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Abstract: This paper investigates the impact of ENSO on water quality by looking at COD, SS, and
Escherichia coli along the Crocodile River. Water samples were collected between 2016 and 2021 at three
strategic sites on the river and were tested in an accredited laboratory. Python (version 3.8), Spyder
and Microsoft Excel 2019 were used to analyze the data. The highest COD concentration (800 mg/L)
was recorded at the White River site during El Nifo, followed by 600 mg/L during the normal period,
and 240 mg/L during the La Nifia period. In 2019 during La Nifia and the normal period, the E. coli
levels were centered in one place at 60 cfu/100 mL, while in 2021 no E. coli levels were detected from
the La Nifa, El Nifio, and normal periods. The suspended solids in this study were more prevalent in
the White River (upstream) during the El Nifio period. These analyses demonstrate that it is possible
to evaluate the local effects associated with large-scale climate variability.

Keywords: El Nifio Southern Oscillation (ENSO); El Nifio; La Nifia; suspended solids; water quality;
E. coli; Crocodile River

1. Introduction

The El Nifio Southern Oscillation (ENSQO), which is the main cause of inter-annual
variability in the Earth’s climate, is responsible for oceanic and atmospheric variations [1].
It is crucial to understand the local effects of climate-altering phenomena like the ENSO as
these atmospheric changes determine water availability in a region or country [2,3]. Given
that South Africa has a limited water supply and only receives a mean of 497 mm of rainfall
annually [4], it is significant to study the effect of ENSO on surface water. Southern Africa
is popularly known for being a semi-arid region characterized by a lack of rainfall, complex
topography, and poor water management.

ENSO episodes may have a considerable influence on water quality due to shifting
climatic conditions ranging from droughts in some areas to floods in others [5]. Researchers
have attributed ENSO as a major driver of the inter-annual climate variability in Southern
Africa as well as the African continent at large [6,7]. For example, during the El Nifio phase,
higher sea surface temperatures warm the atmosphere, resulting in increased convection
and rainfall over Eastern Africa. Southern Africa, on the other hand, is dominated by a
continental high-pressure system that suppresses regional atmospheric convection and
rainfall [8]. As a result of ENSO, climatic variability is notably important in Southern
and Eastern Africa as it determines water availability which is key to socio-economic
development [2,6]. Previous research has looked at evaluating surface water and ENSO,
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whereby these studies highlighted the need to understand patterns and drivers of climate
variability, both temporally and spatially, that influence the recharge of groundwater [6,9].
Inter-annual fluctuations in hydrology are important in water management planning.
Numerous studies have found that fluctuations in temperature and precipitation caused by
ENSO correlate closely with the mean annual and seasonal river flow [7,10,11].

Two-thirds of the extremely hot temperature events in South Africa between 1970 and
2015 can be tied to El Nifio [3], whereas La Nifia events are linked to the development
of tropical-temperate troughs that boost rainfall across South Africa [8]. According to
a study by Bradshaw et al. [12], South Africa has a 4% annual chance of witnessing
uncharacteristically high temperatures; this chance rises to 62% during intense El Nifio
years. The warming air resulting from higher temperatures allows for a higher capacity for
moisture absorption, which leads to increased heavy rains or storms. This would have a
serious negative impact on water quality because floodwater can be contaminated with
pollutants like sewage, agricultural pesticides, industrial chemicals, and debris. On the
other hand, droughts may result in decreased flow, and water levels during hydrological
droughts may impact water quality due to limited dilution [13]. During El Nifio, prolonged
low stream flows may raise toxicant concentrations and reduce dissolved oxygen levels [14].
El Nifio has been linked to unusually warm sea surface temperature anomalies which
may also impact river water quality by influencing evaporation and water temperature.
Increased water temperatures will induce eutrophication and excess algae development in
many regions, lowering drinking water quality [15].

Thus, the water quality of rivers is influenced by changes in climate and season in their
catchment areas [16]. This is corroborated by literature in the sense that there is a general
agreement that water quality in lakes and reservoirs will change as climate changes [17-19].

Climate change has been shown to affect water quality parameters such as stratifi-
cation [20], water transparency [21], oxygen content [22], primary production and algal
biomass [23], phenological patterns [24,25], and harmful algae blooms [26]. The major-
ity of these studies attribute the changes in these water quality parameters to rising air
temperatures, which cause changes in heat balances and water body mixing dynamics.

