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Objectives

The International Journal of Environmental Impacts provides
a forum to discuss the numerous environmental problems present
in modern society and their impacts, taking into account scientific,
economic and social issues. One important consideration is the way
in which they affect the search for sustainability.

The Journal encourages interdisciplinary communication on all
issues related to environmental impacts. There is a need to bridge
the gap between the broad spectrum of economic and socio-political
disciplines and specialists in engineering and physical, biological, environmental and health

The publication discusses whether some forms of development are compatible with environmental
protection, particularly in cases of possible serious contamination and toxicity. The management
of air, water and soil contamination is one of the most challenging issues facing the international
community. A major cause of concern are the impacts of waste on health and the environment.

The Journal provides a platform for researchers and professionals involved in Environmental
Impacts to exchange knowledge and gain an insight into the state of the art in the current
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FOREST MANAGEMENT FOR THE FLOOD MITIGATION
FUNCTION OF FORESTS

KOJI TAMAI
Forestry & Forest Products Research Institute, Japan

ABSTRACT
Paired catchment experiments is the method that estimates the change of runoff due to forest change by
comparisons between runoff data from two or more adjacent catchments and evaluations the change of
their relative relations between two periods when forest changes in catchments.

The increase in volume of maximum daily runoff due to forest degradation was estimated in three treat-
ment catchments in Japan using paired catchment experiments. In one catchment, slope failure occurred
and 20% of the catchment area became bare, after which maximum daily runoff increased by approxi-
mately 1.1-fold. In the two other catchments, slope failure did not occur, while maximum daily runoff
increased by only 6-8 mm day~'. This increase was irrespective of the rainfall volume. Slope failure and
the transition to bare land were identified as causes of the degradation of the flood mitigation function.

The causes of slope failure were identified as inadequate forest management, such as clear-cutting
in areas with high slope failure risk, simultaneous clear-cutting throughout a catchment, and delayed
replanting after clear-cutting. Therefore, forest management strategies for the flood mitigation function
of forests could include the avoidance of logging in locations with a high risk of slope failure, limits
concerning the amount of logging, and prompt replanting after logging.

Keywords: clear-cutting, maximum daily runoff, paired catchment experiments, replanting.

1 INTRODUCTION

Slope failure prevention is important for maintaining the flood mitigation function of forests.
Tamai [6] reviewed studies that used water movement process models to reproduce water
movement in forested catchments; the report indicated that the flood mitigation functions of
forests originate from forest soil. If forest soil is lost due to slope failure, increased runoff
volume during floods can be anticipated. Furthermore, daily runoff was reported to increase
due to various types of forest degradation. These conclusions have been obtained with analy-
ses of observational data [8].

Tada [5] demonstrated the importance of the reinforcing effect on slope stability by tree
root systems for slope failure mitigation. Based on the reinforcing effect, appropriate forest
management strategies for slope failure mitigation have been proposed [7].

The aforementioned previous studies suggest that proper forest management would con-
tribute to the flood mitigation function through the prevention of slope failures. However, the
contributions of forest management to the flood mitigation function of forests have not been
fully explored. Therefore, this report discusses degradation of the flood mitigation function
of forests due to slope failure and suggests the appropriate forest management strategies for
this flood mitigation function.

2 METHODS AND SITE DESCRIPTION
2.1 Paired catchment experiments

The runoff volume characteristics from forest catchments varies with many factors such as
topography, geology and meteorology, in addition to forest conditions of vegetation and soil.

© 2022 WIT Press, www.witpress.com
ISSN: 2398-2640 (paper format), ISSN: 2398-2659 (online), http://www.witpress.com/journals
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Among these factors, forest vegetation is relatively easy factor to modify artificially. There-
fore, with the aim of improving the flood mitigation function by managing forest vegetation,
attempts have been made to evaluate changes in flood mitigation function due to the only effects
of forest conditions. Paired catchment experiments (Fig. 1) had been developed as the method
for it [2]. In paired catchment experiments, runoff data from two or more adjacent catchments
are compared to elucidate their characteristics. The influence of forest degradation can be evalu-
ated based on the relative changes of runoff between two periods: a control period, during
which forests in two or more catchments share a similar state, and a treatment period, when
the forest in a control catchment is healthy while the forest in a treatment catchment has been
degraded. Single catchment experiments, which compares the runoff volume from one catch-
ment between a control period and a treatment period, cannot eliminate the effects of different
meteorological factors from year to year. In addition, the parallel catchment experiments, which
compares the runoff volume observed in the same water year from a control catchment and a
treatment catchment, cannot eliminate the effects of different topography and geology between
catchments. The paired catchment experiments is a method of excluding the effects of weather,
topography and geology, and evaluating only the effects of forest conditions. This report pre-
sents the results of analyses of maximum daily runoff during each water year, as an index of the
flood mitigation function, and the minimum daily runoff during each water year.

Previous studies (e.g., [2]) demonstrated that the annual runoff volume increases due to
forest degradation. Thus, the control and treatment periods are determined from the fluctua-
tions of the ratio O, calculated using eqn (1):

0.,=09/0. )

where Q, and Q, represent the annual runoff volume from the treatment and control catch-
ment, respectively.

Importantly, the annual runoff volume from each catchment varies with the condition of
the forest; it also varies in each catchment even in the same water year with factors such as
the topography and geology. Therefore, the values of Q_ vary in each catchment, even during
the control periods when the forest conditions in the control and treatment catchments are
similar. By comparing Q, and Q_observed in the same water year, the effects of meteorologi-
cal fluctuations are excluded from the values of O, but the effects of differences in topogra-
phy and geology between catchments remain. However, the topography and geology do not
change significantly in several decades. It can be considered that the fluctuations of Q__ is not
affected by the change of topography and geology. Therefore, O fluctuations represent the

Figure 1: Outline of paired catchment experiments (Source: [6]).

© University of Venda
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effects of only changes of forest conditions. Accordingly, control and treatment periods are
determined by fluctuations of 0. rather than values of Q.

2.2 Forested catchments and cases
This report describes cases in the Tatsunokuchi-yama and Kamabuchi watersheds in Japan,
as indicated in Table 1 and Fig. 1. The runoff data used in this report were collected by the

Forestry and Forest Products Research Institute.

Table 1: Information on analysis cases by paired catchment experiments (Source: [8]).

Figure 2: Location of watersheds (a) and topographic map of catchments, (b) Tatsunokuchi-
yama Watershed, (c) Kamabuchi Watershed.

© University of Venda
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Table 2: Forest management history of Tatsunokuchi-yama Watershed (Source: [8]).

2.2.1 Tatsunokuchi-yama watershed

The Tatsunokuchi-yama watershed (Fig. 2b; located at 34°42' N, 133°58' E, with an elevation
range of 45-257 m) consists of two catchments: Kitadani (17.27 ha) and Minamidani (22.61
ha). The average air temperature and annual precipitation (1971-2000) are 14.3°C and 1,217
mm, respectively. Snow coverage is rare throughout the year. The geology consists of the
Paleozoic Chichibu Formation, and hard sandstone is the predominant lithology [8].

Table 2 presents the forest management history of this watershed. Both catchments were
covered with natural Japanese red pine forests in 1937 when observation began. Since then,
the Kitadani catchment has grown broad-leaved forests. In contrast, in the Minamidani catch-
ment, forest vegetation has been degraded twice due to forest fire and the withering of pine
trees. In this report, the Kitadani and Mimamidani catchments are designated as the control
catchment and treatment catchment, respectively, for the paired catchment experiment.

2.2.2 Kamabuchi watershed

The Kamabuchi watershed (Fig. 2c; located at 38°56" N, 140°15" E, with an elevation of
162252 m) consists of four catchments: No. 1 (3.06 ha), No. 2 (2.48 ha), No. 3 (1.54 ha), and
No. 4. In this report, the observed runoff data from catchments No. 1, No. 2, and No. 3 are
used. Table 3 lists the forest management histories in these catchments. The average annual
air temperature and precipitation (1971-2000) are 11.1°C and 2,406 mm, respectively. The
period from December to May of the subsequent year is the snow cover season. The geology
consists of Tertiary units, with predominant tuff and shale tuff [8].

In 1939, when observation of catchments No. 1 and No. 2 began, all catchments were
covered with mixed forests that comprised both coniferous and broad-leaved trees. Since
then, the forest in catchment No. 1 has been maintained continually. However, in catchments
No. 2 and No. 3, the forests have been clear-cut. In particular, in catchment No. 2, forest soil
was lost after clear-cutting due to avalanches and slope failures. Approximately, 20% of the
catchment area has become bare [10]. For this report, the control catchment for the paired
catchment experiments is catchment No. 1. The treatment catchments are catchments No. 2
and No. 3.

2.2.3 Definition of water year periods
In the Tatsunokuchi-yama watershed, runoff reaches its annual minimum around March.
Therefore, the period of April through March of the subsequent year was set as one water
year in the Tatsunokuchi-yama watershed. For example, the year 2000 in the Tatsunokuchi-
yama watershed represents the calendar period from April 2000 through March 2001.

For the Kamabuchi watershed, daily runoff data for June-November (no-snow period)
[8] were used to remove the effects of snow accumulation and melting in the catchments.
Therefore, for example, the year 2000 in the Kamabuchi watershed represents the period of

© University of Venda
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Table 3: Forest management history of Kamabuchi Watershed (Source: [§]).

June-November 2000. Furthermore, the Q, and Q used in eqn (1) denote the runoff volumes
observed between June and November.

3 RESULTS
3.1 Determination of the control and treatment periods

Figure 3a—c shows the fluctuations of @ in the three treatment catchments. O values in the
three treatment catchments differed from each other at the observation start year when the
forest conditions were similar to the conditions of each control catchment. Q was less than
1.0 in the Minamidani and No. 3 catchments and less than 1.1 in catchment No. 2 before the
forest degradation due to fire and clear-cutting. Thus, the control and treatment periods were
determined by the fluctuations of Q compared with the values of 1.0 in the Minamidani
and No. 3 catchments, and 1.1 in catchment No. 2. In the three treatment catchments, Q
increased immediately after clear-cutting, forest fire, and the withering of pine trees, it then
decreased gradually until returning to its previous level. The duration in years necessary for
the Q  to recover to the previous level (less than 1.0 in the Minamidani and No. 3 catch-
ments, and 1.1 in catchment No. 2) was determined to be a treatment period; all other years
were control periods.

In the Minamidani catchment, Q was generally less than 1.0 from 1937 to 1958, which
was regarded as a control period. Q_ increased to values larger than 1.0 because of a forest
fire that occurred in September 1959; it remained larger than 1.0 until 1965. The occurrence
of the forest fire was included in water year 1959. Thus, data observed in 1959 were excluded
from the analysis, and the period from 1960 to 1965 was regarded as a treatment period. Q
was again less than 1.0 from 1966 to 1977 this period was regarded as a control period. Q
became larger than 1.0 in 1981-1996 after the period of 1978—1980, when pines died from
wilt disease; the period in 1981-1996 was regarded as a treatment period. Data observed in
1978—-1980 were excluded from the analysis because the forest condition was changing in
the Minamidani catchment. After 1998, QO recovered to less than 1.0, in general, such that

© University of Venda
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Figure 3: Fluctuation of Q : (a) Minamidani catchment, (b) Catchment No.2, (c) Catchment
No. 3, (Source: [8]).

this period was regarded as a control period. The details of this case (case 1) are summarized
in Table 1.

In catchment No. 2, O was less than 1.1 from 1939 to 1947; this period was regarded as
a control period. Q increased to values larger than 1.1 when clear-cutting was performed

© University of Venda
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from December 1947 to early summer 1948; it generally remained larger than 1.1 until 1982.
Because the period of forest clear-cutting was before water year 1948, the period from 1948
to 1982 was regarded as a treatment period. After 1983, 0. recovered to less than 1.1; this
period was regarded as a control period. This case is summarized as case 2 in Table 1.

In catchment No. 3, 0. was less than 1.0 from 1961 to 1963, which was regarded as a
control period. Q_ increased to values larger than 1.0 because of clear-cutting performed on
the lower slope in February and March 1964; it remained larger than 1.0 until 1984. Because
the period of forest clear-cutting preceded water year 1964, the period from 1964 to 1984 was
regarded as a treatment period. After 1985, Q  recovered to values generally less than 1.0;
this period was regarded as a control period. Case 3 is also summarized in Table 1.

3.2 Influence on minimum daily runoff

Comparisons of the minimum daily runoff from control and treatment catchments in cases
1-3 (Table 1) are presented in Fig. 4a—c, respectively. The liner regression lines for the
Minamidani treatment catchment in the control and treatment periods are described by eqns
(2) and (3), respectively. They are shown in Fig. 4a as a solid line and a dotted line, respec-
tively:

y.=0.9078x + 0.0327, RC=0.7810, 2)
¥,=0.9095x + 0.0746, RC =0.5200. 3)

where y_and y, represent the daily runoff from the treatment catchment in the control and
treatment periods, respectively, while x represents the daily runoff from the control catch-
ment. RC represents the regression coefficient.

The linear regression lines for treatment catchment No. 2 in the control and treatment peri-
ods are described by eqns (4) and (5), respectively (Fig. 4b):

y,=0.6445x + 0.0377, RC=0.6697, “)
y,=0.8332x +0.0579, RC=0.6979. (5)

The linear regression lines for treatment catchment No. 3 in the control and treatment periods
are described by eqns (6) and (7), respectively (Fig. 4c).

y.=0.5571x + 0.0000, RC=0.7343, (6)
y,=0.9621x + 0.0201, RC =0.7690. (7)

The RC values of eqns (2)—(7) are small, within the range of 0.5200—0.7810. This means that
the correlations between the minimum daily runoff in the treatment catchment and control
catchment are not strong in either the treatment or control periods for all treatment catch-
ments. Thus, substantial differences in the distributions of data points between the treatment
and control periods may not be identified statistically. However, Fig. 4a—c shows that the
distribution of dots representing data in the treatment period tends to be clearly higher than
the distribution of dots representing data in the control period for all treatment catchments.

© University of Venda
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Figure 4: Comparisons of minimum daily runoff from control and treatment catchments
and liner regression line (Source: [8]). (a) Minamidani catchment, (b) Catchment
No.2, (c¢) Catchment No. 3. Black diamond: control period; white circle: treatment
period; solid line: liner regression line for control period; dotted line: liner regres-
sion line for treatment period.

This finding suggests that runoff from the treatment catchment is greater during the treatment
period than during the control period. Thus, there was a relative increase in minimum daily
runoff with forest degradation.

3.3 Influence on maximum daily runoff

Comparisons of maximum daily runoff between the control and treatment catchments in
cases 1-3 (Table 1) are presented in Fig. Sa—c, respectively.

The linear regression lines for the Minamidani catchment in the control and treatment peri-
ods are expressed by eqns (8) and (9), respectively. They are illustrated in Fig. 5a as a solid
line and a dotted line, respectively.

y,=0.9911x-4.9877, RC =0.9820, (8)
y,=0.9665x + 0.8634, RC =0.9600. )

The linear regression lines for treatment catchment No. 2 in the control and treatment periods
are expressed by eqns (10) and (11), respectively (Fig. 5b).

y,=0.9153x + 6.6388, RC=0.9819, (10)
y,=1.0399x + 2.2135, RC =0.9872. an

The linear regression lines for treatment catchment No. 3 in the control and treatment periods
are expressed by eqns (12) and (13), respectively (Fig. 5¢):

y.=0.9308x +3.6910 RC = 0.9462, (12)

y,=09191x +11.6300 RC =0.8784. (13)

© University of Venda
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Figure 5: Comparisons of maximum daily runoff from control and treatment catchments and
liner regression line (Source: [8]). (a) Minamidani catchment, (b) Catchment No. 2,
(c) Catchment No. 3. Black diamond: control period; white circle: treatment period;
solid line: liner regression line for control period; dotted line: liner regression line
for treatment period.

Figure 5a—c shows that the distributions of points representing the data in the treatment
and control periods overlap in all cases. Due to this overlap, it is unclear whether runoff
from the treatment catchment was larger during the treatment period than during the control
period, in contrast to the results for minimum daily runoff shown in Fig. 4a—c. However, the
RC values of eqns (8)—(13) are in the range of 0.8784-0.9872; these are much larger than
the values of eqns (2)—(7). This finding indicates that the correlations between the maximum
daily runoff from the treatment catchment and the control catchment are strong in both the
treatment and control periods in all catchments. Thus, eqns (8)—(13) are highly significant.
Moreover, the linear regression lines for the treatment period are drawn above the lines for
the control period for all treatment catchments (Fig. Sa—c). In summary, the maximum daily
runoff from all three treatment catchments increased more in the treatment periods than in
the control periods.

3.4 Comparisons of liner regression lines for maximum daily runoff between control and
treatment periods

The maximum daily runoff volume varies with the rainfall volume. Points representing the
data in the treatment or control periods in the upper-right quadrant in Fig. 5a—c were pro-
duced by larger rainfall volumes than were points plotted in the lower-left quadrant. The
area between the two linear regression lines can be regarded as the average volume of the
runoff increase that is attributable to forest degradation. The linear regression lines reflect the
characteristics of water movement in the catchment. Thus, changes in water movement cause
changes in linear regression lines. Therefore, the linear regression lines for maximum daily
runoff were compared between the control and treatment periods to evaluate the degradation
of flood mitigation function in each treatment catchment.

Differing patterns were found among the three treatment catchments. First, catchment No.
3 was explored. In this catchment, the slopes of eqns (12) and (13) are 0.9308 and 0.9191,
respectively, which are nearly equal. The intercept of eqn (13) calculated for the treatment
period is approximately 8 mm day~' greater than the intercept of eqn (12) for the control

© University of Venda
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Figure 6: Increase volume (eqn 14) and ratio (eqn 15) of maximum daily runoff from catch-
ment No. 2 against catchment No.1, Kamabuchi watershed during the treatment
period (Source: [8]).

period. Similar to the case of catchment No. 3, the slopes of eqns (8) and (9) for the Minami-
dani catchment are approximately equal, at 0.9665 and 0.9911, respectively. Equation (9) for
the treatment period has a greater intercept by approximately 6 mm day~' than eqn (8) does
for the control period. The two liner regression lines were almost parallel in Minamidani and
No. 3 catchments.

In catchment No. 2, the slope increased from approximately 0.9153 in eqn (10) for the
control period to approximately 1.0399 in eqn (11) for the treatment period. The difference
between eqns (10) and (11) is greater in the upper-right quadrant than in the lower-left quad-
rant of Fig. 5b. The increase in volume (AQ) and increase in ratio (R) can be calculated from
eqns (10) and (11), and observed maximum daily runoff (x) from the control catchment No.
1, as defined in eqns (14) and (15):

AQ = (1.0399x+2.2135) — (0.9153x + 6.6388), (14)

R =(1.0399x+2.2135) / (0.9153x+6.6388). (15)
AQ increased in proportion to the increase in x (Figure 6).

4 DISCUSSION

4.1 Degradation of the flood mitigation function
Two main patterns were observed in the comparisons between the linear regression lines
in each treatment catchment. One pattern described the Minamidani and No. 3 catchments,
while the other pattern described catchment No. 2. The causes of this difference are discussed

below to examine how an increase in maximum daily runoff corresponds to degradation of
the flood mitigation function in each treatment catchment.

© University of Venda
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4.1.1 Minamidani and No. 3 catchments

When the two linear regression lines are nearly parallel, as in the Minamidani and No. 3
catchments, the average increase in maximum daily runoff volume from the treatment catch-
ment is caused by the increase in the intercept from eqns (8) and (12) to eqns (9) and (13),
respectively; it can be regarded as constant regardless of the rainfall volume producing the
maximum daily runoff.

