment which is dominantly covered by cultivated/
grazing land to woodland, would increase the evaporation loss
and decrease mean annual discharge. More broadly, in a study
based on a dataset of national statistics of land cover change and
flood characteristics, Bradshaw et al. (2007) concluded that defor-
estation is strongly correlated with flood occurrence and severity.
However, Van Dijk et al. (2009) re-examined this data set and con-
cluded that the understanding of how deforestation impacts on
hydrology for large scale catchments is far from complete. They
went on to cite many recent studies on large-scale catchments that
found no significant changes in hydrology even after deforestation
of up to 50% of the catchment. Furthermore, they found that where
changes did occur, these were not directly attributable to deforesta-
tion. Van Dijk et al. (2009) concluded that until now, there has not
been convincing empirical evidence or theoretical argument that
removal of trees is likely to increase severe flooding.

Case studies that showed flood flows on large-scale catchments
were not significantly affected by land cover change include Buttle
and Metcalfe (2000) who found only limited flow responses to
land cover changes of 5–25%, for catchments in Northeastern On-
tario, Canada, with no definitive changes in annual flood peak.
Dyhr-Nielsen (1986) also concluded that there were no significant
trends in streamflow in the Pasak River Basin in Central Thailand,
where changes in forest cover of up to 50% were observed. Wilk
et al. (2001) did not find any significant change in hydrological
behaviour after deforestation in the Nam Pong River Basin in
northeastern Thailand when forest cover declined from 80% in
1957 to 27% in 1995. Adamson (2005) also reported that there
were no definitive changes in the observed river hydrology of
the Mekong River Basin over the last 90 years, despite the signifi-
cant land cover changes in the basin during that period.

Few studies have shown deforestation to be linked to a decrease
in peak flows (Wei et al., 2008). A particularly significant study re-
ported this trend was conducted on the Upper Penticton experi-
mental basin in British Columbia, Canada (Austin, 1999).

After Andréassian (2004) carried out a thorough review on the
paired-watershed experiments conducted throughout 20th cen-
tury, he concluded that deforestation could definitely increase both
flood volumes and flood peaks. However, this effect is much more
variable than the effect on total flow and may even be inverted in
some years or in some seasons. In some studies on reforestation,
they show a very limited effect on floods in general, and no effect
at all on the large ones. This corresponds to the conclusion made by
Cosandey et al. (2005), who noted that the forest has a limited im-
pact in the case of very heavy floods, whereas its effect has been
confirmed when flood flows are lower. This is associated with
the scientific perception which appreciates that forests generally
evaporate more water than other land uses which tends to lead
to a general reduction in catchment flows (Calder and Aylward,
2006). From theoretical considerations, it would be expected that
interception of rainfall by forests reduces floods by removing a pro-
portion of the storm rainfall, and by allowing the build up of soil
moisture deficits, rather than leaving it to soak into the rivers
and streams until the soil becomes saturated. After that, the water
stops infiltrating into the soil and all of it flows into the waterways.
When we have major floods, the soils become saturated early on;
and once they are saturated it does not matter whether or not
there is forest or any other types of land cover (Lull and Reinhart,
1972).

Until 30 years ago, the heterogeneous nature of land cover
changes across large catchments made their accurate assessment
difficult. However, remote sensing now provides an invaluable tool
for accurately detecting land cover change.

Through this paper we seek to improve the understanding of
land cover impacts on flood behaviour by analyzing data available
for the Upper Ping River Basin (UPRB) by: (1) determining the land
cover changes from 1988 to 2005 using the Landsat 5 TM satellite
images, (2) calculating the runoff coefficient for runoff stations for
monsoonal flood events within the same period, and (3) determin-
ing correlative relationships between different types of land cover
and runoff coefficients for those flood events.
2. The study area

The Ping River is one of the main tributaries of the largest river
basin within Thailand, the Chao Phraya, which drains more than
one-third of the country’s land area, making it Thailand’s largest
river basin. The Ping originates in the far north of Thailand in
Chiang Dao District. From there it flows south through Chiang
Mai City into the Bhumibol Reservoir, which has an active storage
capacity of 9.7 � 109 m3, as shown in Fig. 1. It is this portion above
the Bhumibol Reservoir that is referred to as the UPRB.

With Thailand’s economic development, there is increasing
concern about land cover changes and flooding in the Chao Praya
Basin. For example, between 25 and 30 September 2005, Typhoon
Damrey devastated the UPRB, displacing 24395 people and causing
around 100 million baht (3 million US dollars) of widespread eco-
nomic damage across Chiang Mai Province (Department of Disaster
Prevention and Mitigation, 2005).

The UPRB has an area of approximately 25370 km2 and is lo-
cated between 16�540 and 19�510N latitude, 97�480 and 99�360E
longitude. The basin is dominated by well-forested, steep moun-
tains in a generally north–south alignment. The average annual
rainfall and runoff of the basin between 1988 and 2005 were
1174 mm and 268 mm, respectively (Taesombat and Sriwongsit-
anon, 2010). Eleven sub-catchments with the areas ranging be-
tween 240 and 3858 km2 were used in the study and their
average catchment area is around 1667 km2.

Flooding is an issue of critical concern for water resources man-
agement in the UPRB. Floods on the UPRB occur annually due to
heavy seasonal rains from both the south-west monsoon and trop-
ical storms related to typhoon events in the South China Sea.