According to the literature search for this study, it has been found that limited studies
have looked at the impact of ENSO on surface water quality, especially in Southern Africa.
The water quality parameters for this study are Escherichia coli (E. coli), Suspended Solids
(SS), and Chemical Oxygen Demand (COD). E. coli concentrations in surface water sys-
tems fluctuate in response to socio-economic factors like urbanization, population growth,
and sanitation, as well as climate change, which includes fluctuations in precipitation
patterns and surface air temperature. Examples of the mechanisms that affect E. coli con-
centrations in surface water are universal [27]. Contamination of water bodies, brought
on by microbial fecal pollution, is a major issue in many countries, particularly low- and
middle-income countries.

The presence of Suspended Solids (SS) is generally associated with a decrease in water
clarity, such as light penetration or visibility. Suspended Solids (SS) transported by rain
runoff water have been identified as one of the primary sources of polluted sediments
from urban developments. Torres and Bertrand-Krajewski [28] and Hoshiba et al. [29]
concur that various contaminants in urban rainy-weather discharges are associated with
suspended particles.

Chemical Oxygen Demand (COD) indicates the amount of oxygen in a measured
solution that can be consumed by reactions. It serves as an indicator for the amount of
reducing substances in water, including organic, sulphide, nitrite, ferrous salts, and others.,
with the organic dominating. The mass of oxygen consumed over the volume of solution
is a typical way to express COD. The basic principle behind COD detection is that almost
all organic compounds can completely oxidize to carbon dioxide when exposed to acidic
conditions and a strong oxidizing agent [30]. High levels of COD indicate the presence of
organic matter, both biodegradable and nonbiodegradable, which results in high levels of
pollution [31]. The death of bacterial cells may also result in an increase in COD as a result
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of the cells’ release of dissolved organic carbon as they decompose. High levels of COD in
river systems indicate pollution and may be harmful to aquatic life, especially fish, whereas
low levels in river systems indicate acceptable water quality [32]. To sustain fish and human
beings, surface water should record low levels of COD. That is, COD levels should not
exceed 75 mg/L, according to the South African water guidelines for wastewater.

There have been very few studies on the El Nifio Southern Oscillation (ENSO) and its
impact on River water quality, particularly in South Africa. This research can help raise
awareness about how the ENSO affects water quality. Furthermore, it may serve as a model
for many future studies that the city will be required to do.

There are three phases to ENSO, namely El Nifio, La Nifia, and Neutral (normal).
All three phases create variation in rainfall due to ENSO directly affecting the weather
conditions, which subsequently affects water resources. Therefore, the nonstationary
nature of rainfall variability in South Africa, ENSO, and river inflow fluctuations make
it advantageous to study water quality using E. coli, COD, and SS. Therefore, this paper
investigates the impact of ENSO (rainfall) on the Crocodile River water quality by looking at
COD, SS, and E. coli at three strategic sites along the river. The scientific question addressed
is whether there exists a statistically valid link between three events of ENSO, with COD,
SS, and E. coli as part of river water quality parameters.

2. Materials and Methods
2.1. Study Area

The Crocodile River originates from the Steekampsberg mountains north of Dull-
stroom, Mpumalanga. It is the largest tributary of the Komati River. The Crocodile River
catchment area is 10,446 km?, flowing into the Kwena Dam and eastwards through Nel-
spruit and confluences with the Komati River before flowing into Mozambique at the
Lebombo border gate. Elands River and Kaap River are two major tributaries of the
Crocodile River system. Other smaller tributaries include the Lunsklip River, Nels River,
Houtbosloop River, Gladdespruit, White River, and Besterspruit. The Crocodile River catch-
ment is mostly dominated by agricultural activities (fruit orchards, sugar cane plantation,
vegetables), commercial forestry, and rural and urban settlements. The river flows through
the major towns of Nelspruit, Malelane, and Kaapmuiden. The middle region of the river
has experienced a rapid increase in urbanization in the past decade. Other major activities
occurring within the catchment include mining and paper milling in the Kaap and Elands
River sub-catchment.