To discern the mechanism underlying these results, reduction of canopy interception in the
treatment catchment during the treatment period must be considered. lida et al. [3] observed
the time courses of rainfall volume outside and within a cedar forest during rainfall events
and reported that the difference between these volumes reaches a peak during rainfall events
and that the quantity of water that can be contained in tree bark and foliage (7.2 mm) is
approximately equal to the maximum interception quantity (6.7 mm). This finding suggests
that canopy interception is due to rainwater stored in foliage and tree bark that evaporates
after the rain stops. In the Minamidani and No. 3 catchments, as the degraded forest lost foli-
age and tree bark in the treatment period, the storage quantity was reduced by approximately
6—-8 mm per rainfall event. Irrespective of the rainfall volume, the maximum daily runoff
increased by 6—8 mm day~' due to the decrease in canopy interception. Based on the above
discussion, the increase in runoff volume during the treatment period is presumably attribut-
able to the degradation of forest vegetation alone, rather than forest soil.

When the slopes of the linear regression lines for the control and treatment periods are
nearly equal, as in eqns (8) and (9) and eqns (12) and (13), forest soil is maintained. The
effects of forest vegetation degradation reduce canopy interception and increase runoff by
6—8 mm day™', irrespective of the rainfall volume producing the maximum daily runoff, as
shown in Fig. 5a and c.

4.1.2 Catchment No.2

As shown in Fig. 6, AQ increases in proportion to the increase in x. The value of x can be
replaced with the rainfall volume producing the maximum daily runoff. Thus, the increased
runoff volume from treatment catchment No. 2 during the treatment period includes compo-
nents proportional to rainfall volume.

Regarding the mechanism underlying this relationship, a reduction in the soil water hold-
ing capacity due to slope failure is one possibility. Thick forest soils with developed pores
promote efficient osmosis of rainfall water, hold that water temporarily, and then release it
slowly. Arimitsu et al. [1] compared two adjacent forest catchments and reported that runoff
volume from a catchment with thin and immature soil was markedly smaller during a drought
and larger during a flood period compared with the volume from a catchment with thick and
mature soil. In other words, the volume of direct runoff is larger and its outflow is faster in a
catchment with a low soil water-holding capacity than one with high water-holding capacity.
When water holding capacity is reduced due to forest soil loss associated with slope failure,
the ratio of base flow, which is water that penetrates deep into the soil and is released slowly,
is expected to decrease. With this reduction in the ratio of base flow, the ratio of direct runoff
is expected to increase, becoming proportional to rainfall volume.

In catchment No. 2, bare areas were present due to avalanches and slope failure [10]. The
rate of base flow is presumably reduced in such areas due to the loss of forest soil, leading
to an increase in direct runoff. In this case, maximum daily runoff increases in proportion to
rainfall volume.
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4.2 Comparison with model calculations

After using a model to simulate the movement of water in a forested catchment, Tani et al. [9]
reported water runoff characteristics calculated under various states of forest soil and vegeta-
tion. By comparing the values between calculations under healthy and degraded conditions
of forest vegetation with the same soil conditions, the changes attributable to the presence of
forest vegetation were determined. No difference in the maximum hourly runoff was found
between calculations. The minimum hourly runoff under healthy vegetation is 0.002 mm
hour™, but it becomes 0.04 mm hour™" under the degraded vegetation [6]. This finding agrees
with the result showing increased runoff from the treatment catchment during the treatment
period, as indicated by the clear increases shown in Fig. 4a and ¢ for minimum daily runoff;
the increases are less clear for maximum daily runoff caused by overlap of point distributions
representing the data in the treatment and control periods, shown in Fig. 5a and c.

Changes attributable to the presence of both forest soil and vegetation can be evaluated by
comparing the results of calculations under healthy and degraded conditions of both forest
soil and vegetation. In healthy condition, the maximum and minimum hourly runoff values
are 5.0 and 0.01 mm hour™', respectively. In degraded condition, the maximum and minimum
hourly runoff values are 9.3 and 0.04 mm hour™', respectively [6]. When both forest soil and
vegetation are degraded from a healthy condition, both the maximum and minimum values
of hourly runoff increase. This finding agrees with the minimum runoff results presented in
Fig. 4b for catchment No. 2. For maximum runoff, changes between the control and treat-
ment periods, shown in Figs. 5b and 6, are smaller than the difference between the model
calculations mentioned above.

According to the model calculations reported by [9], the maximum hourly runoff under
the degraded condition of forest soil and vegetation was 9.3 mm hour™', which was approxi-
mately 1.9-fold greater than the 5.0 mm hour™ rate obtained from calculation under the
healthy condition of forest soil and vegetation [6]. Although R increases with increasing rain-
fall volume, as shown in Fig. 6, the maximum increase is 1.1-fold. Possible reasons for the
difference between the 1.9-fold difference reported by [9] and the 1.1-fold difference shown
in Fig. 6 might be the percentage of the watershed area degrading forest soil. Tani et al. [9]
presented the calculation under the degraded condition of forest soil based on the assump-
tion that no forest soil is present anywhere in the catchment. However, according to a map
that shows the forest status of catchment No. 2 in April 1978 [10], bare land occupied only
approximately 20% of the catchment area. Changing the percentage of the area without soil
in the catchment significantly affects the degree of increase.

4.3 Assessing degradation of the flood mitigation function

For Minamidani and No. 3 catchments, the flood mitigation function of forests was presuma-
bly not degraded due to forest fire, withering of pine trees, or clear-cutting; this inference was
made because the linear regression lines are nearly parallel (Fig. 5a and c) and the increased
volume of the maximum daily runoff was only 6-8 mm day~' in these catchments. It is likely
that only the forest vegetation degraded and that the forest soil was preserved.

In contrast, in catchment No. 2, the flood mitigation function of the forest was consid-
ered degraded due to clear cutting, avalanche, and slope failure because the slopes of the
linear regression lines were larger in the treatment period than in the control period (Fig. 5b);
there was an estimated maximum daily runoff increase in proportion to the rainfall volume

© University of Venda



9

O
@ University of Venda
@)

Creating Futuro Leaders.

Koji Tamai, Int. J. Environ. Impacts, Vol. 5, No. 4 (2022) 303

producing the maximum daily runoff due to slope failure and transition to bare land in 20%
of the catchment area.

The above discussion suggests that forest soil loss associated with slope failures and ava-
lanches causes a degradation of flood mitigation function.

4.4 Forest management

Forest vegetation may be misunderstood as not having a recognized role in the flood mitiga-
tion function because degradation of the flood mitigation function may not be identified in
treatment catchments where only forest vegetation is degraded while forest soil is preserved,
such as the Minamidani and No. 3 catchments in this report. Nevertheless, forest vegetation
contributes to flood mitigation by preserving forest soil, reinforcing slope stability with tree
root systems. This effect is apparent in degradation of the flood mitigation function caused by
slope failure in catchment No. 2 (Fig. 5b and 6).

Among the three treatment catchments assessed in this report, slope failure occurred after
clear-cutting in catchment No. 2, while it did not occur after a forest fire and tree withering
in the Minamidani catchment or after clear-cutting in catchment No. 3. The reasons for these
different outcomes are discussed at the end of this report.

Before that discussion, a forest management system to prevent slope failure [7] is briefly
described.

4.4.1 Forest management for prevention of slope failure
Forest tree root systems grow while binding and fixing soil particles. Thus, tree roots rein-
force soil connection and slope stability, thereby preventing slope failure. If a forest is clear-
cut, this reinforcing effect is reduced as the stump root system decays. The reinforcing effects
of planted tree root systems increase with tree growth. Even if replanting occurs immedi-
ately after clear-cutting, the reinforcing effects of root systems, including both stumps and
replanted trees, decrease for decades after clear-cutting [5].

To maintain the reinforcing effects of tree root systems as completely as possible, the fol-
lowing list of proposals was presented in [7].

(a) Tree cutting should not be conducted in areas where the slope failure risk is high.

(b) When tree cutting is necessary for areas with a risk of slope failure, sites were chosen
for tree cutting should be in lower-risk areas or distant from residential areas to prevent
damage if slope failure occurs.

(c) The degree and extent of tree cutting should be minimised in areas with a high risk of
slope failure. More root systems of trees should be left after cutting.

(d) To shorten the period during which the reinforcing effect of tree root systems is reduced,
nursery trees should be replanted promptly after cutting.

4.4.2 Verification of forest management in treatment catchments

In the Minamidani catchment, Japanese black pines were replanted in March 1960, almost
immediately after a forest fire that occurred in September 1959 (Table 2). This area was
treated similarly to the approach in proposal d). After tree withering occurred in 1978-1980,
the area was left to recover naturally. Although all pine trees died, other trees survived. Thus,
the slope reinforcing effect by the root systems of the remaining trees was sufficient. Conse-
quently, the effect of proposal c) was also achieved.
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In catchment No. 2, trees in the whole catchment area were clear-cut from December
1947 through summer 1948; cedar trees were replanted more than 10 years later, in 1960
(Table 3). Stumps stabilized the snow on the slopes, prevented avalanches, and preserved the
soil through their root systems in some years after clear-cutting [10]. Subsequently, as stumps
and their root systems decayed, they became unable to resist the movement pressure of snow.
In 1959, more than half of the catchment area experienced frequent avalanches. Moreover,
some areas were transformed into bare land due to slope failure. Clear-cutting performed in
whole areas within the catchment with a high risk of slope failure is counter to the approaches
in proposals (a) and (c). Replanting was not performed immediately after clear-cutting in this
case, which is counter to the approach in proposal (d).

In catchment No. 3, clear-cutting was conducted for 50% of the catchment area on the
lower portion of the slope during February—March 1964. Cedar trees were replanted in the
spring of 1970. Although cedar replanting occurred approximately 6 years after the clear-
cutting of the lower slope, it occurred immediately after clear-cutting of the upper slope
area (Table 3). During 1964-1969, no trees were present on the lower slope, whereas trees
remained on the upper slope. The movement pressure of snow was thus suppressed, allowing
the stumps remaining on the lower slope to conserve the forest soil. Additionally, the remain-
ing tree root systems on the upper slope reinforced the stability of the upper slope. The range
of clear-cutting was limited to 50% on the lower slope, in accordance with proposal (c). The
replanting of cedars immediately after 50% clear-cutting of the upper slope aligns with the
approach in proposal d).

5 CONCLUSIONS

The increased volume of maximum daily runoff and degradation of the flood mitigation func-
tion of forests due to forest degradation was estimated using paired catchment experiments.
In the two treatment catchments where forest soil was preserved and only forest vegetation
was degraded, the flood mitigation function of the forest was judged not to be degraded
because the volume increase was estimated to be only 6-8 mm day™', irrespective of the
rainfall volume producing the maximum daily runoff. Based on [3], it was discussed that the
decrease of canopy interception with degradation of only forest vegetation causes the small
runoff increase independent of rainfall volume. On the other, in the one catchment where
forest soil was not preserved, the flood mitigation function of the forest was judged to be
degraded because the estimated maximum daily runoff increased approximately 1.1-fold in
proportion to the rainfall volume producing the maximum daily runoff. Based on [1] and [9],
it was discussed that the increase of direct runoff with degradation of forest soil causes the
increase of runoff in proportion to rainfall volume.

By examining the forest management histories of the three treatment catchments, the
causes of slope failure were assessed to identify inappropriate forest management activities,
as follows: clear-cutting in areas with high slope failure risk, clear-cutting simultaneously
across the whole catchment area, and delayed replanting after clear-cutting.

The above findings imply that prevention of slope failures is necessary to maintain the
flood mitigation function of forests. Therefore, several forest management strategies for uti-
lizing reinforcing slope stability with tree root systems [5] are recommended for the flood
mitigation function of forests: avoid logging in places with a high risk of collapse, limit the
amount of logging, and promptly plant trees after logging.
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ABSTRACT

Environmental problems have been increasing at a disproportionate rate, contributing to global warming, one
of humanity’s greatest challenges. As stated in the latest report of the Intergovernmental Panel on Climate
Change ‘climate change is widespread, rapid and intensifying’ and there is certainty that this is a result of
human activity. In this context, environmental social responsibility is fundamental to prevent, mitigate or
repair the environmental damage generated by productive activity. This obliges us to take concrete actions
and thus move from a linear economy approach to a circular economy approach that allows for sustainable
development, where waste and pollution are eliminated from the design stage and materials are used for
as long as possible. Chile must implement actions that allow it to meet the commitments obtained in its
Nationally Determined Contribution of 2020, and move towards sustainable development. The Chilean case
is interesting to study because it is a highly exposed and fragile country in the face of climate change. The
purpose of this publication is to highlight the current problem of climate change and the threat it poses to our
planet, to understand that the circular economy approach as a business model allows for a long-term solution
to this problem, to understand the consequences of climate change in Chile and to know the current situation
in terms of strategic planning at the country level in relation to the circular economy.

Keywords: circular economy, climate change, greenhouse gases, recycling, sustainable development.

1 INTRODUCTION

Environmental problems have increased considerably, contributing to global warming by
1.02°C due to the increase of greenhouse gas (GHG) emissions and their accumulation in the
atmosphere [1]. Globally, GHGs have increased since the post-industrial period, reaching a
total of 49.36 billion tonnes in 2016 [2]. Among these gases are mainly carbon dioxide (CO,),
methane (CH,) and nitrous oxide (N,O), the former being the major contributor to global
warming because the burning of fossil fuels (oil, coal and gas) causes more heat to be trapped
in the atmosphere. In July 2021, the ambient concentration of CO, was 416.96 ppm [3, 4] and
the countries/regions emitting the most CO, are China (30.7%), the United States (13.8%),
the European Union (7.9%), India (7.1%) and Russia (4.6%) [5].

Due to all the environmental problems, the Conferences of the Parties (COP), annual interna-
tional meetings of the United Nations in which the countries of the world meet to discuss envi-
ronmental issues, have been held since 1995 and carried out by the United Nations Framework
Convention on Climate Change (UNFCCC). Specifically, during the COP No. 21 held in Paris
in 2015, a historic milestone known as the Paris Agreement was reached, which establishes
the commitment of countries to ‘keep the average temperature increase well below 2°C above
pre-industrial levels and to pursue efforts to limit this temperature increase to 1.5°C above
pre-industrial levels, recognising that they would significantly reduce the risks and impacts
of climate change’ [6]. Thus, following the signing of this agreement, each country indicates
voluntary commitments to reduce its GHG emissions through Nationally Determined Contri-
butions (NDCs), which are an instrument for measuring the real contributions of each nation
in relation to its committed environmental efforts. These must be reviewed and updated every
5 years in the hope that there will be ever greater ambition in terms of their realisation [7, 8].

© 2022 WIT Press, www.witpress.com
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In August 2021, the Intergovernmental Panel on Climate Change (IPCC) published its 6th
report stating that ‘climate change is widespread, rapid and intensifying’ and is certain to be
a result of human activity [9]. In relation to the Paris Agreement, the report states that ‘unless
greenhouse gas emissions are reduced immediately, rapidly and on a large scale, limiting
warming to around 1.5°C or even 2°C will be an unattainable goal’. Experts indicate that we
are in a climate emergency and that urgent global action is needed, as failure to act could have
catastrophic and irreparable global consequences [9].

Chile is a country that is highly exposed to and fragile in the face of climate change
[10,11]. In this context, in December 2020, the Ministry of the Environment launched the
‘Climate Risk Atlas (ARClim)’, which features maps showing Chile’s risks to climate change
so that this information can be made available and support decision-making in relation to the
changes that need to be faced in the country [12]. The effects include increased temperatures,
droughts, precipitation, coastal erosion and increased heat waves, among others [10,11].

The purpose of this study is to highlight the current problem of climate change and the
threat it poses to both the planet and Chile, to understand that the circular economy approach
as a business model allows for a long-term solution to this problem, and to learn about the
current situation in terms of strategic planning at the national level in relation to the circular
economy. Finally, some examples that have promoted solutions in this line of work are shown.
This paper is an extension of the work found in Scapini and Berrios [13], where a biblio-
graphic review of the concept of circular economy and the state of progress of the laws in the
country is carried out. The paper is structured as follows. Section 2 contains a literature review
on the concept of climate change and the importance of the circular economy as a solution to
this problem; section 3 presents the methodology; section 4 shows the result of the research
describing the effects of climate change in Chile and the strategic planning at the country level
in relation to the circular economy; and finally, section 5 concludes on the subject.

2 LITERATURE REVIEW

Sustainable development is development that ‘meets the needs of the present generation
without compromising the ability of future generations to meet their own needs’ [14]. This
definition involves a number of aspects, all of them very important, that must be considered:
resource scarcity, population growth, clean production and pollution. The growing needs
and the limited resources that allow us to satisfy these needs allow us to understand that our
planet has a limited capacity and that we are approaching the destruction of the ecosystem.
This forces us to rethink an approach that can be sustained in the long term.

In 1990, David Pearce and Kerry Turner first used the term circular economy when they
mentioned that materials in an economy flow in a closed loop [15] and since then the concept
has become increasingly important. In order to accelerate the transition to a circular economy
model, the Ellen MacArthur Foundation was established in 2010 to promote the concept as
an alternative to economic growth that reduces environmental impact. It implies a radical
change in current production and consumption, as the value of products and materials must
be maintained for as long as possible from the design stage. This concept seeks to decouple
economic growth and development from the consumption of finite resources [16].

2.1 Climate change and its effects

The IPCC defines climate change as a change in the state of the climate that is due to changes
in the mean or variability of characteristics and that lasts for an extended period, usually more
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than ten years [14]. Causes include internal or external natural processes such as volcanic erup-
tions and anthropogenic changes. The Framework Convention on Climate Change (UNFCCC)
defines it as a change in climate that is due directly or indirectly to human action that alters the
composition of the atmosphere. Climate change generates a range of negative consequences
that affect natural ecosystems, socio-economic systems, or human health and well-being [17].

Climate change is making the hydrological cycle more intense, resulting in heat waves,
droughts, fires, melting ice, sea level rises, and at the same time, higher temperatures lead
to more evaporation from the oceans into the atmosphere, resulting in increased precipita-
tion (monsoons, typhoons, hurricanes), floods and landslides. These events are increasing in
frequency in all areas of the world and with them, the impacts on ecosystems, flora, fauna
and societies [9].

3 METHODOLOGY

The methodology used is mainly based on a literature review. Firstly, the current problem of
global climate change is studied, the challenge it represents for humanity, and the importance
of the circular economy approach as a business model that allows for a long-term solution to
this problem. Subsequently, information is compiled on the main effects that climate change
will have on the economic sectors in Chile in the medium and long term. Subsequently,
information is collected regarding the current situation of strategic planning at country level
in relation to the circular economy. Finally, some examples of sustainable initiatives are men-
tioned. The inclusion criteria were articles, in Spanish and English, on the topics indicated in
the diagram below. On the other hand, all information available on the website of the Minis-
try of the Environment was included, and articles whose text was not available or those that
were not related to the topic studied were excluded.

4 RESULTS
4.1 Climate change in Chile

In the case of Chile, GHG emissions in the country have increased by 129.4% between 1990
and 2018 [18]. Although Chile is responsible for only 0.24% of the planet’s GHGs, it is one
of the countries most vulnerable to the harmful effects of climate change, due to its long
coastline and the diversity of climates across the country [18].

To determine a country’s vulnerability in relation to the climate crisis, the United Nations
Framework Convention on Climate Change has set nine criteria, as follows: (1) low-lying
coastal areas, (2) arid and semi-arid areas, (3) forested areas, (4) territory susceptible to natu-
ral disasters, (5) areas prone to drought and desertification, (6) urban areas with air pollution,
(7) mountainous ecosystems, (8) low-lying and island countries, (9) landlocked and transit
countries. In the particular case of Chile, the country meets 7 of the 9 vulnerability criteria,
while criteria 8 and 9 are not met [19].

This means that the country is more exposed to increases in temperature, droughts, pre-
cipitation, coastal erosion and heat waves, among others. Because of this, and because we are
also in a global climate emergency, Chile needs to address these effects immediately [11].

Figure 1: Diagram of the literature review.

© University of Venda



g

\.) University of Venda

Creating Futuro Leaders.
@

Valeria Scapini & Priscilla Berrios, Int. J. Environ. Impacts, Vol. 5, No. 4 (2022) 309

Figure 2: Climate change in Chile [18].