Historically, the UPRB was a heavily forested landscape, but by
2006 forest cover had declined to 72% (Royal Forest Department,
2006). Over the last 30–40 years, this deforestation on the UPRB
has occurred due to agriculture and the expansion of urban com-
munities. Much of this deforestation has been driven by economic
development in and around Chiang Mai, a city of around 2 million
people and northern Thailand’s most important economic urban
centre, which is located in the north-central area of the UPRB.
There has been much speculation that deforestation has increased
the risk of flooding on the Upper Ping and its tributaries; however,
to date, few studies have directly addressed the links between
changing land cover and flooding in the UPRB, in a rigorous
manner.
3. Data collection and catchment characterizations

Relationships between different types of land cover and runoff
coefficients for the UPRB were investigated in this study using
TM satellite images, as well as rainfall and runoff data, during
the same period. Details of data used are described below.



Fig. 1. Sub-catchments and locations of rainfall and runoff stations in the UPRB.
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3.1. TM satellite images

Nine TM satellite images of the UPRB located on path 131, row
46, 47, and 48 were used for land cover classification. These images
were obtained for the years 1988, 1993, 1994, 1995, 1996, 2000,
2001, 2002, and 2005 from the Geo-Informatics and Space Tech-
nology Development Agency (GISTDA) of Thailand. Conditions
were cloud-free over the basin for seven images and had less than
1% cloud cover for two images taken in 1994 and 1996. All images
were taken in the mid-dry season (January–February) to reduce
possible influences of seasonal changes in soil and vegetation
conditions.

3.2. Daily rainfall data

Daily rainfall readings were available from a network of 68 sta-
tions within the UPRB operated by the Royal Irrigation Department
(RID), the Thai Meteorology Department (TMD) and the Depart-
ment of Water Resources (DWR) at locations as shown in Fig. 1.
From these daily readings, areal rainfall distributions across the
UPRB were generated using the Thin Plate Spline (TPS) for the
years between 1988 and 2005 when the nine TM satellite images
were available. The TPS technique was used in this study because
it was proved to provide more accurate results of rainfall estima-
tion than those of given by two conventional techniques, the Isohy-
etal and Thiessen polygon techniques. Further details on the
rainfall data and generation of areal rainfall distributions are pro-
vided in Taesombat and Sriwongsitanon (2009).

3.3. Daily runoff data

RID operates 18 daily read runoff stations in the UPRB at the
locations shown in Fig. 1. Data at these stations were used to deter-
mine peak and nett runoff for selected flood events for the years



Table 1
Catchment characteristics and summary of hydrologic conditions for selected sub-catchments in the UPRB. Source: Taesombat and Sriwongsitanon (2010).

Sub-catchment P.4A P.14 P.20 P.21 P.24A P.42 P.64 P.65 P.71 P.76 P.77

Area (km2) 1902 3853 1355 515 460 315 336 240 1771 1541 547
Altitude range (m) 1020 991 790 731 888 672 1090 1122 828 618 641
Average channel slope (%) 0.78 0.81 0.80 0.72 0.98 0.42 0.49 0.64 0.69 0.41 0.63
Number of years data is coincident with land cover data 9 9 9 9 9 6 8 8 5 4 4
Average rainfall (mm/yr) 1142 1128 1023 1029 1043 862 1056 1162 1088 828 922
Average runoff (mm/yr) 187 258 277 229 290 103 434 508 161 130 146
%Runoff 16.4 22.8 27.1 22.3 27.8 12.0 41.1 43.7 14.8 15.7 15.8
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between 1988 and 2005, when satellite images were available.
However, data from a number of these stations were unsuitable
for use in the study as:

1. data from station P.56A can be affected by backwater from
the Mae Ngat reservoir so readings from this station could
be unreliable, especially during flood events;

2. stations P.75, P.67, P.1 and P.73 were not used as they are
downstream of the Mae Ngat and Mae Kuang Reservoirs, so
reservoir operations would be expected to affect flood
behaviour at these stations;

3. data collection at stations P.79 and P.80 only commenced in
2001, so data were only presented for the 2001, 2002 and
2005 satellite data events.

With these stations omitted, Table 1 summarizes the features of
the 11 remaining stations and their associated sub-catchments
that were used in the analysis.

Data availability was generally very good with 5 stations having
data coincident with all 9 years when images were obtained. The
other 6 stations started operating through the period of the study,
with 2 of the stations having 8 years of data and the remaining sta-
tions having 4–6 years of data available.

Topographic data to delineate sub-catchments was obtained
from Taesombat and Sriwongsitanon (2010). As can be seen in
Table 1, the sub-catchments above the stream gauging stations
ranged in size from 240 to 3853 km2, with a cluster of 6 smaller
sub-catchments ranging from 240 to 547 km2, a cluster of medium
sized sub-catchments between 1355 and 1902 km2, and one large
catchment (3853 km2). All catchments were generally mountain-
ous with altitude ranges between 641 and 1020 m.

4. Methodology

4.1. Remote sensing analysis for producing a land cover map

4.1.1. Geometric correction
Geometric correction aims to remove geometric distortions

introduced by a variety of factors which vary for each image acqui-
sition event to ensure individual picture pixels are placed in their
proper planimetric map locations (Sriwongsiatnon et al., 2011). Nine
predominately cloud-free TM satellite images of the UPRB were ref-
erenced to the Universal Transverse Mercator (UTM) Zone 47N geo-
graphic projection using the World Geodetic System 1984 (WGS 84).
The 1:50000 scale topographic map (L7018) prepared by the Royal
Thai Survey Department (RTSD) was used for image rectification.
Image-to-map rectification was applied to the first image taken in
2005 using 40 well distributed ground control points (GCPs) in the
reference process. Image-to-image rectification was used for the
other eight images. A nearest-neighbour resampling scheme was
used to preserve the original brightness values of the images.