2.2. Characterization of the Sampling Sites

Figure 1 shows the three sampling locations, namely White River, Matsulu, and
Kanyamazane. The samples were taken at the three sampling sites located within the study
area between 2016 and 2021 during El Nifio (drier seasons and drought conditions), La
Nifia (rainfall and abundant seasons), and the normal period (normal (neutral) period).

White River Wastewater Treatment Plant (WWTP) (Site 1)

The White River WWTP treats only domestic wastewater and has a design capacity
of 6 Megaliters per day (ML/d). The domestic wastewater from the nearby town of
Plaston and the town of White River is treated at the White River WWTP before being
discharged into the tributary of the Crocodile River known as the White River. The WWTP
has been classified as a Class B, the process controllers are classified, and the WWTP is
authorized to discharge effluent. WWTP treats domestic wastewater only, not stormwater
runoff; however, during extreme flood events, there is some stormwater ingress into the
system, but not significant. The area’s current land use is a combination of residential
settlements and shopping malls, notably towards the White River Central Business District.
Most of the surrounding areas are agricultural grounds where flowers, tropical fruits, and
timber predominate.
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Figure 1. The study area map of the Crocodile River with sampling sites.

Kanyamazane WWTP (Site 2)

The domestic wastewater from Kanyamazane township is treated at the Kanyamazane
WWTP before being released into the Crocodile River. The region is heavily populated, and
human activities occurring in the nearby residential settlements along the Crocodile River
have a major impact on the water quality. Kanyamazane, the southernmost settlement in the
Nsikazi activity corridor, is about 30 km east of Nelspruit and 17 km south of Kabokweni.
All process controllers are classified, and the plant itself is classified as Class D. It nearly
forms a continuously developed area connecting to Msogwaba in the north. Kanyamazane’s
oblong, north-south configuration can be attributed to the nearby mountainous terrain and
a significant tributary.

Matsulu WWTP (Site 3)

Matsulu town is relatively remote, located 45 km east of Nelspruit in the municipality’s
easternmost section. The railway line to Phalaborwa cuts through Matsulu, which is
sandwiched between the N4 highway, the Kruger National Park, and the Mthethomusha
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Nature Reserve. The Matsulu a, b, ¢, and Matsulu West townships are the official townships
that make up Matsulu. The governance of the WWTP is good, with it holding a Class C
classification and authorization to discharge effluent into the river. The informal settlement
is a fast-expanding region with a large influx of people due to its proximity to the N4
national road. The Matsulu wastewater treatment facility processes domestic wastewater
from Matsulu township and releases the treated effluent into the Crocodile River. The plant
is in a residential area where most land use activities are related to agriculture.

2.3. Sampling

The samples were collected at three points of the Crocodile River from 2016 to 2021
(monthly) to test the quality of the water. COD, SS, and E. coli were analyzed in different
years, seasons, and months during the El Nifio, La Nifia, and normal periods. Using a
permanent marker, the site code, date, and time of sample collection were written on the
polyethylene plastic water quality sampling bottles. The microbial sampling bottles were
already pre-sterilized before sampling; therefore, no additives were introduced to them.
The grab-sample approach was used to sample chemicals and microorganisms to determine
the water quality [33]. The bottle lids remained on until the sample was ready for collection.
All required samples were collected at the effluent discharge points of the wastewater
treatment plant. However, one-liter bottles were rinsed three times before being filled
with samples for chemical analysis, while the 300 mL sampling bottles used for microbial
analysis were not rinsed since they had already been sterilized, and there was enough space
within the bottle for mixing by shaking [33]. Water quality samples, both chemical and
microbial, were kept in two different cooler boxes and kept cold with ice cubes or packs.

2.4. Rainfall Data and ENSO Data

The South African Weather Service provided rainfall data for the years 2016 to 2021.
This data comprised daily rainfall observations for each study site. Data on rainfall is
essential as rainfall can cause seasonal and inter-annual fluctuations and so can affect
the effluent discharge. Based on the Oceanic Nifio Index (ONI), events are defined as
5 consecutive overlapping 3-month periods at or above the +0.5 anomaly for warm (El
Nifio) events and at or below the —0.5 anomaly for cool (La Nifia) events [34,35]. The
ENSO data were acquired by using the Southern Oscillation Index (SOI) on the data for
this study. An SOI value greater than 0.5 indicates the El Nifio phase and an SOI value
less than —0.5 indicates the La Nifia phase. SOI values between —0.5 and 0.5 indicate a
normal (neutral) period. Not only do these new indices exhibit close correlations with
ENSO indices derived from a variety of previous methods, but they are also capable of
distinguishing between three types of ENSO events [36].