Figure 2 shows that the effects of climate change affect the entire country. Precipitation
will increase only in the southern part of the territory, specifically in the Magallanes region,
while the rest of the country will see a decrease in precipitation. Temperatures will increase
throughout the country, with the most affected areas being the north and centre of the country.
Among the economic impacts, we can see that the northern and central areas will be nega-
tively affected by all economic activities (see purple symbology), while in the extreme south
of the country there will be positive impacts related to forestry, agriculture and livestock
activities (see green symbology). Finally, aquaculture and fishing activities throughout the
territory will have an uncertain impact (see grey symbology).

4.2 Chile’s strategic planning in the long term
Chile, in its international commitments in relation to environmental issues, signed on to the

Paris Agreement since 2015 through the NDC in which it establishes reaching carbon neu-
trality by 2050 and sets targets to reduce these emissions progressively over time [20, 21].
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Currently, in order to promote a circular economy model, the Circular Economy office of the
Ministry of Environment is working on two main areas of action. The first is the implementa-
tion of Law No. 20.920, which establishes the framework for Waste Management, Extended
Producer Responsibility and the Promotion of Recycling (REP Law); while the second seeks
to stimulate an environment of innovation, a regulatory framework and other instruments [22].

The lines of work and their state of progress are as follows [22]:

1) The implementation of the REP Law: This law aims to reduce waste generation and
encourage reuse and recycling, forcing producers of priority products to finance the col-
lection and recycling that their products generate.

2) Circular Economy Roadmap: It is a strategic planning instrument with a long-term vision
of environmental management, which aims to achieve a regenerative circular economy
by 2040 with medium (2030) and long-term (2040) goals. This was done through col-
laborative work with different national stakeholders as well as an international advisory
committee. The targets included in the Roadmap are: ‘more jobs, less waste/person, less
waste/GDP, more material productivity, more recycling, more municipal recycling and
more recovery of sites affected by illegal disposal’ [23].

3) Recycling Fund: This fund finances municipal and municipal association projects aimed
at preventing waste generation, promoting separation, reuse and recycling.

4) Policy for the Inclusion of Grassroots Recyclers: This policy aims to promote the so-
cial, economic and environmental inclusion of grassroots recyclers through proper waste
management.

5) Action Plan Against Plastic Pollution: This is one of the biggest challenges worldwide
and therefore seeks to minimise the consumption of single-use plastics in commerce and
to create labels for products that provide information to consumers regarding the recy-
clability of containers and packaging.

6) Organic Waste Management Strategy: Aims to prevent organic waste from being turned
into rubbish and ending up in sanitary landfills or dumps, causing pollution.

7) Construction and Demolition Waste (CDW): The purpose is to provide solutions to prob-
lems generated by the construction sector, since it is considered one of the most polluting
economic activities and one of those that emits the most GHGs globally, and, on the other
hand, represents 35% of the country’s inert waste (only considering the construction pro-
cess) that often end up in illegal landfills since most regions do not have legal landfills to
dispose of this type of waste [23, 24].

8) Transboundary Movement of Waste: Its purpose is to comply with the Basel Convention
on the ‘Control of Transboundary Movements of Hazardous Wastes and their Disposal’.

4.3 Some initiatives with a sustainable approach

The REP Law will start to apply from 16 September 2023, where producers will be obliged
to finance the collection and recovery of waste, packaging and packaging. Some companies
have already committed to the environment by transforming their products and processes to
adopt a circular economy approach. Examples include:

4.3.1 AZA, sustainable steels

They have removed thousands of polluting wood-burning stoves, each representing about
27 kilos of scrap metal, and replaced them with less polluting heaters. The scrap has been
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Figure 3: The circular route of recycled steel: from old stove to renewable energy [25].

transformed into new steel products, such as support towers for wind power plants, which has
allowed them to apply circular economics to transform polluting material into clean energy
through the recycling chain [25].

4.3.2 Revaloriza, new life for waste

Revaloriza is the first company in Chile and South America that reuses construction and dem-
olition waste to be recycled and converted into new secondary raw materials. The relevance
of this company is that it solves an environmental problem related to the fact that waste from
this sector is usually not properly disposed of in a sanitary landfill, but rather becomes debris
that ends up in ravines, streets, beaches, or illegal dumps [26].

4.3.3 Recovery and recycling of fishing nets

Fishing nets are very commonly used by the fishing sector. They are made of plastic and
end up as polluting waste that is not easy to dispose of. That is why Sonapesca generated an
agreement with the company Bureo who created the programme ‘Net Positive’ where new
products are generated with recycled materials and donated by fishermen. In this way, the
oceanic ecosystem is protected and the economy is boosted with the generation of recycled
products [28].

5 CONCLUSIONS

The indiscriminate consumption of resources worldwide has brought the issue of sustain-
ability into discussion. This, together with pollution and GHG emissions, has contributed to
global warming, currently one of humanity’s greatest challenges. This forces us to rethink
an economic model that can be sustained in the long term. This leads us to consider the con-
cept of a circular economy as an alternative to economic growth that reduces environmental
impact and decouples economic growth and development from the consumption of unlimited
resources.

Climate change in Chile is scientifically evidenced and its vulnerability is proven. It is a
country that is highly exposed and fragile in the face of climate change, which obliges us to
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Figure 4: Revaloriza, new life for waste [27].

Figure 5: Recovery and recycling of fishing nets [28].

transform all economic sectors and move towards sustainable development. In this sense,
Chile has established the goal of carbon neutrality by 2050, articulated with the draft Frame-
work Law on Climate Change that is currently being processed in the Senate.

To promote a circular economy model, legislation has made progress in reducing waste
generation and promoting reuse and recycling, through the enactment of the REP Law,
the Roadmap for a Circular Chile 2040, the National Organic Waste Strategy, the fight
against plastic, and the RCD Roadmap for a Circular Economy in Construction. Among
the challenges are the development of circularity indicators that allow the country to
measure the progress of its commitments. Some companies are already committed to
the environment, transforming their products and processes to adopt a circular economy
approach.

However, the unexpected arrival of the worldwide Covid-19 pandemic has generated
many questions regarding the circular economy that would be interesting to study in the
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future. The closure of the borders and the long periods of quarantine have led to a short-
age of products, rise in prices, and an increase in home delivery services, among others.
The long periods of quarantine have reduced the impacts on the environment, however,
we have seen an increase in the amount of garbage that is generated with the use of safety
items (such as disposable masks, face shields, chests, sanitization, etc.) and the packaging
of delivery products, among others. It is unknown whether these changes have allowed
progress or regression in the implementation of the 2040 Circular Economy Roadmap in
the country.
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ABSTRACT

Rajang River Basin (RRB) comprise about 40% of the Sarawak State area in Malaysia. Any extreme
storm event in the Upper RRB may cause a flood, affecting the downstream communities and infra-
structures of the Rajang River. There are two large dams in a cascade scheme at upper RRB, Murum
Dam and Bakun Dam. With the concern of changing climate impact, the future peak precipitation and
peak river discharge are analysed in this study to assess the potential flood impact along the Rajang
River. This study focused on developing flood modelling for downstream of Bakun Dam down to Be-
laga Town. The peak rainfall analysis was carried out to generate peak discharge for the return period
of 1in 50 and 1 in 100 years of historical and projected future storm events. The corresponding flood-
plains map pre- and post-Bakun Dam operations were generated using GeoHECRAS software. The
study results show that the projected peak rainfall and peak discharge under future changing climate are
increased between 6—27% and 7-30%, respectively, and this warrants attention from the relevant au-
thorities and parties to access the flood risk downstream Bakun Dam continuously. The generated maps
of pre- and post-Bakun Dam operation show that Bakun Dam can mitigate the flood from impacting
the downstream structures and communities. The outcome from this study can be useful information to
educate the local people and public about the benefit of having a Dam, not only for the source of power
generation but also for flood mitigation.

Keywords: Bakun Dam, climate change impact, flood mapping, GeoHECRAS, peak flood discharge,
peak rainfall, rainfall frequency analysis, Rajang River Basin, reservoir flood routing, RORB.

1 INTRODUCTION

Floods are a natural disaster and occur almost yearly in Sarawak, including the Upper Rajang
River Basin (RRB). RRB constituted about 40% of the Sarawak state area and is located at
the central of Sarawak. Due to its topography, RRB’s climate is a mixture of wet and dry
throughout the year. During the wet season, the rainfall intensity. Therefore, any heavy storm
event upstream of the Rajang River will possibly cause a flood to the downstream communi-
ties. The flood event is commonly caused damage to properties, loss of economies and even
loss of lives.

There is always a high possibility that flood events will occur again in the future. A study
by Mubasher et al. [1] suggests increased annual precipitation in RRB by the end of the 21st
century. In addition, logging activities and forest clearance for development upstream of
RRB have caused significant sedimentation issues [2], further increased water levels during
extreme precipitation, and led to flood events downstream of Rajang River.

With more hydrology and topography data available and increased concern on future pre-
cipitation impact under changing climate, the Rajang River’s flood risk needs to be continu-
ously assessed downstream [3]. Flooding is often unavoidable and unexpected; however, it
can be controlled through appropriate measures to minimise losses and damage [4]. There-
fore, the study of floodplains is necessary to assist Sarawak Energy and local authorities in
ensuring proper mitigation measures, emergency response planning, and potentially limiting
the potential destruction downstream of Rajang River communities and infrastructures [5].
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A hydrology study was carried out using RunOff Routing on Burroughs (RORB) software.
Thiessen Polygon method estimates the spatial distribution of six (6) rainfall stations within
the Bakun catchment. The peak rainfall for 1 in 50 and 1 in 100 year return period were
derived using the rainfall statistical analysis; Pearson Type III, Log-Normal and Gumbel dis-
tribution. Rainfall-runoff routing modelling was undertaken with the RORB tool to estimate
peak flood discharge (PFD) for 1 in 50 and 1 in 100 year return period.

For future precipitation under changing climate, the projected rainfall data from [1] is used
for this study. The peak for rainfall and discharge are analysed using RORB, and the result
becomes the input for hydraulic modelling using GeoHECRAS software. GeoHECRAS is a
useful tool in floodplain mapping studies because of its capabilities in performing flood rout-
ing, hydraulic modelling and surface profile analysis in a single platform.

Reservoir flood routing through Bakun spillway and power station was carried out based
on the data and operation rules from [6]. Reservoir capacity, inflow hydrograph and spill-
way discharge capacity were the input to generate inflow—outflow hydrograph. In addition,
the flood mapping pre and post Bakun Dam operations were generated to see the impact of
Bakun Dam in flood mitigation.

This study aims to (1) Analyse peak rainfall and PFD at Murum-Bakun Catchment for 1
in 50 and 1 in 100 years return period based on (i) historical rainfall and (ii) future projected
precipitation under changing climate and (2) generate a flood map pre and post Bakun Dam
operation for 1 in 50 and 1 in 100 year return period of historical and future projected flood
event using GeoHECRAS software. The study areas extent includes the upper Rajang River
reach until Belaga Town. It will also be a platform for assessing the capability of GeoHE-
CRAS for flood mapping exercises in Sarawak.

2 STUDY AREA AND DATA DESCRIPTION
2.1 Study area

Rajang River is the longest river in Sarawak, Malaysia and extends approximately 565 km
in length. Major towns located downstream of the Rajang River are Belaga, Kapit, Song,
Kanowit and Sibu. This study maps Rajang River’s floodplain to Belaga Town, and selection
was made due to Belaga Town’s vulnerability to the flooding risk.

Belaga is one of the districts in the Kapit division. Its centred area is Belaga Town, with
a population of 44,500 people. The Town has a maximum elevation of 73 m above sea level
and a minimum of 51 metres above sea level. It is also located in a tropical area with high
temperatures and high rainfall experienced throughout the year.

Due to its location in the tropical area, the rainfall in Belaga Town is generally evenly dis-
tributed throughout the year as they are more sheltered from the influence of the monsoon,
with an average annual rainfall of about 2,286 mm.

Being equatorial, the temperature is generally uniform throughout the year, with an annual
variation of less than 2°C. Daily temperature variations can be large; however, extreme hot or
cold temperatures are rare. Seasonal and spatial temperature variations are relatively small.

Mean monthly relative humidity is 70%-90%, depending on location and time of year.
Daily variations can be significant, with mean daily minimums as low as 42% during dry
months and as high as 70% during wet months. In 2010, Belaga had 20.3 Mha of natural
forest, extending over 87% of its land area.

A locality map of the study area and rainfall stations in Murum-Bakun catchment is pre-
sented in Fig. 1.
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Figure 1: Locality map of the study area and rainfall stations in Borneo.

2.2 Data description

2.2.1 Rainfall and inflow data

The historical rainfall data from the 6 rainfall stations from 1976 to 2020 within the Murum-
Bakun catchment were used to generate the peak rainfall for 1 in 50 and 1 in 100 year return
period. These two return periods are selected as the flood boundary of the 50- and 100-year
flood are often used in flood mitigation programs in high-risk flooding areas.

Climate change will impact the seasonal and annual precipitation over the RRB. Climate
models are widely used for assessing climate changes impact that includes precipitation,
temperatures and sea level. A global climate model simulation was referred to as the Cli-
mate Model Intercomparison Project (CMIP) [7]. The future rainfall data for this study was
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generated using Climate Model Intercomparison Project Phase 5 (CMIP5). This selection is
because CMIPS5 is the most up-to-date set of widely used climate models [7] and is widely
used for assessing the global flood risk based on the multiple atmosphere-ocean general cir-
culation model (AOGCM) [8].

In 2014, the RCPs were first used in the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC) as part of the final reports to deliver the findings. The RCPs
use to encapsulate future trends. It predicts the changes in the concentrations of greenhouse
gases in the atmosphere in future. The four RCPs range from very high (RCPS.5), average
(RCP4.5) and (RCP2.6) are, representing the concentrations in 2100.

For this study, two Representative Concentration Pathway (RCP), representing ‘medium’
(RCP 4.5) and ‘high’ (RCP 8.5) scenarios to generate data in [1], were used to project pre-
cipitation for the year from 2022 to 2081.

2.2.2 Streamflow and outflow data
Sarawak Energy Berhad (SEB) has hydrometric stations at Murum Dam, Bakun Dam and
downstream of Belaga Town. The hydrometric stations at Murum and Bakun dams record
water level and inflow, and the data are stored in the centralised hydrological database. A
hydrometric station downstream of Belaga Town is recording the water level. In addition,
the river discharge was manually recorded from time to time to provide a rating curve for the
elevation against discharge. All the inflow data has been checked for calibration and valida-
tion of the hydrological model exercise in RORB.

The required input for the Bakun reservoir flood routing calculation was obtained from
Table 1 and the Bakun spillway operating manual [6].

The controlled release discharge parameters were incorporated into the reservoir routing
model using the following information:

e Discharges from the Bakun Dam of 1,314 m*s have been assumed for normal operating
conditions for electricity generation.

e The minimum operating water level of the reservoir is 195 m ASL. If the water level falls
below this limit, it is assumed that normal operations will cease, and dam discharge will
be limited to 150 m¥/s.

e The full supply level is 228 m ASL. If the water level exceeds this limit, it is assumed that
the spillway will be opened to lower reservoir water levels. The spillway has a crest level
of 209 m ASL and consists of 4 radial gates of 15 m width.

Table 1: Characteristics of Bakun HEP.

Reservoir parameter Bakun HEP Units
Catchment area 14,750 km?
Full supply level (FSL) 228 m ASL*
Crest level 235 m ASL*
Minimum operating level (MOL) 195 m ASL*
Reservoir volume at FSL 35,895 Mm?
Reservoir area (maximum flood level) 625 km?
Active storage volume 16,466 Mm?®

* ASL — above sea level.
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e Bakun releases water through the power station, via release valves or over the spillway to
ensure a minimum combined release of 800 m*/s when the reservoir level reaches EL 216 m
and above to enable downstream express boat navigation.

e The reservoir application into the hydraulic model was partly conceptual, based on avail-
able topographic data and adjusted to include the specified depth-volume curves. Flow
through the Bakun plant was described using two control structures in GeoHECRAS.

2.2.3 Topographic data

The delineation of catchment sub-basins and stream reaches was sourced from Interferomet-
ric Synthetic Aperture Radar (IFSAR) with a resolution of 3 m. For the river stretch from
Bakun Dam to Belaga Town, Light Detection and Ranging (LiDAR) survey data were used.
Both topography data are available within Hydro Department in Sarawak Energy Berhad.

3 METHODOLOGY
This study’s two major components are (1) hydrology modelling — analysis for the historical
and future precipitation to generate the peak rainfall and peak discharge under 50 and 100
years event and (2) hydraulic modelling — generating the flood plain mapping using GeoHE-
CRAS, pre- and post-Bakun Dam operation for output of the first component.

3.1 Hydrology modelling

3.1.1 Areal catchment rainfall

There are six rainfall stations within the Bakun catchment. The rainfall recorded at each
station represents only a specific catchment area. So naturally, the rainfall distribution is
not uniform over the entire catchment, and there is a need to obtain average rainfall that can
represent the entire catchment. Limin et al. [9] mentioned three conventional methods used
to generate average areal rainfall: arithmetic, the Thiessen Polygon and the Isohyetal method.

Qing et al. [10] mentioned that Thiessen Polygon is one of the important methods for
quantifying area rainfall. This method is also widely used because of its high accuracy on
better-distributed rainfall stations, and the computation process is fast.

The Thiessen Polygon approach determines average precipitation over a Murum-Bakun
catchment area. This approach was selected as it is suitable for the non-uniform distribution
of rainfall stations in the Murum Bakun catchment area, which also factored in the weight-
age area for each gauge [11]. The World Meteorological Organisation [12], in the report,
mentioned that the Thiessen polygon method was acceptable to be used for non-uniform rain-
fall station areas. In their research, Bruce and Clark [13] identify that the Thiessen Polygon
method possesses value points for areas with fewer rainfall stations and non-uniform distrib-
uted areas. Ward and Robinson [14] view that the method has some spaces for non-uniform
distribution of rainfall station and allow adjacent areas data to be incorporated in the aver-
age areas. Ahmed et al. [15] mentioned that the Thiesson Polygon method is more accurate
for the non-uniform network of rainfall stations than the arithmetic method. The method is
acceptable if the differences between the rainfall data are not significant. For this study, the
result of average rainfall generated using the Thiessen Polygon method was not compared
with other methods due to the constraint of time. Refer to Fig. 2 for the Sub-catchment area
divided into polygons for the Thiessen Polygon method.
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Figure 2: Sub-catchment area divided into polygons for Thiessen Polygon method.

3.1.2 Storm temporal pattern
There is a temporal pattern for the Sarawak region developed by the Department of Irrigation
and Drainage (DID) through the publication of “Estimation of Design Rainstorm in Sabah
and Sarawak” [16].

There are five regions in Sarawak with different Temporal Patterns, and the Bakun catch-
ment is located in Region 3. Therefore, the temporal pattern data for Region 3 in the report
was adopted for the rainfall analysis; refer to Fig. 3.

3.1.3 Analysis for peak rainfall based on historical data and future precipitation projection
Probability distribution and annual peak rainfall are commonly used to analyse the histori-
cal rainfall to manage better water resources, including flood mitigation [17]. Khudri et al.
[18] stated that selecting the best fit for probability distribution to assess the extreme rainfall
estimates depends on the rainfall characteristics and the selected area. Authors [19], [20]
and [21] reported that normal, log-normal, log-Pearson type-III and Gumbel distributions
commonly analyse peak annual rainfall. Authors [22] and [21] mentioned that Log Pearson
Type III (LPIII) is the overall best fit for probability distribution for one (1) day storm events.
Baghel et al. [23] consider Log-Normal (LN) and Gumbel (GBL) distribution as the best fit
in their study.