4.1.2. Radiometric correction
After geometric correction, those 9 satellite images of the UPRB

were processed by radiometric correction. This procedure aims to
transform image data from multiple sensors and platforms into a
common radiometric scale and reduces signal variations unrelated
to the brightness of the image surface, such as spectral radiance
and top-of-atmospheric reflectance. Images taken on different
dates and/or by different sensors can be directly compared after
applying radiometric correction (Sriwongsiatnon et al., 2011).
Spectral information from TM imagery is in the format of a Digital
Number (DN). At-sensor spectral radiance (L) in W m�2 sr�1 lm�1

can be calculated from the remotely sensed DN values using
following equation,

L ¼ GðDNÞ þ B ð1Þ

where G is the band-specific rescaling gain factor and B is the band-
specific rescaling bias factor. The current parameter values for
radiometric correction for Landsat 5 as used here were evaluated
by Chander et al. (2007).

The spectral radiance calculated using Eq. (1) was converted to
a planetary or exoatmospheric reflectance, calculated by Eq. (2), to
reduce variability between scenes for better image comparison.
This process can remove the cosine effect of different solar zenith
angles arising from different acquisition time and can compensate
for different values of the exoatmospheric solar radiances due to
spectral band differences (Chander and Markham, 2003),

R� ¼ pd2L
E0 cos hz

ð2Þ

where R� is the top of atmospheric (TOA) reflectance (unitless), d is
the earth–sun distance in astronomical units, E0 is the mean solar
exoatmospheric spectral irradiance (data values were evaluated
by Chander and Markham (2003)), and hz is the solar zenith angle
(degrees). The earth–sun distance (d) has a relationship to the Julian
day (Dy) of the satellite data acquisition as shown in following
equation.

d ¼ 1� ½0:01672 cosð0:9856ðDy� 4ÞÞ� ð3Þ
4.1.3. Land cover classification
The nine post-processing satellite images were used for land

cover classification. The colour composite image of Landsat 5 TM
bands 4-5-3 which were assigned as red, green, and blue, respec-
tively were selected to classify the land cover across the UPRB. This
is due to Scepan et al. (1999), who suggested that these bands com-
bination are one of the most useful band combinations in Landsat
for discrimination of land cover categories. Unsupervised classifi-
cation by K-means algorithm was applied to all bands (except
the thermal band) to categorize the different major land cover
types. We first worked on the image taken in 2000 when the Land
Development Department performed ground data collection on the
UPRB. The major land cover types distinguished by unsupervised
classification were compared to the ground truth data to separate
land cover types into 5 categories consisting of forest, disturbed
forest, agricultural areas, water bodies and urban areas. Supervised
classification was later applied to all 6 bands by identifying the ROI
(region of interest) of these 5 land cover types. These ROIs were
used to automatically classify land cover types for the whole basin
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using parallelepiped with maximum likelihood classifier. Since the
maximum likelihood classifier was applied, atmospheric correction
is not a necessary step to carry out (Song et al., 2001). As long as
the training data and the image to be classified are on the same rel-
ative scale, atmospheric correction has little effect on classification
accuracy (Potter, 1974; Fraser et al., 1977; Kawata et al., 1990).

We also conducted a ground truth survey from March 28 to
April 10, 2007, across the UPRB to check the results of land cover
classification. Because of the delay in time between the ground
truth survey and the studied satellite images, particular attention
was paid to verifying land cover at locations where land cover
changes were unlikely, such as remote forest areas, and well estab-
lished agricultural and urban areas. Results of the verification con-
firmed the classification results, so classification could then be
applied, with confidence, to the other 8 Landsat 5 TM images, to
determine land cover across the UPRB from 1988 to 2005.
4.2. Investigation of the relationship between different types of land
cover and flood characteristics

Analyzing how land cover change impacts on flood events on
each sub-catchment involved firstly determining the peak flow
rate and the proportion of runoff to rainfall (runoff coefficient)
associated with flood events for years during the study period,
when Landsat 5 TM data were available. Correlation relationships
between runoff coefficients and peak flow rates were then deter-
mined over the whole study period and from 1 year to the next
for each sub-catchment. Next, runoff coefficients corresponding
to peak flood events of 2, 5, 10 and 15 year Annual Recurrence
Interval (ARI), as well as to peak flood events of less than 2 year
ARI, were determined from the correlations for each year of the
study period on each of the 11 sub-catchments. These peak flows
Fig. 2. Land cover for the UPRB from
were then correlated against the observed land cover. Details for
each of these steps are discussed below.

4.2.1. Determination of runoff coefficients for flood events
Determination of the runoff coefficients for flood events on each

sub-catchment was performed using standard flood analysis tech-
niques on events with single peaked hydrographs in two steps:

1. Baseflow was removed from the flood hydrograph, as it repre-
sents the contribution from antecedent precipitation, rather
than from the immediate event. This was done by constructing
a trapezoid between the minimum flow points at the start and
end of the event. Runoff coefficient was then calculated as the
area under the hydrograph divided by the sub-catchment area
and the rainfall. (Note that no adjustments were made to peak
flow rates.)

2. Rainfall related to a particular flood event was included when
the discharge started to rise at the start of the event, until it
started to fall at the end of the event.