SOl is calculated using the formula:

Standardized Tahiti — Standardized Darwin

I =
50 Monthly Stadard Deviation

where:
Standardized Tahiti =

Actual Taihiti Sea Level Pressure—Mean Taihiti Sea level Pressure
Stadard Deviation Tahiti

Standardized Darwin =

Actual Darwin Sea Level Pressure—Mean Darwin Sea level Pressure
Stadard Deviation Darwin

Also
Stadard Deviation Tahiti =

\/Z(Actual Taihiti Sea Level Pressure—Mean Tahiti Sea level Pressure)2
N

Stadard Deviation Darwin =

\/Z(Actual Darwin Sea Level Pressure—Mean Darwin Sea levelPressm’e)2
N
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Monthly Stadard Deviation =

\/Z(Stadard Deviation Tahiti—Standardized Darwin)*
N

N is the number of months.

2.5. Prescribed Physicochemical Parameters

The General Authorization guidelines (general and special limits) of the South African
Department of Water and Sanitation (DWS) were used as benchmarks to assess compliance
with the final effluent quality [37]. When a WWTP discharges less than 2000 m? of effluent
into a water resource that is not specified in the regulations, general limits apply, but special
limits apply to WWTPs that discharge less than 2000 m? of effluent into a water resource
that is listed in the regulations [37]. As stipulated by the WWTP Water Use License, Table 1
outlines the various effluent discharge quality limits for each site.

Table 1. Effluent Discharge Quality limits in the three studied sites as per WWTP Water Use License.

E. coli Ss Chemical Oxygen Discharge
(Count Per (mg/dL) Demand (COD)  Class Volume
100 mL) (mg/L) (Ml/Day)
Matsulu WWTP 0 25 75 B 3.5
Kanyamazane
WWTP 0 25 75 D 9.1
White River WWTP 0 25 75 C 4.1

These standards were established by South Africa’s Department of Water Affairs
(DWA), and water use licenses were issued in accordance with the government gazette
number 39614, which was published on 22 January 2016. The Crocodile River mainly
supports agriculture as well as commercial and subsistence fishing, and it has a class C
ecological status. Depending on the quality of the receiving water, recreational usage,
the effects on aquatic life, transboundary water management requirements, and other
considerations, discharge limits vary from plant to plant.

2.5.1. Water Sampling Procedure for Physicochemical Parameters

To cover the pollutant’s spatial distribution in the Crocodile River, water quality
samples were taken between 2016 and 2021 at three separate locations. On each site,
monthly samples were taken using the same sampling method as described above. The
samples were delivered to a laboratory that is accredited in terms of the South African
National Accreditation System (SANAS). Within 12 h of collection, microbiological samples
were processed.

Chemical oxygen demand was examined using Potassium Dichromate as an oxidizing
agent. Potassium Dichromate was used to digest the sample, oxidizing the biodegradable
organic carbon present. As reagents, potassium dichromate, sulfuric acid, and potassium
hydrogen phthalate were utilized. A spectrophotometer at the wavelength of 543 nm
was used since it is a colorimetric method. Ammonia was determined using a UV spec-
trophotometer following a Nessler method. Reagents such as Potassium sodium tartrate,
ammonia standard solution, and Nessler Reagent were used. A spectrophotometer at
wavelength 430 nm was used. A spectrophotometer (Thermo Scientific Orion AquaMate
8100 UV-Vis, Labotec, Cape Town, South Africa) was used to analyze the sample at 610 nm,
while the Hach USEPA membrane filtration method 8367 m-TEC Agar was utilized for E.
coli. In two steps, the m-TEC approach can identify E. coli in samples of freshwater used for
recreational purposes. Membrane filters were incubated on m-TEC Agar for two hours at
35 °C to resuscitate injured organisms. Thereafter, the thermos-tolerant organisms were
chosen by fermenting lactose at 44.5 °C. The second step involves the use of a substrate
medium containing urea to differentiate urease-negative E. coli from other thermotolerant
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coliforms that hydrolyze urea. E. coli is present in colonies that are yellow or yellow-brown
without urease. Suspended Solids (SS) were analyzed using the Hach gravimetric method,
whereby a glass fiber disc was used as a filter in a filtering flask. A fiber filter disc was
dried to a constant weight in an oven at 102-105 °C to remove any solids on the filter.
A well-mixed filtered sample was dried in the filter in the oven at 102-105 °C, and the
weight difference between the empty disc and the disc with remaining solids showed total
dissolved solids.