For this study, Log Pearson Type I1I, Log-Normal and Gumbel were adopted and compared
to fit maximum rainfall values in the Bakun catchment. Analyses were performed for storm
periods of 1-day. Daily rainfall data from six stations for the 44 years (1976-2020) provided
the basic data for the study.

3.1.4 Analysing peak discharge using RORB

There are many methods for estimating peak runoff or discharge in a catchment. One of the
methods is through runoff routing technique using a network of storages like runoff routing
on burroughs (RORB) model [24].
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Figure 3: Region maps in Sabah and Sarawak, Malaysia.

RORB is an interactive, non-linear distributed runoff and inflow routing model. This soft-
ware was chosen because of its widely recognised capabilities in flood routing. URS Aus-
tralia [25] has used RORB in assessing the peak rainfall and flood routing to determine the
peak discharge from 1 to 2 AEP to 1 to 2000 AEP for rivers in Bowen Basin, Australia. A
similar exercise has been performed by a SMEC consultant using RORB to develop Baleh
and Baram Hydro Electric Project (HEP) in Sarawak, Malaysia [26, 27]. The catchment area
for these two projects carried by SMEC consultants is comparable to the Murum Bakun
catchment.

The software is relatively easy to use and only require two inputs, K_and m, for the user
to determine. It has also been widely used in many catchments studies in the Asia Pacific
and Malaysia for flood risk assessment. For example, Selvalingam et al. [28] found that the
RORB model was able to simulate the runoff hydrograph and the result is well fitted with the
recorded hydrographs in their study in Singapore. The step by step using RORB is detailed
in sections 3.1.5-3.1.7.

3.1.5 Catchment delineation and reaches and nodes

RORB model setup begins with the catchment modelling. The catchment was divided into
114 sub-catchments, river links and nodes were connected utilising a combination of LiDAR
and IFSAR survey data of the Murum—-Bakun catchment [3]. The formed series of links and
nodes represent the reaches of flow and the nodes of each sub-catchment, as shown in Fig. 4.
Parameters like river length and sub-catchment area were defined and determined. The stor-
age discharge relationship in the RORB model is:

§=3,600 *K_. *K_,; *Q", (1)
where § = storage in reach (m?), Q = discharge (m’/s), K_and m are main catchment param-

eters that can be obtained through trial and error fitting, known as a fit run in RORB model
setup, while K = relative routing lag parameter for the specific reach and storage [25].
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Figure 4: RORB model layout.

3.1.6 K_and m values in RORB

In the RORB model, catchment lag and non-linearity are controlled by K and m, respectively.
The selection of K and m values was performed through the fit run. A wide range of peak
discharges of the recorded inflow was selected to estimate the K and m values. Trial and
error methods were performed by adjusting the K and m values range to obtain the best fit of
the recorded inflow hydrograph. The selected K and m values were tested against other peak
discharge graphs and provided an acceptable fit with accuracy within +/-15% [24], which is
considered good accuracy. Among all the fit runs, the m value of 0.75, K value of 152 and 0
for initial loss were adopted as the best fit for all the storm events in the study area.

3.1.7 Reservoir flood routing

Reservoir routing is an arithmetical process to determine the magnitude changes over time
and shape of a transitioned flood wave passed dam structure. The flood wave travels from
the reservoir’s surface level to the outflow structures such as spillways, low-level outlets and
turbines at the power station. Complex calculations are made factoring in the elevation stor-
age and elevation-discharge data of the reservoir.

There are two common methods used in flood routing; hydraulic and hydrological. A
hydrological method is selected for this study as it is simpler and only requires an inflow
hydrograph to generate outflow. One of the hydrological methods used is Modified Puls.
It was selected for this study because the reservoir eliminates its suitability in flood wave
impact.

A study by Ogbonna et al. [29] stated that the prediction for outflow and measured outflow
are close and have low standard error compared to other models. Modified Puls routing also is
typically used for reservoir routing where a unique storage-outflow relation is available [30].
Reservoir flood routing will be performed based on a relationship between reservoir storage
and outflow. The continuity form for each time step will be calculated using equation (2):
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where S, = storage for each increment, I, = inflow, O, = outflow and ¢ = time step.
3.2 Hydraulic modelling

3.2.1 Generate flood using GeoHECRAS

GeoHECRAS is a useful tool in floodplain mapping studies because of its capabilities in per-
forming food routing, hydraulic modelling and surface profile analysis in a single platform
[5]. In addition, it saves much time compared to a more standard approach using HEC-RAS
coupled with Geographic Information System (GIS) tools.

Digital elevation map of the study area was obtained from LiDAR data and processed using
GeoHECRAS to get the elevation grid. A downstream of Rajang River reach until Belaga Town
was selected to cover resettlements along the river and assess the flood risk to Belaga Town.

A river centreline was drawn along the river alignment displayed on the base map layer
using the Draw River Reach tools in GeoHECRAS software. Then, the next step is to draw
cross-sections on the pre-determined intervals. Finally, Manning’s n values were assigned for
the main channel and over banks based on the software’s default values.

The boundary condition for downstream and upstream river reach was selected, and the
software calculated the boundary slope. Flood flows under 1 in 50 and 1 in 100 years return
periods were specified in steady-state flow data, and analysis was performed using a com-
puted steady function in GeoHECRAS.

The rating curve for Pelagus gauging station was selected for calibration as it has the most
actual discharge measurement compared to other gauging stations downstream of Bakun
Dam. The observed water surface level (WSL) of the peak discharge at the Pelagus gauging
station was obtained from the available rating curve of elevation-discharge data. It was then
compared with the simulated WSL in the software. This is done in a steady flow calibration
function. If these two data were found to have a significant difference in value, the model
needs to be calibrated by adjusting Manning’s n values for both the main channel and the over
banks. Once the model is calibrated, flood maps under different return period floods were
generated for visualisation in a GIS map.

4 RESULT AND DISCUSSION
4.1 Current and future rainfall analysis

The peak rainfall for 1 in 50 and 1 in 100 years return period was analysed as per Section
3.1.3. Figure 5 shows the rainfall depth at different return periods computed using statistical
analysis methods. The maximum rainfall for Bakun catchment for 1 in 50 years return period
is 148 mm, and 171 mm for I in 100 years return period based on the historical rainfall. The
same would be expected for the projected rainfall under RCP 4.5 and RCP 8.5. However,
looking at Fig. 5 for 1 in 100 years event. The peak rainfall for the RCP4.5 2022-2051 is
higher than RCP4.5 2052-2081. The result does not behave as expected and does not align
with the result for RCP4.5 under 50 years event. The difference could be due to some errors
in input for perturbation exercise in CMIPS5 modelling. The next study on this subject will
reassess and fix the difference mentioned above.
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Peak Rainfall for 1 in 50 & 1 in 100 years return period
based on historical and the projected rainfall

250

200 235
N 106 210 224
150 177 171 185

158 158
148
100

50

mm

Peak Rainfall

1 in 50 years 1 in 100 years
Historical and the projected future Rainfall

Historical RCP4.5 (2022-2051) RCP4.5 (2052-2081)
RCPS.5 (2022-2051) RCPS.5 (2052-2081)

Figure 5: Peak rainfall for 1 in 50 and 1 in 100 years return period based on historical and
projected rainfall.

There are increases in precipitation observed for the latter part of the 21st century, under
RCP4.5 and RCP8.5 for 2022-2051 and 2052-2081. For RCP4.5 2022-2051 and 2052-
2081, the peak rainfall is increased about 6-22% each under 1 in 50 years return period and
1 in 100 years return period. Meanwhile, for RCP8.5 2022-2051 and 2052-2081, the peak
rainfall is increased about 16-27% each under 1 in 50 and 1 in 100 years return period.

4.2 Peak flood analysis under historical and future precipitation

Methods employed to evaluate peak discharge in the upper RRB have produced a range of
estimates of peak design discharge, as in Fig. 6. The peak discharge value is higher in the
more significant return period and increases toward the 21st century. For example, the peak
discharge for 1 in 100 years return period from historical data, 8,714 m?s, is higher than
7,358 m3/s, a peak discharge for 1 in 50 years return period. The peak discharge values under
RCP4.5 and RCP8.5 for 2022-2051 and 2052-2081 are higher, about 7-31%, than peak dis-
charge from historical data. Again, the peak discharge for RCP4.5 under 100 year events of
2022-2051 compared to 2052-2081 are directly affected by the peak rainfall from the same
parameter.

4.3 Flood mapping for pre- and post-Bakun Dam operation

The WSL (m) for the peak discharges of 1 in 50 and 1 in 100 return periods for the Pelagus
gauging station was generated using the available rating curve of average discharge (m3/s)
against the WSL (m) graph for Pelagus gauging station. These levels were categorised as
observed WSL. In addition, the WSL generated from the simulation of steady flow simulation
was categorised as calculated WSL.
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Peak Discharge for 1 in 50 & 1 in 100 years return period
based on historical and the projected rainfall
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Figure 6: Peak discharge (m3s) in 1 in 50 & 1 in 100 years return period based on historical
and the projected future discharge.

The first step for calibration involves assigning default Manning’s value, n, for the river
cross-section [31]. The default value of 0.032 was used for the main channel and 0.045 for the
over banks in the steady flow analysis step. Next, the observed WSL will be compared against
the calculated WSL. There are differences at the first analysis run, and the model needs to
be calibrated. The calibration was completed with » values of 0.032 and 0.040 for the main
channel and river overbank.

The peak discharge recorded at Pelagus gauging station was 4,390 m?/s with a WSL of
21.55 m. The calculated WSL for 4,390 m*/s using GeoHECRAS was 20.94 m, and these two
figures are quite close to each other.

The calibration model was evaluated using Nash-Sutcliffe efficiency (NSE) for model per-
formance. Moriasi et al. [32] mentioned that NSE rating can be categorised as NSE = 1.0 is
the perfect fit, NSE > 0.75 is a very good fit, NSE = 0.64-0.74 is a good fit, NSE = 0.5-0.64
is a satisfactory fit and NSE < 0.5 is an unsatisfactory fit. In general, an NSE of more than
0.5 is considered satisfactory in performance rating. The NSE formula has calculated NSE
value was 0.88, which falls under a very good fit category. The observed and calculated WSL
for different return period floods for the river reach at Upper Rajang River are presented in
Table 2.

Figure 7 shows the Belaga Town condition impacted by the flood under 1 in 50 years and 1
in 100 years return period based on peak discharge data from historical RCP4.5 and RCP8.5
pre-Bakun Dam operation. The figure shows that more than 50% of the Belaga Town area is
inundated or submerged under the water under these flood events.

However, Fig. 8 shows that with Bakun Dam is in operation, the potential flood impact
at Belaga Town is mitigated. This is because the extreme discharge upstream due to storm
events is contained by Bakun reservoir. When the reservoir level reaches full supply level
(FSL) of 228 mean above sea level (masl), the water will be released through spillway and
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Table 2: Observed and calculated WSL at Pelagus gauging station for different return period

floods
Flood event (year)  Discharge Observed WSL  Calculated WSL ~ Calculated WSL
(m?/s) (m) without reservoir  with reservoir
routing (m) routing (m)

Calibration 4,390 21.55 20.94 Not Applicable
11in 50 7,358 23.94 23.72 16.88

1in 100 8,714 24.76 24.83 16.88

RCP4.5 (1 in 50) 7,944 24.31 24.22 16.89

RCP4.5 (1in 100) 11,063 25.95 26.59 16.89

RCP8.5 (1 in 50) 10,215 25.55 25.98 17.09

RCP8.5 (1in 100) 11,919 26.61 27.59 17.09

Figure 7: Flood plain map for Belaga Town under 1 in 100 years return period for historical,
RCP4.5 and RCPS8.5 pre-Bakun Dam operation.

turbines. Figure 6 also shows that with Bakun Dam’s existence, the simulated water level
at Pelagus gauging station is about the normal water level, showing the efficiency of Bakun
Dam in mitigating the extreme flood under 1 in 50 and 1 in 100 years event.

5 CONCLUSIONS AND RECOMMENDATION
This study analyses the peak rainfall under historical data (1976-2020) and projected future
precipitation of 2022-2081 for Murum Bakun catchment from the Coupled Model Inter-
comparison Project Phase 5 (CMIP5). Figures 4 and 5 observed that peak rainfall and peak
discharge are increased between 6-27% and 7-30%, respectively, compared to peak rainfall
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Figure 8: Flood plain map for Belaga Town under 1 in 100 years return period for historical,
RCP4.5 and RCPS.5 post Bakun Dam operation.

and peak discharge based on historical data. The increase in future precipitation projection
warrants the relevant authorities and asset owners’ attention to assess the flood risk continu-
ously in the future toward the structures and communities downstream of Bakun station.

Figures 7 and 8 shows the flood plain mapping under 1 in 50 years and 1 in 100 years return
period for Belaga Town pre and post-Bakun Dam operation. Post Bakun Dam operation, the
flood risk is reduced significantly as the Dam collects and holds the reservoir waters until the
level reaches FSL at 228 m ASL. When they reach 228 m ASL, the reservoir waters will be
released back to the downstream river at a controlled speed through the spillway. Therefore,
with Bakun Dam in operation and with a properly planned and controlled release of water
downstream of the Dam, it was concluded that the flood occurrence to the downstream com-
munities would be further minimised, especially in Belaga Town.

With frequent flood events in the past at upper RRB and the increased precipitation projec-
tion, this study’s findings will provide useful information for flood mitigation and preparation
for emergency action plans. Therefore, the recommendation for the next steps of the study
are summarised as follows:

1. To extend flood plain mapping under the peak discharge up to Probable Maximum Flood
(PMF) for historical and future precipitation of RCP4.5 and RCP8.5 for 2022-2081 to
assess Belaga Town susceptibility toward the most extreme flood risk.

2. To generate the flood mapping post-Bakun operation for item 1 to assess the functional-
ity of Bakun station in mitigating flood to the downstream river.

Floodplain mapping is crucial in development planning, sustainable water resource man-
agement and advanced emergency action plans. The software used for this study, GeoHE-
CRAS, demonstrates a useful and user-friendly tool in hydraulic modelling and flood map-
ping exercise. The software also is capable of performing flood routing, hydraulic modelling
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and surface profile analysis in a single platform. All the hydraulic modelling and flood plain
mapping process is done in a single software and has saved much time compared to the most
commonly used method, a combination of HEC-RAS and GIS tools.
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ABSTRACT

Constructed wetlands (CW) can be considered an efficient municipal wastewater treatment technology,
suitable to be used on a local level in both rural and urban environments. This technology is popular and
normally used in Europe having the attributes of a success story — cheap in investment and simple in
operation. Nevertheless, the transfer of this technology to developing countries is a challenge of some
kind, the main reason being a different technological and cultural context there. The paper discusses
the implementation process of CWs in the Kathmandu Valley, Nepal, the East. The concept of diffu-
sion of innovation is used as the guideline, namely two of its perspectives — motivation of end-users to
implement the technology, and the way the information about the technology is spread. Empirical data
were obtained by use of semi-standardized interviews with the three types of stakeholders involved, the
end-users themselves, local authorities, and pertinent NGOs. On this basis, three main reasons (moti-
vations) to implement CWs for municipal sewage water treatment were found, which can appear in a
combination — environmental-religious, pragmatical and prestigious. In parallel, three communication
channels were identified which can be metaphorically named professional enlightenment, peer influ-
ence (or exempla trahunt) and direct external aid.

Keywords: communities, constructed wetlands, diffusion of innovation, land management, Nepal,
pollution control, water management.

1 INTRODUCTION
In Nepal, as in other Southeast Asian countries, the urban areas are spontaneously expand-
ing. Regional and urban planning is obviously not enough to keep up, including the design of
infrastructure for wastewater management [1].

As to the Kathmandu Valley, the major sources of wastewater are domestic, industrial,
commercial, agricultural and storm waters [2]. The High-Powered Committee for Integrated
Development of Bagmati Civilization (HPCIDBC) was established in 2009 to work with
the objective of keeping the Bagmati River and its tributaries clean by preventing, or at least
minimizing, the direct discharge of solid and liquid wastes into the river and conserving the
river system within the Valley. The Committee planned to construct a trunk sewer pipeline
along either bank of the river, secondary sewer pipelines and wastewater treatment plant
(WWTP), along with the river training works [2]. Subsequently, five centralized municipal
WWTPs were constructed within the Kathmandu Valley [3].

However, considering the volume of wastewater production, the volume of treatment is
not satisfactory [4]. In 2013, a comprehensive solution to the situation was proposed: The
Kathmandu Valley Wastewater Management Project (KVWMP) of the government of Nepal,
which, however, was still not completed in 2019 (in December 2019, testing of its part,
the newly reconstructed Guheshwori WWTP, was launched) and during the COVID pan-
demic stagnated. This project was aimed at improving wastewater services in Kathmandu
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Valley through extensive investment in rehabilitating and expanding the sewerage networks,
modernizing, and constructing WWTPs, and supporting operational and financial improve-
ments and capacity building. The work included the rehabilitation and construction of new
WWTP at Kodku (Patan), Sallaghari (Bhaktapur), Dhobighat (Kathmandu) and Guheshwori
(Kathmandu). All WWTPs designed under this project were supposed to be rehabilitated or
constructed on the land area owned by the government. This should have ensured their proper
operation, continuous specialist supervision as well as sufficient electric power supply [5].

Nevertheless, the centralized wastewater treatment systems appeared to be questionable,
mainly due to the high cost of operation, discontinuous power supply, lack of proper main-
tenance and lack of proper technical workforce to address the problem [3]. Instead of the
centralized municipal wastewater treatment systems, decentralized systems (DEWATSs) that
imitate the purification function of natural wetlands, started to be promoted in Kathmandu
at varied levels, including households, institutions and communities [2]. The systems are
designed to treat the greywater from the household through a well-designed and aesthetically
pleasing wetland, pond and water fountain systems. The treated water is reused for garden-
ing, agriculture, or domestic use. The efficiency of the system is measured from 80% to 98%
removal of both biological oxygen demand and chemical oxygen demand [6]. In addition to
its efficiency in removing pollutants, this technology is cheap in investment and simple in
operation. As such it can be considered appropriate for application in Nepal, as these attrib-
utes seem to help in overcoming obvious obstacles new high-tech technologies face when
implemented in situations that do not meet the European standard.

The pilot-scale constructed wetland (CW) technology was implemented in Nepal in 1997,
by the Environment and Public Health Organization (ENPHO), in collaboration with the
Institute for Water Provision, University of Agricultural Sciences, Vienna, Austria. Local
government units, UN-Habitat, ENPHO and users’ community groups supported the use of
CW technology [1].

The CW technology is popular and normally used in Europe. Although it has the attributes
of a success story — cheap in investment and simple in operation — its transfer to developing
countries is a challenge of some kind, the main reason being a different cultural context there.
It can be documented, among others, by experiences the ENPHO obtained when evaluating
the first decade since the technology had been introduced into the country. They found that
this simple and cost-effective system can be used to treat various types of wastewaters, rang-
ing from greywater to leachate and septage. However, despite the enormous potential for the
use of CWs for wastewater treatment, there are still some challenges that slow down the pro-
cess of the practical application of this technology in Nepal. These challenges can be found
discussed at length in the pertinent professional literature [7], [8], [9], [10], and many others,
and simply listed in the following way:

e The CW technology is relatively new to Nepal, and thus, it is unknown to most of the
population. Due to the lack of awareness of this technology, it is often difficult to convince
people that it will work;

e although CWs are cheaper than centralized wastewater treatment systems, the CW tech-
nology still can be expensive for low-income populations. Hence, it is still difficult to con-
vince people to invest in the technology instead of just discharging effluent into the river;

e it is a low maintenance system, nevertheless, people often think it is a no-maintenance
system. This sometimes leads to carelessness in operation and maintenance requirements
such as checking for blockage in the pipes, harvesting the plants, etc;
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e wastewater treatment is not a priority for the city governments, private industrialists, or
institutions, due to the lack of strong legislation and standards; and

e on the individual level, one of the biggest challenges is the lack of land for CW construc-
tion since land is very expensive in city areas and people occupy land only for house build-
ing construction, and no open free space is available.