4.2.2. Relationships between runoff coefficients and peak flow rates for
larger flood events

Runoff coefficient is widely used as a diagnostic variable to rep-
resent runoff generation in a catchment and as an important input
parameter in hydrologic design. Merz et al. (2006) calculated the
runoff coefficients for 50000 events in 337 Austrian catchments
with catchment areas ranging from 80 to 10000 km2 over the period
1981–2000. They concluded that runoff coefficients are controlled
by the climate and the runoff regime through the seasonal
catchment water balance, and hence antecedent soil moisture is
added to event characteristics. The driest catchment has the small-
est runoff coefficients while the wettest catchment has the largest
runoff coefficients. The large runoff coefficients were caused by an
Landsat 5 TM in 1988 and 2005.



N. Sriwongsitanon, W. Taesombat / Journal of Hydrology 410 (2011) 226–238 231
increase of antecedent soil moisture due to snowmelt and rain fall-
ing on wet soils. According to this finding, we correlated the peak
flow rates, which is also an important parameter that can be used
to define the magnitude of a given flow event, with runoff coeffi-
cients, based on the assumption that these two parameters would
normally be displayed as well correlated.

With this in mind, we firstly checked that runoff coefficients
and peak flow rates were overall well correlated for each
sub-catchment. Next we determined the correlation relationships
between runoff coefficients and peak flow rates for each sub-catch-
ment on a year by year basis, to see if these relationships were
changing over time.

We then looked for evidence that the runoff coefficients to peak
flow relationships were related to land cover types. Our primary
interest here is in flood event; however, we only had limited data
available, so we compromised by considering how flood hydrology
might be affected by land cover for the 2, 5, 10 and 15 year ARI
peak flows events (as determined by Log Pearson III, statistics over
the length of records available, 1954 to 2006 for most sub-catch-
ments). Despite the fact that the premise of stationarity for the
proper use of the LP3 methodology cannot be guaranteed in the
present study, due to the changes in the land cover of the basins,
we have used the methodology as a proxy for estimating the differ-
ent ARI values. We applied these peak flow values to the runoff
Fig. 3. Changes in land cover for the selected sub-ca

Table 2
Correlations of runoff coefficients (C) and peak flow rates (QP) for selected sub-catchment

Runoff station No. of selected
flood events

Range of
peak (yr ARI)

C = a (Qp

a

P.4A 30 �1–15 0.0228
P.14 67 �1–10 0.0009
P.20 56 �1–86 0.0036
P.21 49 �1–15 0.0181
P.24A 29 �1–6 0.0133
P.42 28 �1–2 0.0177
P.64 48 �1–4 0.0124
P.65 43 �1–10 0.0110
P.71 31 �1–16 0.0058
P.76 20 �1–11 0.0057
P.77 25 �1–4 0.0165
coefficients for the 9 peak flow regression relationships relevant
to each year, in the study period for each of the 11 sub-catchments,
to determine a set of 297 runoff coefficients that corresponded to
particular ARI flow rates. We then determined how these runoff
coefficients were correlated with different types of land cover com-
prising percentage forest areas, deforested areas, agricultural areas,
and urban areas for each sub-catchment. Under this approach,
once runoff coefficients and different types land cover were found
to be correlated, we can have some confidence that change in
streamflow is related to change in land cover.

4.3. Relationships between runoff coefficients and land cover for
smaller flood events

We realized in the previous section that the relationships be-
tween runoff coefficients and peak flow rates for larger flood
events (larger than around 2 year ARI) would differ from the rela-
tionships for smaller flood events (less than approximately 2 year
ARI). These differences would possibly depend on different ante-
cedent soil moisture condition of the catchment between smaller
and larger flood events. The relationships between runoff coeffi-
cients and different types of land cover for smaller flood events
were later investigated, on the same 11 selected sub-catchments,
to see how effects on runoff coefficients and land cover. For smaller
tchments in the UPRB between 1988 and 2005.

s in the UPRB.

)b C = a (Qp/A)b

b r a b r

0.39 0.74 0.4219 0.39 0.74
0.91 0.78 1.6256 0.91 0.78
0.87 0.86 1.8918 0.87 0.86
0.63 0.74 0.9126 0.63 0.74
0.77 0.79 1.4903 0.77 0.79
0.83 0.91 2.0492 0.83 0.91
0.85 0.76 1.5606 0.81 0.76
0.90 0.93 1.5178 0.90 0.93
0.75 0.89 1.1247 0.71 0.89
0.71 0.89 1.4714 0.75 0.89
0.71 0.81 1.4105 0.72 0.81



Table 3
Relationships between runoff coefficients (C) and peak flow rates (QP) for selected
sub-catchments in the UPRB.

Runoff
station

Area
(km2)

Non-linear regression
C = a (Qp/A)b

Range of a Range of b r

Range Average

P.65 240 1.04–8.94 0.79–1.37 0.84–0.99 0.92
P.42 315 1.23–350.00 0.66–2.34 0.91–0.99 0.96
P.64 336 0.84–255.44 0.46–2.81 0.65–0.99 0.88
P.24A 460 1.10–12.81 0.68–2.19 0.79–0.99 0.87
P.21 515 0.33–22.21 0.29–1.81 0.73–0.98 0.86
P.77 547 0.66–2.68 0.50–0.91 0.84–0.88 0.86
P.20 1355 1.09–7.70 0.50–1.39 0.82–0.99 0.89
P.76 1541 0.76–14.89 0.61–1.29 0.91–0.97 0.94
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flood events, the catchment would have low antecedent soil mois-
ture, so this would make an interesting comparison with the result
from the previous section.

For all runoff data within 9 years between 1988 and 2005, we
selected all smaller flood events during the monsoonal period from
May to October (6 months), except larger flood events which were
analyzed within the previous section. For these flood hydrographs,
we considered the volume of rainfall and runoff (with base flow re-
moved) in order to determine the runoff coefficient, and then the
correlation between runoff coefficients and land cover under low
antecedent soil moisture conditions. We then determined runoff
coefficient for this period on each of the 11 sub-catchments and
correlated these against the observed forest area and agriculture
plus disturbed forest in each year.
P.71 1771 1.05–1.88 0.67–0.81 0.75–0.99 0.83
P.4A 1902 0.51–1.33 0.40–0.72 0.69–0.89 0.80
P.14 3853 0.44–4.91 0.51–1.23 0.72–0.97 0.89

Average 0.88
5. Results and discussion

5.1. Land cover classification

General land cover trends for the UPRB are shown in Figs. 2 and
3. Note in particular that forest cover across the UPRB was gener-
ally decreasing from 21833 km2 (86.1% of the total catchment area)
in 1988 to 19149 km2 (75.5%) in 2005. Conversely, areas under
agricultural, urbanized, and water bodies increased from 9.5%,
2.6% and 0.1% of the total catchment area in 1988 to 18.3%, 4.7%
and 0.3%, respectively in 2005, while disturbed forest areas de-
creased from 1.7% in 1988 to 1.3% in 2005.
5.2. Correlations between runoff coefficients and land cover for larger
flood events

Non-linear correlations that were well-fitted by power relation-
ships were found between runoff coefficients and peak flow rates
(�1–86 year ARI) for individual sub-catchment as shown in Table 2,
with one example plotted in Fig. 4 for sub-catchment P.4A. The coef-
ficient of correlation (r) for these relationships varied between 0.74
and 0.93, and the average was around 0.83. The values of the power
parameter (b) of each sub-catchment varied between 0.39 and 0.91,
while the multiplier, parameter (a) significantly varied from 0.0009
to 0.0228. Peak flow scales strongly related to the sub-catchment
area, so we divided peak flows by sub-catchment area as shown in
Table 2. The range of parameter (a) value narrowed to be between
0.4219 and 2.0492 across the sub-catchments.
Fig. 4. Example of typical relationships between the runoff coefficients and peak
flow rates for P.4A sub-catchment.
These runoff coefficient to peak flow relationships varied from
year to year on each sub-catchment, as shown in Table 3. For each
year in which land cover data was available, there was generally a
distinct non-linear correlation relationship between runoff coeffi-
cients and flood peaks. The r coefficients varied from 0.80 to
0.96, and the average value was 0.88. A typical example of these
correlations is plotted in Fig. 5 for sub-catchment P.4A.
Fig. 5. Example of interannual relationships between runoff coefficients and flood
peaks for P.4A sub-catchment.

Table 4
Flood peaks of ARI standardized events for selected sub-catchments in the UPRB.

Runoff
station

Area
(km2)

Flood peak per area (cms/km2)

2 years
ARI

5 years
ARI

10 years
ARI

15 years
ARI

P.65 240 0.13 0.20 0.25 0.27
P.42 315 0.09 0.13 0.16 0.17
P.64 336 0.25 0.41 0.51 0.54
P.24A 460 0.16 0.24 0.30 0.63
P.21 515 0.09 0.11 0.13 0.14
P.77 547 0.14 0.26 0.35 0.39
P.20 1355 0.09 0.15 0.20 0.22
P.76 1541 0.07 0.14 0.20 0.23
P.71 1771 0.09 0.11 0.13 0.13
P.4A 1902 0.07 0.11 0.15 0.16
P.14 3853 0.07 0.11 0.14 0.15



Table 5
Relationships between runoff coefficients (C) and land cover for larger flood events in the UPRB.

Runoff station Given flood
peak (years)

Forest area Disturbed forest area Agricultural area DF + Ag area
C = a + b (F) C = a + b (DF) C = a + b (Ag) C = a + b (DF + Ag)

a b r a b r a b r a b r

P.4A 2 �0.18 0.0042 0.62 0.17 �0.0006 0.09 0.19 �0.0034 0.50 0.23 �0.0041 0.59
5 �0.26 0.0058 0.68 0.23 �0.0013 0.14 0.25 �0.0044 0.51 0.32 �0.0057 0.65

10 �0.31 0.0069 0.69 0.28 �0.0018 0.17 0.30 �0.0050 0.50 0.38 �0.0069 0.67
15 �0.34 0.0075 0.69 0.30 �0.0020 0.18 0.33 �0.0054 0.49 0.41 �0.0075 0.67

Average 0.67 0.14 0.50 0.65

P.14 2 �0.12 0.0033 0.69 0.16 �0.0011 0.22 0.17 �0.0021 0.44 0.20 �0.0032 0.66
5 �0.36 0.0071 0.68 0.25 �0.0027 0.24 0.26 �0.0041 0.40 0.34 �0.0068 0.64

10 �0.56 0.0102 0.67 0.32 �0.0041 0.26 0.33 �0.0057 0.37 0.45 �0.0099 0.63
15 �0.66 0.0118 0.67 0.35 �0.0049 0.26 0.36 �0.0065 0.36 0.50 �0.0114 0.63

Average 0.68 0.25 0.39 0.64

P.20 2 �0.45 0.0080 0.67 0.29 �0.0110 0.41 0.31 �0.0085 0.53 0.40 �0.0135 0.81
5 �1.25 0.0193 0.94 0.44 �0.0025 0.05 0.59 �0.0219 0.80 0.70 �0.0250 0.87

10 �2.00 0.0295 0.91 0.55 0.0091 0.12 0.82 �0.0350 0.81 0.95 �0.0349 0.77
15 �2.38 0.0347 0.88 0.59 0.0158 0.18 0.94 �0.0419 0.80 1.08 �0.0399 0.73