The present situation does not differ from the picture drawn above, the practical implementa-
tion of CW technology into practice sustains still a challenge.

The problem of the application of new technologies, obviously called the application of inno-
vations, is a more general theme, however. The process of adopting new technologies has been
studied for over 30 years, one of the most popular adoption models being explained by Rogers
[11]. Much research from a broad variety of disciplines has used the model as an explana-
tory framework. The papers [12] and [13] mention several of these disciplines as political sci-
ence, public health, communications, history, economics, technology and education, and define
Rogers’ theory as a widely used theoretical framework in technology diffusion and adoption.
In fact, much diffusion research involves technological innovations, so Rogers usually used
the words “technology” and “innovation” as synonyms and defines diffusion as the process in
which an innovation is communicated through certain channels over time among the members
of a social system [11]. As can easily be derived from the definition, the nature of innovation,
communication channels, time and social system can be considered the four key components
that form the process by which the new technology is supposed to spread out.

In the context discussed here, it is important to point out that for Rogers, the technology is
composed of two parts: hardware and software. While hardware is “the tool that embodies the
technology in the form of a material or physical object”, software is “the information base for
the tool” [1]. The “software”, in our case, can be interpreted as the social and cultural context
in which the technology is discussed and interpreted, and, consequently, decided to be or
not to be implemented. The paper addresses the two components of Rogers model, namely
communication channels and social system in terms of the motivation of users with the aim
to understand ways by which the technology is promoted, and reasons that led users to apply
this technology in practice.

2 METHODS USED

The aim of the research was to understand the situation; therefore, qualitative methods were
preferred for information gathering and processing [14] and [15]. The identification of the
unit of analysis was based on the theoretical presumption that refers to the Thomas theorem
[16] and early works of the Chicago School [17], namely that social reality is dynamic, and
socially constructed by all actors involved in a particular situation. Based on that, a particular
CW, either functioning or out of operation, was used as the unit of analysis, defined as a situ-
ation in which three actors participate:

e Users, i.e. local communities, institutions (both governmental and non-governmental), and
private owners,

e local authorities, that set the political and economic context, i. e. mayors, regional politi-
cians, etc., and

e NGOs (from local to internationally recognized) that mediate financing, building and op-
eration of the CW.
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The basic set was defined as the CWs in the Kathmandu Valley, identified by the list elabo-
rated by the ENPHO. In total, it was comprised of 60 CWs existing within the Kathmandu
Valley operated by a variety of users. Having the list at disposal, the next step was the try to
contact the persons responsible and arrange a meeting in situ. It appeared, however, that out
of the total 60 CWs, only 23 responded in some way which enabled us to visit these respond-
ents and consider them as the sample (see Table 1).

The field campaign was realized in the form of semi-structured interviews with key inform-
ants in situ, i.e. next to the CW, or in the office of a pertinent authority or an NGO (Fig. 1).
The narration was structured primarily along with the following themes, the scheme however
was flexible enough to cope with local peculiarities:

Table 1. The structure of the sample.

Fully Partly Not In total

functioning  functioning functioning

1 1 3 5
Communities 1 ! ; ;
‘Monasteries 0 0 ! I

Figure 1: The interview in Sunga Thimi village.
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e “Ownership” of the CW and stakeholders involved, as well as the reasons to decide for
choosing the technology, and

e conditions of the system maintenance, and the prospect of the future (more details about
the narratives can be found in [18].

Being there enabled us to combine interviewing with observation. We were fully aware of the
fact, that Nepal is “another world” distant from our understanding both in terms of language
and, particularly, in terms of culture. To cope with the challenge, three interviewers were
present in situ together, two Czech, and one Nepali, the latter playing the role of “interpreter”
mediating the questions asked in English to fit the local context. All the interviews were then
ultimately held in Nepali, audio-recorded, subsequently transcribed verbatim, and translated
into English. The short films and photo documentation of the terrain research were made.
Finally, all the texts became the subject of thematic analysis.

3 RESULTS
3.1 Channels of communication

As said earlier, the technology was installed for the first time in the Kathmandu Valley in
1997. Since it started to spread out in various ways. Behind the variability, however, three
more general patterns can be identified.

3.1.1 ENPHO - interested end-user

National NGO named ENPHO (Environment and Public Health Organisation) appeared to
play a pivotal role in the process of CW technology propagation both in terms of direct
construction and promotion among the public, including capacity building, as it can as well
be documented by their webpage, where these activities represent an important part of their
portfolio [19].

This to some extent unique position can be explained by the fact that “ENPHO was there”
when the technology was for the first time introduced into the country. The external profes-
sional assistance provided by BOKU at that time, and further even pronounced the chance of
the ENPHO to take the almost monopolistic position at the market or at least the position of
the indispensable actor operating there. ENPHO identifies the potential user and addresses it
with the offer that it (ENPHO) can mediate the whole process, i.e. establish the consortium
of financing the project, including co-financing by the end-user, organize the building of the
CW, and assist in monitoring the CW operation. The alternative variant is that the interested
potential user addresses the ENPHO with the request. The other steps are identical to the
above. This channel can be metaphorically called a “professional enlightenment with the
business aspect” since ENPHO partly lives from this money. Over time, as well other NGOs,
such as e.g. LUMANTI, entered the market, however as cooperating institutions only, with-
out any factual effect on the leading role of the ENPHO in this field of activities.

3.1.2 Exempla trahunt

Meaning replication of the technology based on “following already existing and proved
example”. The information on the (somewhere) functioning CW is crucial in this case. Hence
the publicly accessible CWs seem to play a pivotal role, or the information spread in the hear-
say mode. The story of the CW designed by the Shreekandphur community is somewhere in
the middle and can serve as a typical example. The community in fact replicated the model
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existing in the Dhulikhel Hospital. The chef of the community saw the CW when visiting
the hospital and was inspired. As he was in very good personal relations with the manager
responsible for the hospital wastewater treatment, he was explained informally about the pros
and cons of this kind of wastewater cleaning and, consequently, provided by the appropriate
contacts which in the end enabled to build and operate the CW in the Shreekandphur.

3.1.3 Direct foreign aid

This model represents initiatives realized and funded by international projects and can be
applied not only to CWs but more generally. It is a matter of fact, that these projects follow
their own logic dictated by donor agencies. It is not surprising then, that their objectives are
defined to meet requests of particular calls, rather than local conditions and needs. Only
afterward they are negotiated with local or regional potential end-users with the aim to find
the compromise — to fulfil the project main objectives and satisfy local needs. It, in some
cases, may lead to the situation when the end-user does not feel to be the “owner” of the
project output and cease to take care of it immediately after the project life is over. There
are of course success stories, usually in the cases, where the historical and cultural role
of a community is placed at the centre of the process via ‘community-led’ planning [20].
Horizontal CW, combined with rainwater harvesting for the Dhapakhel municipality can be
mentioned, realized under the EUREKA BIORESET project, as the solution of the water
scarcity in the area, and the Nala CW, financed by UN-HABITAT, Nepal, as demonstration
projects for community-based wastewater treatment. CW in Nala addresses the problems
experienced in the previous examples of Sunga and Sreekhandapur and adopts alternative
solutions accordingly [21].

3.2 Motivation

As the channels of communication, the motives as well represent a relatively broad array of
reasons to be found behind the building and operating of CWs. These categories or classes,
however, exist in a non-exclusive way. In fact, the classification is arbitrary in the sense that
reasons named below exist, however in the case of particularly CW they can appear in com-
bination, with one motivation obviously prevailing.

3.2.1 Environmental religious

This category represents the viewpoint merging two dimensions “expert” and spiritual, both
addressing, in fact, the same issue — humility. The expert dimension is based on the convic-
tion, that pollution negatively affects the river and that only clean water should be released to
the watercourse to keep the river living. The community of Sano Kokhana can be used as an
example of this approach. With the comment, they made that it is a pity, that they are the only
village on the Bagmati riverbank that goes this way and others, either up or downstream, do
not follow this way.

The spiritual dimension addresses the same issue but uses different “language”. Assessed
from this standpoint, any pollution of water, regardless underground or in the river, is a trans-
gression, a sin against God’s will (Fig. 2). In the case of Satya Sai Sikshya Sadan ecclesiastic
school, the care of water adopted as well educational aspects, as the CW as an appropriate
system of wastewater treatment is used for demonstration in teaching as can be illustrated
by Fig. 3.
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Figure 2 and 3: Satya Sai Sikshya Sadan.

3.2.2 Utilitarian

This type of motivation prevails in terms of the frequency in which appears. As in the Kath-
mandu Valley, the water supply is a challenge for most of the inhabitants, it is not surprising,
that people try to use the treated wastewater for irrigation. This source of utility water is
frequently combined with rain harvesting as is the case of Dhapakhel.

The utility of CWs is, in the situation when it is possible, enhanced by producing biogas
from solid parts of the wastes. Such a combination is seen as a good investment and often
becomes a subject of local business — especially selling gas for heating and cooking for com-
munity members. This kind of utilization of a CW was found when analysing the situation in
the Sano Kokhana and the Shreekandphur communities (see Fig. 4 and 5).

3.2.3 Image-making (prestige)

Unlike the two previously mentioned motivations that can be attributed mainly to local com-
munities and institutions, image-making is the dominating reason for implementing CWs
in places oriented outwards. Two types of such places were identified during the analysis
— prestigious schools and tourist-oriented places. Shuvatara International School in Lalitpur,
the private boarding high school, trying to attract rich clientele can be used as an example to
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Figure 4: Shreekandphur.

Figure 5: Sano Kokhana.

document the statement. The school uses the “environment-friendly” way of treating waste-
water as a “trademark” to demonstrate its exceptionality to attract rich students.
Tourist-oriented places are in our sample represented by the Namo Buddha Resort and
Chandra Ban Eco tourist localities. They are examples of private investment that builds on
the image of Nepal as a spiritual country (sometimes referring to the hippie era). And the
indispensable attribute of such an image is environment-friendly behaviour. Nature-based
technology, as the CW is, serves to manifest this standpoint with the aim to attract (rich)
clientele. As in many other businesses, the image, the pretending, is more important than real-
ity. Having it in mind, you cannot find surprising the fact, that the nicely looking basin with
flowering water plants is situated in the front. However, this basin is used for cleaning the
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Figure 6 and 7: Namo Buddha Resort.

water from the kitchen only, while the black water is being freely released to nature through
non-functioning wetland by pipelines in the back (Fig. 6 and 7).

4 CONCLUSIONS
Based on the information obtained by the research we suggest stating that CWs as a technol-
ogy for household wastewater treatment is getting recognition within the Kathmandu Valley,
slowly but continuously. It is despite the fact, that the government support is still not adequate
both in terms of direct (financial) support for building CWs and missing legislation as to the
environmental standards.

Given the situation, the process of diffusion cannot be seen as a top-down, officially sup-
ported process. It can rather be interpreted as network-based diffusion using personal con-
tacts, sometimes based on the peer model.

The array of motivation to use this technology is relatively broad, spanning from the very
pragmatical reasons induced partly by the lack of other utility water available up to purely
spiritual arguments. The tendency to pretend environment-friendly behaviour can be hypoth-
esized to be related to the opening of Nepal to globalization trends, misusing to some extent
the image of Nepal as a trademark of “spirituality” on the global market.
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We are fully aware of the fact, that the sample we used for our research was limited as
any other sample, hence outputs derived from the data gathered can be seen as contingent.
Nevertheless, they represent a probe of some kind to the value system of the Nepali society. It
would be then challenging to conduct such research in European conditions for comparison.

ACKNOWLEDGEMENTS
This paper was developed thanks to the EUEKA project E! 12219 BIORESET, co-financed by
the Ministry of Education, Young and Sports, Czech Republic (50%) and organization VODNI
ZDROIJE a.s. and thanks to the activity COST 17133: CIRCULAR CITY RE.SOLUTION,
the project “Natural Based Solutions for Water management in cities”, financed by the Min-
istry of Education, Young and Sports, Czech Republic

REFERENCES

[1] Shrestha, R. R., Application of constructed wetlands for wastewater treatment in
Nepal — Dissertation Thesis, University of Natural Resources and Life Sciences
(BOKU), Vienna, Austria. 1999.

[2] Roka, R. B., Dongol, R., Kalavrouziotis, I. K., Historical Development of Wastewater
Management in Kathmandu Valley. Conference paper: 4th IWA International Sympo-
sium on Water and Wastewater Technologies in Ancient Civilization, Coimbra, Portugal,
2016.

[3] Green, H., Poh, S. C., Richards, A., Wastewater treatment in Kathmandu, Nepal, Master
Thesis: Massachusetts Institute of Technology, Cambridge: USA, 2003.

[4] Shrestha, N., Lamsal, A., Regmi, R. K., Mishra, B. K. (2015): Current Status of Water
Environment in Kathmandu Valley, Nepal. Water and Urban Initiative Working Paper
Series, United Nations University Institute for the Advanced Study of Sustainability.
Available online: http://collections.unu.edu/view/UNU:2852

[5] Boukalova, Z., Tésitel, J. & Gurung, D. B., Nature-based water treatment solutions
and their successful implementation in Kathamndu Valley, Nepal. WIT Transactions
on Ecology and the Environment, vol. 242, WIT Press: Southampton and Boston, pp.
121-132, 2020.

[6] Shrestha, J., Kalu, S., Performance of DEWATS in Nepal. Journal of Environment
and Public Health, 1(1): 21-26, 2017. Online available: https://www.scribd.com/docu-
ment/458266773/ENPHO-Journal-V1-I1.

[7] Tuladhar, B., Shrestha, P., Shrestha, R., Decentralised wastewater management using
constructed wetlands. Online available: https://es.ircwash.org/sites/default/files/Tulad-
har-2008-Decentralised.pdf, 2008.

[8] WaterAid, Decentralised wastewater management using constructed wetlands in Ne-
pal. WaterAid in Nepal, Kathmandu: Nepal, 2008.

[9] Gurung, A. and Oh, S-E., An overview of water pollution and constructed wetlands for
sustainable wastewater treatment in Kathmandu Valley: a review. Scientific Research
and Essays, 7(11), 1185-1194, 2012.

[10] Gurung, S.B., Geronimo, F. K. F., Lee, S., Kim, L. H., Status of constructed wetlands in
Nepal: recent developments and future concerns. Journal of Wetlands Research, 19(1),
45-51,2017.

[11] Rogers, E. M., Diffusion of innovations (5th ed.). New York: Free Press, 2003.

© University of Venda



(12]

(13]

[14]

[15]

[16]
(17]
(18]
(19]

(20]
(21]

§
\B)) e

Z. Boukalovd et al., Int. J. Environ. Impacts, Vol. 5, No. 4 (2022) 341

Dooley, K. E., Towards a holistic model for the diffusion of educational technologies:
an integrative review of educational innovation studies. Educational Technology &
Society, 2(4), 35-45, 1999.

Stuart, W. D., Influence of sources of communication, user characteristics and inno-
vation characteristics on adoption of communication technology. Dissertation Thesis,
University of Kansas: Kansas, USA, 2000.

Charmaz, K., Constructing grounded theory — A practical guide through qualitative
analysis. SAGE Publications: London, Thousand Oaks, New Delhi, 2006.

Kielmann, K., Cataldo, F., Seeley, J., Introduction to qualitative research methodology:
a training manual, produced with the support of the Department for International Devel-
opment (DfID), UK, under the Evidence for Action Research Programme Consortium
on HIV Treatment and Care (2006-2011), 2012.

Thomas, W. 1., Thomas, D. S., The child in America: Behavior problems and programs.
New York: A. A. Knopf, 1928.

Park, R. E., Burgess, E. W., Introduction to the Science of Society, University of Chi-
cago Press: Chicago, USA, 1921.

Boukalova, Z., Tésitel, J. & Gurung D. B., Constructed wetlands implementation in
Kathmandu Valley, Nepal. International Journal of Environmental Impacts, 4(4), 363-
374, 2021. Online available: https://www.witpress.com/elibrary/ei-volumes/4/4/2849
https://enpho.org/

https://doi.org/10.1177/000271629956600105

Arnstein, S. R., A ladder of citizen participation. Journal of the American Institute of
Planners, 35(4), 216-24, 1969.

© University of Venda



9

O
&5 ) |University of Venda

tng F
@

Amad H. A. Gani et al., Int. J. Environ. Impacts, Vol. 5, No. 4 (2022) 342-349

CH,, CO, AND SO, EMISSIONS FROM THE HULENE DUMP,
MUNICIPALITY OF MAPUTO

AMAD H. A. GANI'?, FARISSE J. CHIRINDJA2, ANTONIO G. J. DIAS® & ANTONIO A. R. MONJANE!
'Universidade Pedagdgica de Maputo, Faculty of Natural Science and Mathematics — Mogambique.
2Universidade Eduardo Mondlane, Faculty of Science, Department of Geology — Mogambique.
3University of Porto, Faculty of Science, Department of Geosciences, Environment and Spatial Planning,
Portugal

ABSTRACT

The objective of this work is to evaluate the amount of CH,, CO, and SO, that is currently emitted by
the Hulene dump into the atmosphere. The work consisted in measuring these three gases using an S360
multigasometer that simultaneously measures eight gases. Measurements were made in April, May,
June, July, August and September, which are considered the dry season in Maputo city. Measurements
were made at 18 points of gas release pipes installed by the Municipality of Maputo. Point P10, presents
the highest value of 2.56 and 2.59 (% vol of CH,), respectively in the months of April and May. Point
P14 had the highest value of 2.95 (% vol of CH,) in April and 2.28 (% vol of CH,) in May. Point P15
presented values of 2.78 and 2.72 (% vol of CH,), respectively in the months of August and September.
Points P10, P14 and P15 showed higher values of CH, in April, May, August and September. Points
P9 to P13 showed marked variations of CO, in the months of July, August and September. Point P10
presented the highest value of 2.56 and 2.59 (ppm of CO,), respectively in the months of April and May.
Point P14 showed the highest value of 2.95 (ppm CO,) in April and 2.28 (ppm CO,) in May. Point P15
presented the highest value of 5,000 ppm of CO, in August and September. In April, points P1 to P6
showed values above 100 ppm of SO, and dropped drastically from point P7 to 3 ppm of SO,. In April,
P6 reached 137 ppm of SO,. In August and September, the values gradually increased, reaching 178
ppm of SO, at point P18.

Keywords: biogas, emission, greenhouse effect

1 INTRODUCTION
The Hulene dump is a place where Maputo city’s MSW has been deposited in the open
for 30 years. The Hulene dump underwent improvement works to increase its solid waste
receival capacity, increasing from 17 to 23 ha, after the tragedy that killed nineteen people,
caused by the swelling of gases produced by the anaerobic digestion of the organic fraction
of urban solid waste deposited. When the waste is deposited, the biodegradable fractions
decompose through a complex series of microbial and chemical reactions, in addition to
physical changes, with the result being the production of biogas [1]. Biogas basically consists
of methane (CH,), carbon dioxide (CO,) and other gases in very low concentrations, such
as several non-methane volatile organic compounds, which can be toxic [2]. In the sanitary
landfill, the biodegradation of urban solid waste occurs through physical, chemical and bio-
logical processes, producing leaching water and gases. These processes occur over time and
in aerobic, anaerobic non-methanogenic and methanogenic phases. CH, and CO, are the
main gases inducing the increase in the greenhouse effect on the planet [3]. According to [4],
landfills emit 18% of CH, and it is estimated that 35 to 69 tons of CH, are emitted annually
into the atmosphere worldwide. In 2020, the Hulene dump received a total of 577,848.90
tons of urban solid waste, according to data provided by the Municipality of Maputo [5]. The
Municipal Solid Waste Management Regulation (MSWMR) of Maputo City defines MSW as
originating from domestic and commercial activities in urban settlements [6]. Methane (CH,)
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and carbon dioxide (CO,) reach the atmosphere during the deposition of waste, through
percolation processes in the cover layers and through gas release pipes, the latter represents
the places where biogases were measured. According to [7], [8], the production of gases
in landfills starts from the first three months of solid waste compaction and extends until
approximately 15-20 years after the deactivation of the area.