Average 0.85 0.47 0.0029 0.19 0.67 �0.0268 0.74 0.78 �0.0283 0.80

P.21 2 �1.22 0.0173 0.80 0.34 �0.0199 0.48 0.42 �0.0181 0.64 0.47 �0.0163 0.75
5 �1.97 0.0272 0.76 0.50 �0.0337 0.49 0.61 �0.0282 0.60 0.71 �0.0261 0.72

10 �2.49 0.0339 0.74 0.61 �0.0433 0.49 0.74 �0.0351 0.58 0.86 �0.0328 0.71
15 �2.70 0.0367 0.73 0.65 �0.0473 0.49 0.79 �0.0379 0.57 0.93 �0.0357 0.70

Average 0.76 0.49 0.60 0.72

P.24A 2 0.99 �0.0079 0.66 0.29 0.0188 0.81 0.28 0.0063 0.42 0.18 0.0104 0.81
5 1.31 �0.0091 0.56 0.48 0.0255 0.80 0.51 0.0054 0.26 0.37 0.0117 0.67

10 1.37 �0.0077 0.29 0.64 0.0280 0.54 0.74 0.0015 0.05 0.58 0.0097 0.34
15 1.34 �0.0063 0.19 0.72 0.0285 0.44 0.86 �0.0011 0.03 0.70 0.0079 0.22

Average 0.42 0.65 0.19 0.51

P.42 2 0.77 �0.0057 0.43 0.25 0.0047 0.42 0.28 �0.0016 0.10 0.21 0.0056 0.41
5 1.18 �0.0090 0.41 0.35 0.0069 0.37 0.40 �0.0013 0.05 0.28 0.0089 0.40

10 1.42 �0.0110 0.40 0.41 0.0082 0.36 0.46 �0.0011 0.03 0.32 0.0109 0.40
15 1.52 �0.0118 0.40 0.43 0.0088 0.35 0.49 �0.0010 0.03 0.34 0.0117 0.39

Average 0.41 0.37 0.05 0.40

P.64 2 �10.21 0.1420 0.64 1.93 �0.0583 0.30 1.92 �0.0938 0.36 3.99 �0.1420 0.64
5 �43.46 0.5854 0.65 6.77 �0.2564 0.32 6.31 �0.3572 0.33 15.08 �0.5854 0.65

10 �80.50 1.0772 0.65 12.01 �0.4787 0.33 10.99 �0.6448 0.33 27.22 �1.0772 0.65
15 �98.72 1.3188 0.65 14.58 �0.5883 0.33 13.27 �0.7855 0.33 33.16 �1.3188 0.65

Average 0.65 0.32 0.34 0.65

P.65 2 0.65 0.0104 0.47 0.29 �0.0017 0.10 0.33 �0.0149 0.48 0.39 �0.0104 0.47
5 �1.50 0.0220 0.49 0.50 �0.0050 0.14 0.56 �0.0267 0.43 0.70 �0.0220 0.49

10 �2.23 0.0317 0.50 0.65 �0.0081 0.16 0.73 �0.0360 0.41 0.94 �0.0317 0.50
15 �2.58 0.0363 0.50 0.73 �0.0095 0.17 0.80 �0.0403 0.40 1.05 �0.0363 0.50

Average 0.49 0.14 0.43 0.49

P.71 2 �0.12 0.0041 0.75 0.24 �0.0023 0.25 0.29 �0.0069 0.85 0.28 �0.0039 0.71
5 �0.15 0.0051 0.72 0.29 �0.0030 0.25 0.36 �0.0084 0.80 0.35 �0.0047 0.68

10 �0.17 0.0055 0.70 0.31 �0.0033 0.25 0.39 �0.0090 0.78 0.37 �0.0051 0.66
15 �0.17 0.0057 0.70 0.32 �0.0034 0.25 0.40 �0.0093 0.77 0.38 �0.0052 0.66

Average 0.72 0.25 0.80 0.68

P.76 2 �0.89 0.0153 0.72 0.34 �0.0138 0.54 0.24 0.0008 0.04 0.86 �0.0288 0.75
5 �2.38 0.0388 0.63 0.78 �0.0431 0.58 0.41 0.0074 0.12 2.09 �0.0742 0.66

10 �3.77 0.0604 0.59 1.18 �0.0722 0.59 0.52 0.0150 0.15 3.20 �0.1161 0.63
15 �4.47 0.0714 0.58 1.38 �0.0873 0.60 0.57 0.0192 0.16 3.76 �0.1372 0.62

Average 0.63 0.58 0.11 0.67

P.77 2 �0.38 0.0085 0.67 0.35 �0.0027 0.17 0.45 �0.0146 0.76 0.48 �0.0101 0.71
5 �1.33 0.0219 0.79 0.59 �0.0106 0.30 0.79 �0.0319 0.76 0.89 �0.0256 0.82

10 �2.08 0.0323 0.82 0.76 �0.0171 0.34 1.02 �0.0447 0.75 1.19 �0.0376 0.85
15 �2.42 0.0369 0.83 0.83 �0.0201 0.35 1.12 �0.0503 0.75 1.32 �0.0429 0.86

Average 0.78 0.29 0.75 0.81

Overall Average 0.64 0.33 0.45 0.64
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The peak flows for the 2, 5, 10 and 15 year ARI events on each
catchment are shown in Table 4. Using the correlation relation-
ships reported in Table 3, runoff coefficients for these 2, 5, 10
and 15 year ARI events on each sub-catchment were determined
and correlated against the proportion of forest area (F), disturbed
forest area (DF), agricultural area (Ag) and the combined area of
disturbed forest plus agricultural area (DF + Ag) on each sub-catch-
ment as shown in Table 5. Two examples of the correlations
between runoff coefficients and the proportion of forest area (F),
as well as the combined area of disturbed forest plus agriculture
(DF + Ag) are plotted for P.4A and P.21 in Figs. 6 and 7, respectively.
Note that urban areas and areas of water bodies on the
(b) 5 year r

(c) 10 year r

(d) 15 yea

(a) 2 year retu

Fig. 6. Relationships between runoff coefficients and land
sub-catchments changed by such small amounts that they were
not considered for this study.

Table 5 shows that linear correlation relationships were gener-
ally obtained between runoff coefficients and land cover. The rela-
tionships between runoff coefficients and forest area almost
universally have positive slope (exponent ‘‘b’’ values were positive)
for all of the sub-catchments except P.24A and P.42 (nine out of
eleven sub-catchments). A positive slope on these correlations
means that the runoff coefficient increases with increasing forest
proportion for a particular peak flow event on each sub-catchment.
The b values also tended to increase with an increasing return per-
iod of flood peaks for those nine sub-catchments. The average r
eturn period 

eturn period 

r return period 

rn period 

cover for larger flood events for P.4A sub-catchment.



(a) 2 year return period 

(b) 5 year return period 

(c) 10 year return period 

(d) 15 year return period 

Fig. 7. Relationships between runoff coefficients and land cover for larger flood events for P.21 sub-catchment.
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coefficient was around 0.64. Even for runoff stations with low r, all
stations still show a positive slope, except P.24A and P.42. A higher
proportion of forest on a catchment area was found to bring a high-
er proportion of runoff coefficient for a flood event.

Table 5 also shows that the relationships between runoff coeffi-
cients and the proportion of disturbed forest on the sub-catchment
have a negative slope (b values were negative) for most of the sub-
catchments. A similar result was found when runoff coefficients
were correlated against the proportion of agricultural areas on
the sub-catchments. The average r coefficients for both cases were
around 0.33 and 0.45, respectively, which were quite low, but they
still showed the same negative trend. We calculated the relation-
ships between runoff coefficients and the combined area of
disturbed forest plus agriculture. The relationships between the
runoff coefficients and disturbed forests plus agriculture showed
a negative slope (b values were negative) for most of the
catchments except P.24A and P.42. The average r coefficients for
these relationships increased compared to individual cases with
the average value of around 0.64. The b values also tended to in-
crease with an increasing return period of flood peaks for those
sub-catchments, so we can see that when land cover changes, run-
off coefficient decreases with increasing disturbed forest plus agri-
cultural proportion on each sub-catchment. The more disturbed
forest plus agricultural proportion will bring less runoff percentage
over the same rainfall depth (lower runoff coefficient) at a partic-
ular flood peak flow.

Generally, the forest catchment generates more evapotranspira-
tion, and so there is a greater soil moisture deficit and a lower dis-
charge than the non-forest catchment (Bathurst et al., 2011).
Forests may therefore reduce floods from small to moderate
storms. However, there is growing evidence that this effect is
increasingly reduced as rainfall increases to more extreme levels
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(Beschta et al., 2000; Sikka et al., 2003; López-Moreno et al., 2006).
This is according to antecedent conditions which affect basin stor-
age capacity and hydraulic conductivity of soils (Kung et al., 2000;
Buttle et al., 2001; Uhlenbrook, 2006). During dry periods, the stor-
age capacity of the catchment is high and a substantial proportion
of precipitation falling on the catchment is expected to be retained
by storage. Under wetter conditions, the water table is elevated
and the storage capacity of the catchment is reduced and the
hydraulic conductivity of soil increases, causing increased runoff
through upper soil horizons (Macrae et al., 2010).

During larger flood events (larger than �2 year ARI), antecedent
soil moisture from the previous storms could retain within the for-
est area more than in the non-forest area. This is according to the
physical characteristics of the forest area which has deeper rote
zone and higher soil moisture holding ability, compared to the
non-forest area. With the same amount of rainfall occurring at
the current flood event, more runoff would be expected in the for-
est area than that of in the non-forest area. Under these circum-
stances, runoff coefficient for the forest area would therefore be
higher than that of the non-forest area. Once the forest area
increases, higher runoff coefficient can be expected (as shown in
Table 6
Correlations of runoff coefficients (C) and land cover for smaller flood events for
selected sub-catchments in the UPRB.

Runoff station C = a + b (F) C = a + b (DF + Ag)

a b r a b r

P.4A 0.366 �0.0034 0.48 0.034 0.0030 0.43
P.14 0.160 �0.0014 0.49 0.017 0.0016 0.52
P.20 0.579 �0.0057 0.53 �0.003 0.0079 0.59
P.21 0.344 �0.0026 0.56 0.082 0.0032 0.58
P.24A 0.300 �0.0023 0.54 0.077 0.0024 0.51
P.42 0.191 �0.0017 0.42 0.013 0.0018 0.42
P.64 0.623 �0.0038 0.57 0.232 0.0039 0.57
P.65 1.303 �0.0126 0.54 0.035 0.0127 0.54
P.71 0.198 �0.0018 0.56 0.016 0.0017 0.56
P.76 0.234 �0.0017 0.43 0.070 0.0018 0.26
P.77 0.325 �0.0027 0.47 0.050 0.0031 0.47

Average 0.51 0.50

(a)

(b

Fig. 8. Typical relationships between runoff coefficients and land c
Table 5 and Figs. 6 and 7). On the other hand, when the non-forest
area increases, lower runoff coefficient would be expected.
5.3. Correlations between runoff coefficients and land cover for smaller
flood events

Moderately strong linear correlations between runoff coeffi-
cients and forest area (F) for individual sub-catchments under flow
conditions were found as shown in Table 6. The coefficient of cor-
relation (r) varied between 0.42 and 0.57 across the sub-catch-
ments with an average of around 0.51. The values of parameter
(b) of each sub-catchment varied between �0.0126 and �0.0014,
while parameter (a) significantly varied between 0.160 and 1.303.