2 MATERIALS AND METHODOLOGY

To carry out this research, an S360 multigasimeter was used (Fig. 1), capable of measur-
ing eight biogases by suction simultaneously, namely CH,, CO,, CO, NO,, SO,, O,, H,S
and H,. The S360 series equipment is a portable multi-gas detection instrument with high
sensitivity for industrial use. It can detect different gases according to different types of
sensors, with rich functions, simple operation, easy to carry and good shock resistance.
This product uses high resolution touch LCD technology, the screen is more intuitive,
clear, and more convenient to operate. The multigasimeter is equipped with a high tem-
perature detector, suitable for high temperature gas occasions. In this work, only three
gases are treated. The gases were measured at 18 points previously defined and installed
by the Municipality of Maputo, through a project in partnership with the Japanese gov-
ernment, as part of the requalification of the dump. The 18 points are distributed in 3
lines of 6 points each and spaced 20 m apart on the line and 5 m high, with gabion protec-
tion at the end of each bench (Fig. 2). The choice of measurement points considered the
existing points where pipes for continuous release of biogas were installed, which passes
through a network of pipes installed at the bottom of the dump, allowing the circulation
of biogas inside the dump, and releasing it through the pipes (Fig. 3). Measurements
were taken in the last week of each month during a 6-month period of the dry season,
starting in April and ending in September 2021.

Figure 1: Multigasimeter S360.

Figure 2: Bench with gas release pipes.
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Figure 3: Biogas measurements points (adapted from [9]).

3 FRAMEWORK OF THE STUDY AREA
The city of Maputo is in Mozambique on the west bank of Maputo Bay in the extreme south
of the country, close to the South African border and Swaziland’s border. The limits of the
municipality of Maputo are between latitudes 25°49'09”S and 26°05'23"S and longitudes
33°00'00"E (on the island of Inhaca) and 32°26'15"E, at an average altitude of 47 m. The
municipality has an area of about 346.77 km? and a population density of 35 hab/km>. About
60% of the population of this municipality works in the informal sector, with the remaining
40% of the population in the formal sector, divided into the areas of fishing, agriculture, man-
ufacturing, tourism and services. Throughout the year, the temperature varies from 16°C to
29°C and is rarely below 14°C, often exceeding 40°C in the rainy season. The Hulene dump
is located about 7 km from downtown Maputo, in the KaMavota district, covering an area of
23 ha (Figs. 4 and 5). The municipality of Maputo is made up of seven municipal districts,
namely: KaMavota, KaMaxaquene, KaMpfumo, KaMubukwane, KaNlhamakulo, KaTembe
and KaNyaka. Waste produced in KaTembe and KaNyaka districts is not deposited into the
Hulene dump. The KaTembe district is located on the southernmost bank of Maputo Bay
while the KaNyaka district is an island, which means that its waste does not reach the Hulene
Municipal dump. The dump has been exploited since 1972, reaching the end of its useful life
in 2016 and extended in 2018 for another 10 years due to compaction work. The dump has an
extension of 17 ha and a maximum height of accumulated waste of about 30 m. Commerce is
characterized by two types of markets: the formal, which comprises the retail and wholesale
trade network, and the informal, comprising fixed and mobile resellers scattered throughout
the city streets and in the formal and informal markets. In the green belt of Infulene, a variety
of vegetables are produced. In many suburban neighbourhoods, poultry, rabbits and swine
are raised. In urban neighbourhoods, the sanitation of the environment is served by a public
drainage system of domestic wastewater and conventional rainwater built in the colonial era
and in the older and emerging peri-urban neighbourhoods, it consists essentially of septic
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Figure 4: Hulene municipal dump location.

Figure 5: Hulene municipal dump.

tanks, generally without connection to the public system of drainage. In terms of environ-
mental legislation, the municipality has legal and regulatory instruments for GRSU in which
each of them complements each other in the absence of a more adequate policy, namely:

e Decree No. 94/2014, of 31 December: Regulation on Urban Waste Management [6]; and
e Resolution No. 86/AM/2008, of 22 May, Cleaning Posture of Urban Solid Waste in the
Municipality of Maputo [10].

4 PHYSICAL COMPOSITION OF MSW AND MANAGEMENT STRUCTURE
Pursuant to article 14 of the Regulation on GRSU of the municipality of Maputo, waste must
be segregated according to the following categories: paper/cardboard, organic matter, rubble,
plastic, glass, metal, textiles, rubber, bulky household waste and special waste. The annual
deposition of municipal waste in the Hulene dump increased from 127,385 tons in 2007 to
365,000 tons in 2017 [S]. In that period, the collection capacity increased from 39.93% to
84.10%. Peri-urban neighbourhoods, with about 75% of the population, are responsible for
the average production of 73% of organic matter against 64% generated in urban neighbour-
hoods [5]. The MSW produced in the city of Maputo are the following: paper/cardboard,
textiles, glass, metals, plastic, organic matter and others. Bulky household waste, which
includes construction waste, is used in foundation landfills for new construction works. The
Hulene dump does not receive this type of waste. Waste pickers essentially collect waste
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such as cardboard and cover boxes, plastics, pet bottles, glass bottles and metals and sell
them to companies that export them to South Africa. The Municipal Council of Maputo
City is responsible for cleaning municipals streets and collecting waste produced in the city.
According to [5], the per capita rate of MSW generation in the city of Maputo is 1 kg/inhab-
itant/day in urban areas and 0.56 kg/inhabitant/day in suburban areas. Gani et al. [5] also
states that the average capitation rate in the city is 1.06 kg/inhabitant/day. The Municipality
of Maputo engaged, in a public-private partnership (PPP), two companies for the collection
of MSW in the city of Maputo, namely Ecolife, which collects waste in the urban area and
Envioroserv, which collects waste in the suburban area, then deposits them in the Hulene
dump [11]. Micro-enterprises that collect waste at specific locations and that can collect,
whenever requested for this purpose, upon payment of amounts to be agreed between the
parties, have been licensed, but these companies do not deposit the waste in the Hulene dump,
these being the wastes that are selected for recycling.

5 RESULTS AND DISCUSSION
Table 1 shows the results of measurements of meteorological conditions, temperature and
humidity, for the days in which the biogas measurements were made in each of the indi-
cated months. It was observed that the lo west temperature value was measured in May
and August and the highest temperature was measured in April. In turn, the lowest value
of humidity was registered in the month of June and the highest value was registered in
the month of August.
The graph in Fig. 6, illustrates the methane measurements taken at the 18 sampling points.
Point P10 has the highest value of 2.56 and 2.59 (% vol of CH,), respectively in April and
May, compared to the remaining points in other months. Point 14 has the highest value of
2.95 (% vol of CH,) in April and 2.28 (% vol of CH,) in May. Point P15 presents values of
2.78 22.72 (% vol of CH,), respectively in the months of August and September. Points P10,
P14 and P15 present higher values than the other points in the months of April, May, August
and September. The month of April presents itself simultaneously with higher values of tem-
perature and humidity.
The graph in Fig. 7 illustrates the CO, measurements taken at the 18 sampling points. Points
P9, P10, P11 have higher values, ranging from 3,000 to 5,000 ppm of CO,, respectively in
the months of June, August and September. Point P13 has the highest value in July, reaching
3,000 ppm. Point P15 has the highest value of 5,000 ppm of CO, in the months of August and
September. The month of August has the highest humidity.

Table 1: Characteristics of Bakun HEP.

Month Temperature (°C) Humidity (%)
April 25 77
May 20 66
June 22 45
July 21 47
August 20 85
September 23 52
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Figure 7: Results of CO, measurements

The graph in Fig. 8 illustrates SO, measurements taken at the 18 sampling points. In the
month of April, points P1 to P6 showed values above 100 ppm of SO,, which dropped drasti-
cally from point P7 to 3 ppm of SO,. In the same month of April, P6 reached 137 ppm of SO,.
In the months of August and September, the values gradually increased, reaching 178 ppm of
SO, in P18. There is no data registered in May.
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Figure 8: Results of SO, measurements.

6 CONCLUSIONS

According to the results obtained, it is concluded that the points P7, P10 and P14 presented
higher values of methane emission in the month of April compared to the other months stud-
ied in this work. These points, according to the location of the biogas metering points in the
Hulene dump, are on the highest quota lines where the waste deposited is relatively more
recent. In July, points P7 and P8 had the lowest methane emissions values. The months of
April, May, August and September had the highest methane emissions values at points P10,
P14 and P15. The point P10, presented the highest value of 2.56 and 2.59 (% vol of CH,),
respectively in the months of April and May. Point P14 had the highest value of 2.95 (% vol
CH,) in April and 2.28 (% vol CH,) in May. Point P15 presented values of 2.78 and 2.72
(% vol of CH,), respectively in the months of August and September, showing that methane
production is higher in the most recently deposited wastes. Points P9, P10 and P11 showed
higher values of carbon dioxide in the months of June, July, August and September, ranging
from 2,500 to 3,500 ppm. The months of August and September presented high values of CO,
that reached 5,000 ppm. Point P15 presented the highest value of 5,000 ppm of CO, in the
months of August and September. The sulphur dioxide values showed a variation between the
points of the measurement lines over the months. These results show that there is greater pro-
duction of CO, in the most recently deposited wastes compared to the older and temperature-
influenced waste in the hottest months of August and September than April and May. In the
month of April, the first line of metering points presented higher values, decreasing consider-
ably in the second and third lines, showing that the production of SO, is higher in wastes with
longer deposition time than recent deposited wastes. In April, points P1 to P6 showed values
above 100 ppm of SO, and dropped drastically in the point P7 to 3 ppm.
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LABORATORY EXPERIMENTS AND MODELLING
TO DETERMINE THE PROFILES OF THE
JAVITS CENTER GREEN ROOF

HARSHO SANYAL & JOSEPH CATALDO
The Cooper Union for the Advancement of Science & Art, New York, USA

ABSTRACT

Climate change has led to triple digit temperatures globally, notably along the western coast of the
United States. These changes have produced intense weather-related events such as fires and landslides.
Green roofs are one strategy to mitigate these high temperatures. For this report, several studies were
compiled, using data found from physical green roof models as well as on-site data from the Javits
Center Green Roof. At the Javits Green Roof, an infrared camera was used to collect thermal images at
various parts of the roof, to determine its effectiveness for thermal buffering. Off site, a rain simulator
was used on model green roof and a control roof, to determine change in retention and peak runoff rate.
The green roof was able to retain 2%—-22% of rainfall and reduce peak runoff by 19%—-28%. From the
graph comparing roof temperatures, there were higher temperatures on the black top roof in comparison
to the green roof, and the slopes of the lines indicated the mitigating effect of the green roof on heat
waves. These models were also analysed with an infrared camera, which showed that green roofs can
be, as much as 25°F cooler than their standard roof counterparts, providing valuable evidence for the
usefulness of green roofs to combat heat waves. Runoff quality was experimentally measured using a
green roof model, where nitrogen concentration is measured before and after to determine change in
runoff quality. This concept is based on studies which claim that the addition of wood mulch to soil
can reduce nitrogen content. This experiment revealed a 23% reduction in runoff nitrates for the wood-
mulch treated soil, in comparison to a 6.5% reduction for the control roof. Furthermore, a mathematical
model was used to determine the ceiling temperature of the Javits Center within 3%.

Keywords: green infrastructure, green roof, infrared camera, thermal buffering, runoff.

1 INTRODUCTION

The world is currently entering a period of rapid and significant change. The past 5 years
alone have been the hottest 5 years recorded since major weather and climate agencies began
to track global temperatures in the 1880s. July 2021 has been the hottest month ever recorded
in history [1]. Scientists estimate that upon the conclusion of the 21st century, the average
global temperatures will increase by at least 3°C [2]. To contextualize this rate of change,
global temperatures have risen by a little over 1°C in the past 141 years [3]. An increase as
projected would correspond with triple the number of weather-related events such as hur-
ricanes, wildfires and heat waves. A multitude of regions are heavily affected by the shift
in climate. Rising sea levels and worsening hurricane seasons are a threat to the Mississippi
River Delta [4]. Many areas along the eastern coast of the United States are directly impacted
by flooding from sea level rise. In Alaska, global warming and longer summers have caused
the Arctic permafrost to melt [5]. The Amazon rainforest has existed for ten million years; it
may not survive the next hundred.

The urban building environment is especially vulnerable to these climate extremes. Heat
waves in particular have become more frequent, causing more frequent warm days and fewer
cool days. The environmental baselines of cities have started to shift, to the point where cities
are several degrees warmer than surrounding areas due to the urban heat island (UHI) effect
[6]. There is also a reduction in evaporative cooling due to a lack of vegetation, as well as the
production of waste heat.

© 2022 WIT Press, www.witpress.com
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Green infrastructure (GI) has emerged as a viable option to combat the effects of climate
change. It is designed to imitate natural hydrology, incorporating porous surfaces which can
absorb up to 90% of the stormwater runoff that reaches them. In absorbing this runoff, GI
reduces the stress on sewer systems and mitigates risk of flooding. The quality of the runoff
is filtered through processes such as adsorption, filtration and plant uptake. GI can also gen-
erate positive effects such as air quality improvement (by absorbing pollutants from the air)
and preservation of ecological habitats (by reducing erosion-causing runoff). In the con-
text of rising temperatures specifically [7], GI provides increased resilience against climate
change by combating UHI effect and reducing temperatures through evaporative cooling,
while absorbing potential floodwater [8].

One form of GI is the green roof. Green roofs are multi-level roofing layers on buildings,
coated with vegetation. Research concerning the thermal performance of green roofs in urban
[9,10] and suburban settings is relatively new. The majority of this work underscores the ther-
mal benefits of green roofs over traditional black tar asphalt and gravel roofs [11,12]. Green
roofs provide physical protection of the conventional roof from solar radiation and reduce
both daily and seasonal variations in surface temperature. This buffering is accomplished
through reflection, convection, vaporization and eventual transmission processes [13]. Green
roofs typically have a higher albedo than traditional black roofs, and thus are able to reflect
a larger fraction of the incident solar radiation away from the roof surface. Radiation that is
not reflected away from the surface heats up the green roof elements (its vegetation, growing
media and the moisture stored within it) [14,15].

Water quality is another important parameter to measure the effectiveness of green roofs.
Water quality can be quantified through many values, one of which being the level of nitrates in
runoff. The effects of nitrates were studied from a variety of sources. As with other salts, nitrates
in soil increase osmotic pressure outside of the plant roots, reducing the amount of water they
can take in against the concentration gradient. Excess nitrogen can be leached out of the soil
by runoff water, which can enter aquatic systems and cause rapid algal growth. This process,
known as eutrophication, can lead to reduced dissolved oxygen levels and limited penetration of
sunlight into the water. Processes for soil remediation vary [16]. For nitrate remediation, usage
of wood mulch to tie up excess nitrogen was seen to be an effective strategy [8].

2 EXPERIMENTATION
The results of the field and laboratory studies at Cooper Union are provided in this paper.
A series of laboratory experiments were conducted both on-site at the Javits Green Roof, as
well as off-site.

Two studies took place at the Javits Center Green Roof (JGR) in 2017 and 2018, comple-
mented by green roof models. During the 2017 study, weather stations were set up at the
JGR, equipped with an anemometer, a rainfall sensor, a humidity sensor, a radiation sensor,
a FLIR T440 thermal imaging camera, and an infrared thermometer. These stations recorded
the following parameters: wind speed/direction, rainfall, radiation, air temperature, humidity,
and temperature of the air, exterior roof surface and interior ceiling surface. The IR cameras
collected exterior surface temperatures, which were correlated with air temperatures from
the closest weather stations, and interior surface temperatures were correlated with air tem-
peratures inside the Javits Center collected by thermometers. The difference in temperature
between the exterior and interior surface was used to quantify thermal buffering of the roof.
These on-site studies were complemented by the construction of five physical models of the
JGR in the Cooper Union laboratory, with lateral dimensions of 1.2 by 0.6 m. Results from
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this study found that the JGR had a substantial impact on reducing heat transfer through the
Javits roof [14]

Runoff observations at the JGR were compared with the results from a computer model,
which predicted peak runoff rates and total event runoff within +25% to 15% and +10% to
20%, respectively. This study found that, on average, 96% of rainfall was retained for events
less than 6.35 mm, while 27% was retained for events greater than 12.7 mm [17]. This study
provided strong evidence for green roofs’ capacity for stormwater retention.

One experimental study took place at the Cooper Union, and involved the construction of
a two-part model roof; half of this area was an unvegetated control section, and the other half
was coated with geomembrane, soil and sod to simulate a green roof. To act as a source of
simulated rainfall, a 4’ x 4’ grid of PVC pipes was built, and placed above the roof model.
The roof model is on a 2% slope, with holes at the bottom for runoff collection. A uniform
level of precipitation was applied to both roofs over five trials. Figure 1 is a view of the lab
model, showing the overhead rain maker.

The second experimental study for this paper also took place at Cooper Union, and exam-
ined a model green roof based on the JGR. The purpose of that study was to first investigate
the effects of excess nitrogen on soil, and then to examine the effect of wood mulch on nitrate
concentration in soil [8].

Two 2-foot by 4-foot boxes had holes drilled along one of the shorter ends. This end
would be covered by a PVC pipe, to allow a path for runoff. These boxes were placed on a
3-degree incline and coated with felt to cover any cracks, after which they were both filled
up to a height of 1 foot with soil. The upper layer of soil for Box A (the experimental box)
was mixed with four quarts of wood mulch. Water mixed with soluble nitrates was poured
over each box on the first trial date, and tap water was poured over each box on the second
trial date. The parameters measured included nitrate concentration, pH and temperature for
inflow/outflow, which were measured with nitrate test strips, pH test strips and a thermom-
eter, respectively [8].

Figure 1: Roof model with asphalt shingles, root barrier and drainage map and thermistors [14].
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3 RESULTS
To determine the behaviour of green roofs due to extreme heat conditions, the green roof and
control roof were tested under a series of runoff and heat conditions (see section 2) For the
runs tested the precipitation was varied as well as the rain and room temperatures. Table 1
shows the range of values for the runs considered and tested.

The following graph (Fig. 2) shows rain versus the green roof and control temperatures.
Control has a larger slope (i.e., larger temperatures) compared to the green roof. The room
temperature was held at 71°F.

Hydrographs were constructed for the green roof and control. One example of these hydro-
graphs is shown in Fig. 3, with the graph data in Table 2. Each curve ends when the quantity
of discharge accumulated during a given time interval is less than 100 ml. The accumulated
percent retained and average lag time for each run was compared. These figures show hydro-
graph curves with best fit equations and R* values — all greater than 0.95 most over 0.99.

Table 1: Range of temperature values for all green roof and control runs.

Trial Surface Rain Room Rain Control roof Green roof
temp. (°F) (in/day) temp. (°F) temp. (°F) temp. (°F) temp. (°F)
1 84 1.68 70.9 105 93.2 76.5
2 77 7.92 71.1 93 86.6 71.2
3 74 7.1 71.2 79.6 79.4 73
4 76 5.04 66.7 85.5 80.9 74
5 1 12.98 73.2 57.3 57.4 62.5
6.16 73.8 58.5 57.8 61.6

Figure 2: Rain temperature vs green roof and control roof temperatures.
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Figure 3: Hydrograph for an 11-minute storm.

Table 2: Hydrograph data for all trials.