Similarly good linear correlations were found between runoff
coefficients and disturbed forest plus agricultural area (DF + Ag),
the r coefficient varied between 0.26 and 0.59 with an average of
around 0.50. However, the values of the parameters were the
opposite of the value of parameter (b) on each sub-catchment vary-
ing between 0.0016 and 0.0127, while parameter (a) significantly
varied between �0.003 and 0.232. Two examples plotted are
shown in Fig. 8.

The result for all stations for the smaller flood events is the
opposite of the results in the previous section which considered
only larger flood events. During smaller flood events (lower than
�2 year ARI), antecedent soil moisture of the catchment is still
low, so losses from smaller rainfall events are relatively high. Un-
der these circumstances, rainfall loss rate in the forest catchment
is higher than that of the non-forest catchment due to higher
evapotranspiration and soil moisture capacity. This is due to the
forest soils containing larger pores and fewer intermediate-size
pores than the non-forest soils, forest soils, therefore having higher
water content than the non-forest soils (Hayashi et al., 2006). With
the same amount of rainfall, less runoff would therefore be ex-
pected in the forest area than that of in the non-forest area. Runoff
coefficients for the forest area would therefore be lower than that
of the non-forest area. When the forest area increases, lower runoff
coefficient is expected (as shown in Table 6 and Fig. 8). By contrast,
once the non-forest area increases, higher runoff coefficient is
expected.
 P.4A 

) P.21 

over for smaller flood events of P.4A and P.21 sub-catchments.
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6. Summary and conclusions

The type of land cover has been shown to have a significant im-
pact on the runoff generation in many parts of the world (Mahe
et al., 2004). In this study, we investigated the effects of land cover
on runoff coefficient, which is widely used as a diagnostic variable
to represent runoff generation in a catchment. Eleven runoff sta-
tions, with the catchment areas ranging between 240 and
3853 km2, distributed all over the UPRB, were used for the analysis.
Land cover types for the catchment area of these stations were
classified using nine images of Landsat 5 TM data over the period
1988–2005. First, runoff coefficients and peak flows at each runoff
station within the same period were correlated and have shown
strong non-linear relationships. This is due to the runoff coefficient
being positively correlated with antecedent soil moisture, and in
general runoff coefficient increases throughout successive events
as the catchment becomes wetter (Macrae et al., 2010). However,
at each runoff station, the regression relationships between runoff
coefficients and peak flows were different from 1 year to the next.
For each regression relationship of each year, we can estimate the
runoff coefficients at the 2, 5, 10 and 15 year ARI flood events to
correlate with the percentage of forest areas as well as to the sum-
mation percentage of the disturbed forest and the agricultural area
for each year. Since antecedent soil moisture condition has shown
different characteristics between smaller flood (lower than�2 year
ARI) and larger flood events (larger than �2 year ARI), we sepa-
rated the analysis between smaller and larger flood events.

For smaller flood events, runoff coefficient in the forest area was
found to be lower than that of the non-forest area (disturbed forest
and agricultural area) for the same amount of rainfall. This is due to
higher evapotranspiration and soil moisture capacity in the forest
area compared with the non-forest area. The results show that
for the smaller flood events, forest area tends to produce less runoff
than the non-forest area. Forests therefore offer flood mitigation
benefits for more frequent flood events (Bathurst et al., 2011).

For larger flood events, the situation of the basin can be differ-
ent, particularly on a basin with high antecedent soil moisture or
even close to its saturation stage. Antecedent soil moisture from
the previous storms could be better retained within the forest area
than the non-forest area. This is because the forest area has deeper
rote zone and higher soil moisture holding ability compared to the
non-forest area. With high antecedent soil moisture from the pre-
vious storm, forest area would need less water than non-forest
area to reach its soil saturation stage. Under these circumstances,
runoff coefficient in the forest area was therefore found to be high-
er than that of the non-forest area. When the forest area increased,
higher runoff coefficient was found in this study. Once the non-for-
est area increases, lower runoff coefficient was found.

The insights gained in this study would provide more evidence
alongside many other studies which suggest that forests may re-
duce floods as a result of small to moderate storms but this effect
is increasingly reduced as rainfall increases to more extreme levels
(Beschta et al., 2000; Sikka et al., 2003; López-Moreno et al., 2006;
Bathurst et al., 2011), or forests bring even more flooding once soil
moisture of the catchment reach or nearly reach their saturation
stage, as we found in this study. The results presented in this study
may be a bit counter intuitive, but those are the findings. These
findings help us to understand the response of flood behaviour to
different land covers within the basin at different stages of anteced-
ent soil moisture and severity of storm events, and can be useful for
land use and flood management of the river basin. However, it
should be noted that runoff coefficient is also related to other
factors such as topography, soil type, and geology. Even though this
study actually investigated the correlation between runoff
coefficient and land cover types on their own catchments which
have the same topography, soil type, and geology, further study
on the correlation between runoff coefficient and other factors are
recommended.
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