Hydrograph line of best fit: roof temperature vs R?
rain temperature

Trial Control roof Green roof Control Green
number roof roof

1 y=0.133x y=0.1422x - 0.1703 0.9966 0.9845
2 y=0.1226x y=0.0993x - 0.1413 0.9907 0.9872
3 y=0.0983x y =0.0659x — 0.2852 0.9587 0.9909
4 y=0.2162x y=0.1408x - 0.2617 0.9556 0.9904
5 y=0.1054x - 0.9358  y=0.0937x-0.7677 0.9936 0.9909

The percent retained by the green roof ranges from 2% to 22%. The lag time ranges from
2 to 11 minutes. Studies have found that the intensity of rainfall also significantly affects
the ability of green roofs to control stormwater. Green roofs are generally more effective at
retaining Rainwater from small storms. For the first two runs there was 100% retention to 6
and 9 minutes. For the remaining runs, full retention was measured about 1 1/2 minutes from
the start of rain. The Green roof delays the onset of runoff, shown by the lack of cumulative
runoff curve compared to the inflow curve and also extends the hydrograph which indicates
that green roofs retain the precipitation for a long time. Table 2 shows the retention and aver-
age lag time for each trial, while Table 3 highlights the peak runoff rates.

As seen from Fig. 3 and Table 4, the green roof reduces the peak runoff, with the reduction
ranging from 19% to 28%. The slope of the cumulative runoff for the green roof is less steep
than the inflow, which indicates that the green roof is able to reduce the rate of drainage volume.
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Table 3: Green roof retention and lag time

Run Total inflow Cumulative %0 Average lag Moisture
number (mL) runoff (mL) Retained time (min) Content

1 26,330 £2,630 20,656 £2,085 22% 11 49.0% + 2.7%
2 35,083 +£3,520 27,353 +2,755 22% 12 451% + 4.7%
3 17,023 + 800 16,661 £ 725 2% 2 56.2% +7.6%
4 18,110 £ 800 17,241 £725 5% 2 45.4% + 19.6%
5 17,023 £800  15212+725 11% 3 48.6% +22.2%

Table 4: Peak runoff rates.

Run number Peak inflow (mL/min) Peak outflow, green roof % Reduction

(mL/min)
1 1,188 880 26%
2 2,250 1,730 23%
3 3,780 2,716 28%
4 3,343 2,717 19%
5 5,433 5,433 0% (discarded)

The nitrate experimental trials were carried out in the Cooper Union Fluids Laboratory.
Table 4 shows data from the first trial date (with nitrogen-dissolved water), while Table 5
includes the measurements from the second trial date 2 weeks later, with tap water. From
both tables, it is seen how runoff emerged in larger quantities from the box with wood mulch
mixed in (due to the increased voids, and decreased retention capacity, caused by mixing the
soil). The nitrate concentration in runoff decreased by 300 ppm in the wood mulch box, while
it stayed similar to the initial value in the control box (shifting from 800 to 750 ppm). There
were no significant changes in pH throughout the trials. During both weeks, the temperature
of the runoff was 23°C, regardless of inflow temperature [8].

The infrared photo of the green roof and control model is shown in Fig. 4. The colour
of the control roof on the right is red, with the temperatures in the mid-90s; this illustrates
ponding of the heated water at the lower edge of the model. Ponding is when water pools,
creating a “pond”. The top of the control roof has lower temperatures (in the 80s), as there is
no hot water ponding there. The green roof, in contrast shows green and blue colours, with
temperatures in the mid-70s. There are a number of small red-yellow colours, indicating
ponding of hotter water. The discharge overhead rain water pipe is at the top of the figure with
temperatures in the mid-90s.

4 DISCUSSION
The three experiments conducted at the Cooper Union laboratory all provide information
which can determine green roof parameters such as thermal buffering, runoff storage and
nitrate remediation, on physical green roof models representative of the JGR. The models
from the 2017 study examined the behaviour of a green roof in comparison to a control
roof, and how conditions on the in-situ Javits roof were affected. The results were used as
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Table 5: Flow data for Trial 1: nitrate water inflow into green roof [8].

Trial 1 Quantity  Nitrate pH Temperature
(mL) concentration
(ppm)
Wood mulch-mixed soil  Inflow 9,000 N/A 6.5 25 °C
Runoff 1,850 1,300 6.5 23 °C
Only soil Inflow 9,000 600 6.5 25 °C
Runoff 1,300 800 6.5 23 °C

Figure 4: Infrared photo of green roof (left) and control roof (right) setup.

Table 6: Flow data for Trial 2: tap water inflow into green roof [8].

Quantity (mL) Quantity  Nitrate pH Temperature
(mL) concentration
(ppm)
Wood mulch-mixed soil  Inflow 9,000 N/A 6.5 24 °C
Runoff 2,360 1,000 6.5 23 °C
Only soil Inflow 9,000 600 7.0 24 °C
Runoff 1,460 750 6.5 23 °C
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parameters for an error function mathematical model [14,17]. The second study elaborated
further on runoff retention and thermal buffering. Furthermore, the proximity of the Javits
Center to the Lincoln Tunnel was taken into account. As such, there will be a high nitrate
loading. The tests in the Cooper Union laboratory showed that the green roof can be man-
aged to reduce this loading. Coupled with the thermal buffering and rainfall storage tests,
these experiments can be used as a predictive tool of green roof behaviour, applicable on a
larger scale.

During the on-site studies, 55% of the cumulative precipitation that fell on the green roof
during the monitoring period was retained, with an average of 75.4%—79.3% of precipita-
tion retained per event. Tests on three roof models run by Carson et al. [18] found that veg-
etated roofs held 60.6% of rainfall, while media roofs retained 50.4% and gravel ballast roofs
retained 27.2%. Additional research can focus on variation of substrate depth and climate
conditions, as deeper substrates would hypothetically lead to increased retention. It is pos-
sible, however that during the colder seasons (when there is less evapotranspiration), sub-
strates will naturally be wetter from condensation, and runoff may actually occur from the
green roof surface at saturation. As the current studies were carried out during the summer,
this could not be determined, but should additional studies prove this hypothesis correct, it
would reduce the importance given to substrate depth for rainfall retention [14]. Empirical
relationships suggested that the green roof’s ability to store moisture is directly related with
the duration of the event’s preceding dry period.

Each run is about 10 minutes long, to simulate a ten-minute storm. Rainfall rates are high,
ranging from 1.6 to 13 minutes per hour. The discharge draining from the green roof has a con-
stant temperature for each run and for 20 minutes after the storm. Since there is no albedo and
little evapotranspiration, the mechanism to account for this is the transfer of heat from the soil
to the green roof (including geotextile and drainage systems). The green roof discharge water
is at least 2.5 times more than the control roof for runs with higher rain temperatures than room
temperatures. The temperatures for all six runs go through the room temperature.

From the hydrograph data in Fig. 3 and Table 2, there is a lag time between the control
and green roof model runs. The control response to the rain is rapid since there is almost
no overland flow time. The green roof has a delay, i.e., the time difference in time between
the control and green roof at the beginning of the hydrograph from 2 to 12 min. The ratio
between the slopes of the control roof line and the green roof line varies from 0.94 to 2.3. The
equations of best fit and R2 values are given in Fig. 3 and Table 2. There is a linear fit between
the peak flows and In of the slope. Therefore, we have a method to find peak inflow [peak
outflow] in a green roof from this equation. From the IR photos and isotherms, the control
roof is as much as 25°F warmer than the green roof.

The mitigation of the heat due to the green roof can be seen in the IR photo in Fig. 4. The
deep red colour [temperatures in the mid-90s] on more than half of the control roof contrast to
the green blue colour [temperatures in the mid-70s] on most of the green roof. This buffering of
up to 25°F effect of the green roof is an advantage in controlling and reducing heat waves an is
a serious consideration in the design of buildings and gardens in an urban environment.

Several strategies exist for nitrate remediation in soil. One method is by planting non-
legume plants, which absorb nitrates in soil effectively [19]. Leafy greens can be especially
useful for this purpose, as they tend to absorb large amounts of nitrogen; examples include
carrots, kale and lettuce [20]. A third strategy is wood mulch, which can tie up nitrogen in
soil, preventing it from leaching into runoff. For this research, wood mulch was used, due to
its ease of application for experimental studies.
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The runoff from the boxes had to be diluted with 20 mL of deionized water per 5 mL of
runoff. For Box A (with wood mulch), the average nitrate concentration of the runoff changed
from 1,300 ppm on Trial Date 1 to 1,000 ppm on Trial Date 2, showing a significant decrease
of 23.1%. For the control group in Box B, with no wood mulch, the Trial 1 average nitrate
level of 800 ppm changed on Trial Date 2 to 750 ppm, a reduction of only 6.25%. No conclu-
sions can be drawn from the pH, as there was no significant change across both trial dates.
According to previous research, use of nitrate-based fertilizers (as was added to the inflow in
this experiment) have no potential for acidification, and may actually have the opposite effect
when plants release OH™ when absorbing hydrogen ions. However, this was not the case in
the experiment, likely because there were no plants in the experimental setup, only soil [8].
The temperature of the runoff ending at 23°C for both boxes, despite the inflow temperature,
shows that the soil temperature had an effect on the runoff temperature. There was a signifi-
cant amount of inflow retention by both boxes, ranging from 74% to 85% [8].

The removal of excess nitrates from soil can be beneficial to improving soil health. By
reducing the osmotic pressure, plants will be able to take in more nutrients, while also divert-
ing less energy towards metabolizing nitrates. Eutrophication will also be mitigated, prevent-
ing excessive algal growth in the water and maintaining oxygen levels and sunlight penetra-
tion. Furthermore, nitrate leaching tends to also carry away other essential minerals such as
sulphur — by preventing this outcome, the soil quality is maintained [8].

The error function mathematical model previously referenced is presented in the 2017 study,
and used again as a predictive equation in the 2018 study [14,17]. It was first developed by
Carslaw and Jaegar [23] and uses heat conduction principles. This model is a function of ther-
mal conductivity, depth and heat exposure time. It is subjective to two boundary conditions.
The temperature gradient in the sub-layers of the JGR was determined using this one-dimen-
sional heat conduction model. This heat conduction model relies on the material properties
of the roof. A sensitivity analysis was conducted by varying a number of green roof param-
eters such as depth, Javits Convention Center ambient temperatures, alpha values, and heat
exposure times. There is little change in the ceiling temperature when these parameters were
altered. The average change in the Javits Convention Center ceiling is less than 3%. When the
ambient outside air temperature is less than inside of the convention centre, the roof acts as an
insulator from cold air. A thicker foam layer makes for better insulation from heat source, but
a larger change in depths of this results in a relatively smaller thermal change.

5 CONCLUSION
From the tests run on the Javits Green Roof, laboratory tests, and mathematical modelling the
following conclusions are drawn:

- The surface of the green roof was 16°C cooler than the surface of the bitumen green roof,
and also cooler than sidewalk surfaces by 5-10°C [14]

- From field observations, laboratory investigations and mathematical modelling, the cross
section of the green roof is more effective for thermal buffering than the corresponding
structural roof cross section (11.9°C vs. 9.0°C) [14]

These studies of the Javits Green Roof provide evidence for the claim that construction of
green roofs can be seen as a win-win opportunity While the floor space inside the building is
maximized for development, the rooftop can be used to simultaneously mitigate heavy rain-
fall and comply with the city’s stormwater regulations. Some of these regulations are defined
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under NYC Local Laws 92 and 94 of 2019, which require that any roofing constructions
or expansions must incorporate sustainable roofing systems; this means either solar panels,
green roofs, or a combination of both [21]. Green roofs also allow the city to be better pre-
pared to combat climate change (reducing UHI effect), along with other social and aesthetic
improvements brought about from their construction [14].

The observations, modelling and analysis of the Javits Green Roof suggests that for some,
building green roofs represent a win-win opportunity. By utilizing the building’s rooftop
space to mitigate incident rainfall, building owners can maximize developable floor space
inside the building, while minimizing the cost to comply with current stormwater manage-
ment requirements in New York City. Simultaneously, this same strategy can help prepare the
city for climate change, while enhancing the city with the other co-benefits of this rediscov-
ered approach to urban storm water management [14].

The error function model was used to simulate 53 pairs of internal surface temperatures.
On average the model predictions were within 3% of the measured values as recorded during
the experimental procedures [14,17]. This validation indicates that the error function math-
ematical model is very accurate in predicting the ceiling temperatures of the Javits Center and
the thermal heat diffusion profile through the green roof layers.

For the experimental models tested in the laboratory, the heat exchange between the rain-
water and the green roof material takes place during the first few minutes of the storm. The
front is defined by movement of the infiltrating rain, and diffuses upstream and downstream,
spreading its heat. For the experiment conducted, 10- to-15-min storms were not long enough
to raise the green roof model temperatures more than 7.3 °F above room temperature. There
is no radiation and little evapotranspiration; therefore, the conductivity of the green roof can
be examined independently.

The IR photo shows how the green roof mitigates the temperatures on a black control roof
by as much as 25 °F. The ponding of the control roof, for rain storms larger than the capacity
of the drain is shown in the infrared photo. The black roof model has almost all temperatures
in the 90s. The vegetated roof shows green and blue colours, signifying temperatures in the
mid-70s. From the slope of the control roof and green roof hydrographs, the peak flows can
be determined with R? larger than 0.9.

According to the NYC Department of Environmental Protection, green roofs can remove
35% of the total nitrogen in its inflow [22]. This study showed that wood mulch, when mixed
in with soil, can effectively reduce nitrogen levels in soil runoff by an additional 17%, This
provides evidence for the theory that incorporation of wood mulch into green roofs increases
their usefulness as a mechanism for water quality improvement. There was no evidence found
for the effect on pH. However, support was provided for the concept that soil temperatures
will influence runoff temperatures, as well as the idea that green roofs are highly effective
for inflow retention.
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ABSTRACT

Satellite remote sensing techniques have been proved to be capable of quantifying chlorophyll-a (Chl-a)
levels by estimating algal concentrations in water bodies. Harmful algal blooms (HABs) pose a signifi-
cant threat to many water bodies in South Africa. This study aimed at using a remote sensing solution
to estimate chlorophyll concentrations in water bodies of Vhembe District Municipality using Landsat 8
OLL This study seeks to provide quantitative water quality information for the Vhembe region’s water
bodies from a time series of satellite remotely sensed data and in-situ laboratory data. The 30 meters
spatial resolution multispectral Landsat 8 OLI for 2016, 2017 and 2018 were used to derive Chl-a esti-
mate at three water bodies, namely, Nandoni, Albasini and Vondo reserviors. The Chl-a concentrations
obtained from Landsat 8 (OLI) satellite were compared with the laboratory analysis using the Kappa
coefficient statistical analysis. This study show that Landsat derived chl-a estimates have a high positive
correlation of 80-90% accurate with field measurements. In all the reservoirs, it was detected that there
is low content of HABs and thus the water bodies are in good condition since the chl-a concentrations
were very low. In conclusion, it can be stated that Landsat 8 OLI sensor can be used to map and monitor
inland water bodies dominated by algal blooms to a certain extent.

Keywords: chlorophyll-a, harmful algal blooms, L andsat 8-OLI, remote sensing, water quality.

1 INTRODUCTION
Anthropogenic activities progressively subject the freshwater ecosystems to stress, which
significantly decreases the water quality, and this reduces chances for aquatic life (Rashid and
Romshoo, 2013). Most of the freshwater resources are threatened by harmful algal blooms
(HABs) which increases in severity within developing countries (Vilmi et al., 2015). These
HABs often tend to alter aquatic habitats, through shading, reducing dissolved oxygen and
can also pose adverse effects on various life stages of fish and other pelagic marine organ-
isms (Stumpf and Tomlinson, 2007). Remote sensing has been used previously to monitor
these phenomena (Winarso and Ishizaka, 2017). Previous studies conducted on assessing the
Spatio-temporal distribution of HABs mostly were primarily done in larger reservoirs and
marine systems (Carvalho et al., 2010; Kudela et al., 2015); however, with advancement,
remote sensing can now utilize data sets and statistical regressions techniques to analyze
reflectance from an inland water body (Diouf, and Seck, 2019; Hikosaka and Noda, 2019; De
Souza et al., 2020). Within South Africa, HABs cause mass fatalities of fish and other aquatic
species in aquatic systems (Botes et al., 2003). The Spatio-temporal distribution of HABs on
inland aquaculture especially in Vhembe District, has not been studied. Furthermore, HABs
are increasingly attracting the attention of water authorities, environmental agencies and gov-
ernment departments since they pose water quality and treatment problems (Kutser et al.,
2006). This study evaluated the distribution extent of HABs along the water supply reservoirs
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of the Vhembe region in the Limpopo Province. It estimated the chl-a concentration of the
respective reservoirs.

Fish kills have occurred for many years, possibly from cyanobacteria toxins that have been
ingested by fish while feeding on floating diets which are passively assimilated through gills
during breathing (Dawood et al., 2015). Most algae species are considered helpful in food-
fish production ponds (Zimba et al., 2001) They release oxygen as by-product of photo-
synthesis process and remove toxic compounds from a water column such as ammonia and
nitrates (Huang et al., 2018). Inland fisheries contribute to economic development, poverty
alleviation and food security whereas on the other side they degrade the quality of water
resources (McCafferty et al., 2012). According to Craig et al. (2017), fish feeds contribute
to degradation of water quality in food-fish production ponds. The evidence suggest that
eutrophic conditions lead to increasing dominance of HABs which pose threat to aquatic
ecosystems through producing potentially lethal cyanotoxins (Paerl et al., 2016).

According to Trescott (2012), HABs in surface waters such as lakes and ponds results from
the impacts of anthropogenic and natural activities. Nutrients loads in surface waters also
contribute to the increased growth of HABs in our water bodies. It is essential to essentially
blooms in freshwater systems to provide knowledge, indicators of degraded water quality in
different areas, and different other alerts on the progression of HABs in our water resources
(Adeleye et al., 2016). Since water treatment is expensive and costly in most rural areas,
there is a cost-effective, to monitor the growth of HABs using remote sensing in the water for
management purposes (Lawton and Robertson, 1999).

1.1 Harmful algal blooms, chlorophyll-A and remote Sensing

Remote sensing has widely been used in monitoring HABs in lakes, oceans and dams. How-
ever, few studies have focused on remote sensing monitoring cyanobacteria in inland aqua-
culture water bodies by extrapolating algae, phycocyanin and chl-a present. Remote sensing
application for HABs detection requires satellite sensors with high spatial/temporal resolu-
tion and high radiometric sensitivity (Giardino et al., 2014). According to Shen et al. (2012),
remote sensing of monitoring HABs requires knowledge, skills and a comprehensive under-
standing of remote sensing mechanisms. Caballero et al. (2020) suggest that monitoring of
HABs using remote sensing as a tool is more complicated, however, satellite remote sensing
of monitoring inland water bodies impacted with HABs is limited to larger water bodies/
lakes and handheld sensors because there are few satellite sensors with high spatial resolution
to map inland water bodies since they are small (Kutser, 2009).

Most studies focused on chl-a estimation in turbid water using different algorithms, models
and laboratory analysis of chl-a concentration (Hansen et al., 2013; Hansen et al., 2015;
Caballero et al., 2013). Several studies on detection and monitoring chl-a in water bodies
are based on the empirical models of reflectance, radiance in narrow bands and chl-a (Devi
et al., 2015). Researchers collected field data on chlorophyll through handheld satellite or
sensors mounted on space to validate their models. This is a very good approach since satel-
lites remote sensing data is calibrated or validated by field observation and ground truthing.
Furthermore, the combination of all these methods makes the data more linked and as such,
the results are reliable and conclusive.

One of the main objectives of aquaculture systems especially in rural area is to provide
food security and alleviate poverty by provision of employment to people. Numerous stud-
ies reported fish mortality in aquaculture systems from cyanobacterial toxins and oxygen
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competition (Zimba et al., 2001; Zi et al., 2018). Most fish farming is vulnerable to deteriora-
tion by HABs and this is influenced by different environmental factors (physical, biological
and chemical) which are driven by anthropogenic activities. It is of paramount importance to
reduce the impacts of HABs in fish farming hence this study intends to investigate the use of
satellites and in-situ field data as a tool for monitoring the progression of HABs.

Remote Sensing can be used to determine chlorophyll and cyanobacteria contents in deep
and shallow waters. The concentration of chl-a in water bodies has been determined using
the empirical correlation between radiance and reflectance of algae in water bodies, thus
few studies focused on narrow bands (Duab et al., 2012; Devi et al., 2015). Other studies
developed models focusing on both empirical and semi-analytical algorithms for conducting
in-situ spectral analysis (Ali et al., 2014; Mouw et al., 2015). Most of the field data which
are collected in remote sensing studies are intended to validate models formulated, however
some of the data is used to correlate the two sets of data (Satellite and in-situ data). It has been
found that in-situ field measurements provide the water bodies spectrum and chl-a concen-
tration through collection of water samples and analyzing spectral reflectance from Spectro-
radiometer. Several studies have been done in determination of chlorophyll and its derivatives
with exceptions of pheophytin and phycocyanin in natural water systems by extracting the
pigment from the plant material or the algal bloom (Gavrilovi¢ et al., 2012; Hynstova et al.,
2018). Moreover, lot of methodology in determination of chlorophyll has been identified
by researchers including the use of satellite remote sensing in extracting the green pigment
found on algae by estimating chlorophyll content.

In detecting trophic status of chl-a, mathematical algorithms have been used with the appli-
cation of top-atmosphere data from satellite especially MERIS (Gons et al., 2005; Odermatt
et al., 2010; Zhang et al., 2019; Free et al., 2020). Matthews et al. (2012) used Maximum
Height Peak (MPH) algorithm to detect cyanobacterial blooms, surface scums and chl-a by
calculating the height of the dominant peak across the MERIS bands which are red and near
infrared between 664 and 885nm wavelength. The idea of using both MERIS and in situ
data was to allow models to cover a wide trophic water dominated by surface scums, where
oligotrophic, hypertrophic and dry floating algae are differentiated based on the MPH vari-
able magnitude (Matthews et al., 2012). Hence the current study applied Landsat 8-OLI in
detecting the distribution of HABs at Nandoni, Albasini and Vondo dams. The present study
aimed at (1) determining the spatial and temporal distribution of chl-a in Nandoni, Vondo and
Albasini dam, (2) to compare the remote sensing data and in-situ data through applying the
existing model of remote sensing on inland water bodies.

2 MATERIAL AND METHODS
2.1 Study area

Three reserviors, namely, Nandoni, Albasini and Vondo in Vhembe District Municipality
(VDM) were considered for in-situ sampling of chl-a analysis using both Laboratory and
Remotely sensed methods (Fig. 1). Two reserviors (Nandoni and Vondo) are located under
Thulamela Local Municipality and Albasini Dam is located under Makhado Local Munici-
pality. All these reserviors are the water suppliers of almost all communities in VDM and
they provide habitat to most fish, invertebrates and other aquatic species. Nandoni reservior
(Lat: —22.983324° and Long: 30.579191°) is the most reliable water supply reservoir and is
situated at Ha-Budeli which is 30 km from Thohoyandou town. The reservoir supplies water
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to different communities such as Thohoyandou, Sibasa, University of Venda and nearby com-
munities. The reservoir has the total capacity of 164 million cubic meters and a catchment
area of 1380 km?® with the total surface area of 1570 hectares.

Vondo reservior (Lat: —22.946375° and Long: 30.336539°) is situated at the mountainous
area under Vondo Tribal authority. The reservoir is a source of water to communities such
as Thathe Vondo village, Gondeni, Maranzhe and Phiphidi and has the total capacity of 30
million cubic meters with 219 hectares of surface area. Whereas Albasini reservior (Lat:
—23.107238° and Long: 30.117978°) is a source of water for communities such as Makhado
town, Mpheni Village, Elim and Waterval. This reservoir has a total capacity of 25,200,000
cubic meters and a surface area of 350 hectares.

Sampling sites were selected to span the entire surface of each reservoir. Sampling station
quantity was determined for them to provide enough representation of the entire water body
including both deep and shallow areas (Randolph et al., 2008). The samples were collected
along the water column at a range of 0.5-1.0 m in the morning at each site of the dam and
stored on ice for analysis in the laboratory. Nineteen (19) samples were collected from Nan-
doni dam and eight (8) Samples were collected from Vondo dam whereas (nine) 9 samples
were collected from Albasini dam using a boat. The number of collected samples in each dam
depended on the size of the particular reservoir.

2.2 Chlorophyll-A analysis in water samples

Water samples were defrosted, homogenized in an electric homogenizer and filtered through
a Whatman GF/F 0.7 um glass fiber filter papers, and the volume of the filtered samples was
recorded. A 90% ethanol solution was used to extract the chl-a and concentration in mg/
m?® were measures using the spectrophotometric method and converted to pg/L. Absorbance
was measured at 665 and 750 nm using a spectrophotometer (Orion aquamate 700, VIS

Figure 1: Map of the study area where Measurements of Chlorophyll-a in the dams for com-
parison with Satellite data were done.
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spectrometer). Water samples that were collected during summer and winter were analyzed
in the laboratory for chl-a concentration. Chl-a calculation was performed by subtracting
absorbance 665a-750a = corrected 665a, absorbance 665b-750b = corrected 665b absorb-
ance. In the present study, the Spectro-photometrical method was employed as described by
Dalu et al. (2013) for analysis of chl-a in water samples. The equation 1 below was used to
calculate the concentration of chl-a in water samples:

29.62(665a — 665b)x Ve
Vexl

Chl—a= (1)

Where: V= Volume of ethanol extract (ml)
Vs = Volume of water sample filtered (litres)
[ = Path length of cuvette (cm)

2.3 Remote sensing data acquisition and pre-processing

Three medium spatial resolution (30 m) multispectral Landsat 8 Operational Land Imager
(OLI) images freely acquired over Nandoni, Vondo and Albasini for the year 2016, 2017 and
2018 were used to derive chl-a estimates from the selected points in the reservoirs. In this
study, all images with cloud cover greater that 75% were excluded to retrieve chl-a concen-
tration accurately (Ndungu et al., 2013). The satellite images were acquired on the following
dates (Table 1):

All Landsat images were downloaded from USGS and were in Digital number format (DN
values). To derive chl-a from those images, the images were calibrated from DN values to
Top-of-atmosphere spectral reflectance units (Wm-2 sr-1 pm-1) using the algorithm provided
by the USGS for converting reflective band to top-of-atmosphere reflectance. The algorithm
(2) is as follows:

pA =MpQcal + Ap (2)

Where: Mp = Reflectance_Mult_Band
Ap = Reflectance_Add_Band
Qcal = Quantized and calibrated standard product pixel values (DN)

All the variables presented on the above equation could be retrieved from the metadata file
which was downloaded with the original images. Band math was also used to convert radi-
ance to reflectance using ENVI 4.4 Software. The visible spectral bands of the Landsat OLI
(Band 2 and 3) were used in order to retrieve chl-a over the Nandoni, Albasini and Vondo
reservoirs (Dube, 2012; Dube et al., 2014).

Tablel: Landsat acquisition information sourced from USGS ONLINE Archive (http://
earthexplorer.usgs.gov/.).

Satellites images Date of acquisitions Landsat scene ID

2016 26 August 2016 LC81690762016223LGNO1 Path= 169
2017 26 August 2017 LC81690762017241LGNOO Row= 76
2018 26 August 2018 LC81690762018228LGNO1
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In estimating chl-a concentrations from reflectance values, spectral bands at 445 and
556nm are very important because that is where chl-a absorption is at peak while the lowest
chl-a absorption is normally found at 520 and 550 nm (Dube, 2012; Dube et al., 2014). Based
on this knowledge, this study employed the most popular chl-a estimation expression (Yadav
et al., 2019; Buditama et al., 2017) to derive estimates over Nandoni, Albasini and Vondo
dam from atmospherically corrected Landsat OLI images. The following function (3) was
used to computes chl-a concentration:

Log Chl-a = (2.41*B4/B3) + 0.187 3)
2.4 Data validation

The chl-a in-situ data that were measured in the field on the 07 September 2017 was used to
validate the Landsat 8 OLI which was acquired on the 26 of August 2017. The data was vali-
dated by comparing the concentrations of chl-a of two different dates in all reservoirs. The
concentrations of chl-a for both field measurements and remotely sensed data were exported
from ESRI ArcGIS 10x attribute table to Microsoft excel spreadsheet.

Kappa coefficient statistic method was used for validating the field measurements and the
pixel values retrieved from Landsat 8. Kappa measured inter-raster agreement for the two
data sets collected and K value was computed using Microsoft excel. Equation 4 below was
used to determine the significance of two variables which had a strong relationship. After
deploying the above index, an output was created on ENVI software 4.4 with a Logarithm
spectral reflectance value, therefore an anti-log was calculated.

K:Po—Pc )
1—Pc

Where, Po = Field measurements
Pc = Remotely sensed values (Derived from anti-log expression)
K= Agreement Coefficient Value

3 RESULTS AND DISCUSSION
3.1 Remote sensing and in-situ measurements

Figure 2 shows the maps of chlorophyll-a concentration estimated by the model where red
and green band ratios were used. On this study, we had shown the potential of estimating
chlorophyll-a concentration in dams with the positive pixel values. The pixels were not repre-
sented in the maps, but the classes represented on the images were derived from the empirical
model used by Buditama et al. (2017).

From the image classes shown on Fig. 2, 2016 Images in all reservoirs showed very low
concentration of chl-a, however Landsat 8§ OLI was able to map algal blooms in the respec-
tive reservoirs. In the reservoirs, distribution of chl-a varies spatially and temporally. It can
simply be observed that during summer 2016, the concentration of chl-a was very low as
compared to summer 2018 at Nandoni reservoir. However, the algal abundance was remotely
sensed at the edges of the dam. From the observation of the images in Fig. 2, spatial distri-
bution of low algal content was observed in the middle of the Nandoni reservoir in the year
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2018 while in 2016 there were no algal blooms detected. Vondo reservoir revealed no algal
bloom content from 2016 to 2018. This shows that Vondo reservoir has not been impacted by
cyanobacterial blooms for the period of 3 years. The concentration of chl-a in Vondo reser-
voir ranged from 0.0 to 0.3 mg m=.

In Nandoni and Albasini reservoirs, the chl-a had higher values on the area near the dam
wall and reservoir edges while getting lower in the middle of the reservoir. This statement
is based on sample data P9, P11, P17 and P19 which are nearest samples to the edges and
in the middle of the reservoir. The dominance of chl-a is mainly caused by the few nutrients
which are washed from agriculture, mining and other industries and deposited on the edges
of the reservoirs. This results in a rapid growth of algae where there is high accumulation
of nutrients (at the edges of the dams). The temporal variations of chl-a concentrations are
mainly caused by rainfall which tempers with runoff as the main supplier of algal blooms
(Buditama et al., 2017).

From Fig. 2, it was also observed that besides detection of algal blooms in water, during
classification, vegetation adjacent to the reservoir was detected as algae since plants contains
the chlorophyll pigment, however, the present study only accounts for chl-a detected within
the water body as attested by the field measurements.

Overall, from the results obtained from the remotely sensed and the In-situ measurements,
it can be concluded that the three reservoirs have not been affected by high concentration of
chlorophyll between the year 2016 and 2018. Since all the data discussed in this study was
acquired during summer periods with low rainfall, this maybe the reason for low chlorophyll
concentration in the dams because of low rainfall which normally carry nutrients to the water
bodies which facilitate algal growth.

From the remotely sensed and Laboratory analysis, we have observed a strong correla-
tion of pixel values derived from chl-a estimates and chl-a values analyzed in the laboratory
(Tables 2 to 4). The correlation is positive because the increase in one value of chlorophyll
estimates from Landsat is an increase in the Lab data while decrease of Landsat pixel value is
also a decrease in Chlorophyll lab results. This study demonstrated the potential of Landsat 8

Figure 2: Showing chlorophyll-a distribution map in the Nandoni, Albasini and Vondo dams
in Vhembe district, Limpopo province.
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Table 2: Mean Concentrations of chlorophyll-a for Laboratory analysis, remotely sensed data
and KAPPA Index Value in Nandoni dam for three years (2016, 2017 and 2018.).

Sample number Field measurements. Remotely sensed KAPPA Index
(Nandoni Dam) Chlorophyll-a concen-  (Anti-Log ex- value
tration (mg m~?) tracted values)

P1 0.8 0.2 0.75 (75%)
P2 0.8 0.2 0.75 (75%)
P3 0.9 0.5 0.80 (80%)
P4 0.7 0.1 0.67 (67%)
P5 0.8 0.5 0.60 (60%)
P6 0.3 0.2 0.13 (13%)
P7 0.8 0.3 0.71 (71%)
P8 0.9 0.1 0.89 (89%)
P9 0.8 0.3 0.71 (71%)
P10 0.7 0.1 0.67 (67%)
P11 0.8 0.2 0.75 (75%)
P12 0.7 0.1 0.67 (67%)
P13 0.7 0.1 0.67 (67%)
P14 0.6 0.5 0.20 (20%)
P15 0.9 0.5 0.80 (80%)
P16 0.8 0.2 0.75 (75%)
P17 0.9 0.5 0.80 (80%)
P18 0.7 0.1 0.67 (67%)
P19 0.8 0.6 0.50 (50%)

Table 3: Mean Concentrations of chlorophyll-a for Laboratory analysis, remotely sensed data
and KAPPA Index Value in Vondo dam for three years (2016, 2017 and 2018.).

Sample number Field measurements. = Remotely sensed KAPPA Index

(Vondo Dam) Chlorophyll-a concen- (Anti-Log ex- value
tration (mg m>) tracted values)

Vi 0.9 0.1 0.89 (89%)
V2 0.9 0 0.90 (90%)
V3 0.8 0 0.80 (80%)
V4 0.8 0.2 0.75 (75%)
V5 0.7 0.1 0.67 (67%)
V6 0.8 0 0.80 (80%)
V7 0.9 0.5 0.80 (80%)
V8 0.9 0.4 0.83 (83%)
A\ 0.7 0.2 0.63 (63%)
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Table 4: Mean Concentrations of chlorophyll-a for Laboratory analysis, remotely sensed data
and KAPPA Index Value in Albasini dam for three years (2016, 2017 and 2018.).

Sample number Field measurements. Remotely sensed KAPPA-Index

(Albasini Dam) Chlorophyll-a concen- (Anti-Log ex- value
tration (mg m>) tracted values)

Al 0.9 0.5 0.80 (80%)
A2 0.8 0.1 0.78 (78%)
A3 0.8 0.2 0.75 (75%)
A4 0.9 0.5 0.80 (80%)
A5 0.7 0.1 0.67 (67%)
A6 0.6 0.4 0.33 (33%)
A7 0.9 0.1 0.89 (89%)
A8 0.9 0.4 0.83 (83%)
A9 0.9 0.2 0.88 (88%)

OLI images on mapping areas with high and low concentration of chl-a. The spatio-temporal
variation in the concentration of Chl-a within the dams likely reflects the yearly and phys-
icochemical factors influences. Chlorophyll estimates of all dams derived from Landsat OLI
images were very low for most part of the dams which is attributed to decreased water level
in the Nandoni, Vondo and Albasini dam (Dalu et al., 2015).

4 CONCLUSION

Based on the derived and measured total chl-a concentrations across all the reservoir i.e. Nan-
doni, Vondo and Albasini, it can be concluded that the dams possess low concentrations. The
algorithm employed in the images to derive chl-a worked successfully on the Landsat OLI
images. It can be concluded that Landsat OLI is suitable for real time monitoring of HABs
in water bodies and can accurately map areas where cyanobacterial blooms are abundant.
This was also attested by the Kappa coefficient analysis which determined the level of agree-
ments between two or more data sets. 80-90% of K values were observed across all the sites
which showed high level of agreement of correlation of field chl-a concentration and satellite
remotely sensed variables.
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AIR AND WATER POLLUTION 2022
| OVERVEW

With the main objective to preserve our delegates’ wellbeing, but also with the belief that the
international contacts among the scientific community should not be stopped, WIT decided
that this conference should not take place as scheduled in Milan, Italy, but take place as an
online event instead.

The conference was organised by the Wessex Institute, UK, represented by Professor Stefano
Mambretti, a member of WIT Board of Directors, the Polytechnic of Milan, Italy and the
University of the West of England, UK.

This conference was the merging of two successful events organised by the Wessex Institute,
the International Conference on Modelling, Monitoring and Management of Air Pollution
which started in Mexico in 1993; and the International Conference on Monitoring, Modelling
and Management of Water Pollution which originated in Southampton, UK in 1991.

The meetings in the Air Pollution series have discussed and considered many important air
pollution issues and the international nature of the attendees has ensured that the conference
findings and conclusions enjoy wide and rapid dissemination amongst the air pollution science
and policy communities.

The Water Pollution conference series has provided a forum for discussion amongst scientists,
managers and academics from different areas of water contamination.

OPENING OF THE CONFERENCE

The conference was opened by Professor Stefano Mambretti, a member of the WIT Board of
Directors, who welcomed the delegates to the event.

INVITED SPEAKERS
There were a series of invited lectures on advanced topics of research and applications, as
follows:

“Estimation of atmospheric boundary layer values in the context of the daily prediction of
PM10 air pollution” P. A. Kowalski, M. Kusy, M. Szwagrzyk & J. [zodorczyk

“Assessment of cumulus parameterization schemes in modeling meteorology associated with
an air pollution event in the Andean region of Ecuador” R. Parra

“Comparison of Gaussian and Lagrangian puff dispersion models for the risk assessment of
receptors nearby a contaminated site” M. Ravina, 1. Verginelli, R. Baciocchi & M. Zanetti
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“Diffusion of innovation - implementation of constructed wetlands in the Kathmandu Valley,

Nepal” Z. Boukalova, J. Tesitel & B. D. Gurung

“Hydrochemical and radiometric study of groundwaters from Serra Negra spa, Sdo Paulo
State, Brazil” P. D. Avona & D. M. Bonotto

“Public perceptions of the role and competency of government to deal with water-related issues
over a 34-year period in the Pacific Northwest, USA” Robert L. Mahler

“Evolution of the activates sludge community of a WWTP with industrial discharges”
A. Baeza-Serrano, F. Sempere, N. Oliver, P. Gutierrez & G. Fayos

CONFERENCE SESSIONS

The papers presented during the conference were classified under the following headings:
* Atmospheric modelling and forecasting
+ Health risk assessment
* Global, regional and local studies

e Water treatment

PRIGOGINE AWARD CEREMONIES

During the conference, live presentations of the last three year’s Prigogine Award medal took
place, as the ceremonies in 2020 and 2021 had to be postponed due to COVID-19.

The 2020 Medal was awarded to Professor Diederik Aerts from Belgium, who gave a Special
Prigogine Lecture “A Quantum Quest. From operational quantum axiomatics to quantum
conceptuality, or how to unveil meaning in reality”.

The 2021 Medal was awarded to Professor Simone Bastianoni, University of Siena, Italy who
gave a Special Prigogine Lecture “A Sustainability Viewpoint for a Post Covid-19 Pandemic
Society”.

The 2022 Medal was awarded to Professor Robert Gilmore, Drexel University, USA who gave
a Special Prigogine Lecture "ThermoDynamics and EcoDynamics".

More information on the Prigogine Award Ceremonies can be found at: https://www.wessex.
ac.uk/prigogine-award
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0&A LIVE ZOOM SESSIONS

Conference delegates were invited to participate in two Q&A live zoom sessions which took
place on 6th and 7th July 2022. These friendly sessions were a great opportunity for participants
to interact with each other and put questions to authors about their papers.

CONFERENCE PUBLICATION

Papers presented at this conference are published in Volume 259 of

the WIT Transactions on Ecology and the Environment (Electronic Ecology and the
ISSN: 1743-3541). Papers presented at the meeting are available Environment
Open Access in the eLibrary of the Wessex Institute (https://www. <
witpress.com/elibrary) from where they can be freely downloaded
by any interested parties.

CLOSING OF THE CONFERENCE

We are very sorry that we were not able to meet our delegates in person this time, but hope
that we will be able to do so at a future event.
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