2.5.2. Statistical Analysis

To analyze the data, Python (version 3.8) Spyder (https:/ /www.spyder-ide.org/ (accessed
on 5 May 2022) | Licensed MIT | design by FreeHTMLS5.co (CC-BY 3.0) Hugo port by SteveLane)
and Microsoft Excel 2019 were both used. The Seaborn package for Python was utilized to
create the heat maps that were needed for better data visualization. Parameters like Chemical
Oxygen Demand (COD), Suspended Solids, and E. coli were analyzed from water samples
taken during the El Nifio, La Nifio, and normal periods, respectively. The cross-tabulations or
pivot tables for average E. coli, average COD, and Suspended Solids for different categories were
generated between the sites upstream, midstream, and downstream. In addition to evaluating
single-variate patterns of water quality parameters, the study also looked at multivariate
patterns as proposed by Alberto et al. [38] and Singh et al. [39], in addition to examining
single-variate patterns of water quality parameters. All statistical analyses were performed at
the 95% confidence limit.

3. Results and Discussion
3.1. Escherichia coli (E. coli) Concentration during the Three ENSO Phases

Figure 2a—f depicts E. coli levels from 2016 to 2021 for the normal (Neutral), El Nifio,
and La Nifia periods. The levels of E. coli increased during the 2016 and 2017 El Nifio
periods and then dropped the following year in 2018, before rising again in 2020. In 2019
during La Nifia and the normal period, the E. coli levels were centered in one place at
60 cfu/100 mL, while in 2021, no E. coli levels were detected from the La Nifia, El Nifio, and
normal periods. Although the El Nifio period had the highest E. coli count between 70 and
80 cfu/100 mL in 2016 and 2020, the E. coli levels in all periods from 20162020 exceeded
0 cfu/100 mL for effluent discharge quality limit. Figure 2g—i depicts the E. coli levels at
each sampling location. The results show that during the La Nifia period, the Matsulu and
White River sites had similar E. coli concentration levels, which were higher than that of
the Kanyamazane site. During the normal period, Matsulu displayed the highest E. coli
count, followed by White River and Kanyamazane. However, the White River site had the
greatest E. coli level during the El Nifio period at 120 cfu/100 mL. According to the heat
map (Figure 2j), the recorded concentration of E. coli (35.900 cfu/100 mL) was the lowest
during El Nifio in April when it was dry. In Autumn, during the El Nifio period when
it is wet, E. coli was still lower at 45.683 cfu/100 mL (Figure 2k). During La Nifia, E. coli
values showed no increase; they were clustered between 40 and 80 cfu/100 mL. Figure 2j
shows that the highest count of E. coli (71.667 cfu/100 mL) was recorded in April during
La Nifia, while the lowest E. coli count (35.900 cfu/100 mL) was recorded in April during
El Nifio. The highest E. coli record may be attributed to high E. coli concentrations due
to lack of dilution since April falls under the dry months in Mpumalanga province. For
the White River site, it may also be attributed to the partial or inadequate treatment of
wastewater from the White River WWTP. A similar pattern was reported by Maphanga
et al. [40], stating that high levels of E. coli were recorded during the wet season. Moreover,
the study correlated rainfall and E. coli, indicating that they have an inverse relationship
(rainfall and E. coli). Furthermore, research was conducted by Abia et al. [41] in the Apies
River, where contaminated water flows downstream before reaching an area of altered flow
conditions (wider, flatter river channels and slower water velocity). These findings show
that each phase of the ENSO influences the behavior of certain parameters such as E. coli.
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Figure 2. E. coli annual concentrations (a—f). E. coli concentration from each sampling site (g—i). E. coli
heat maps (j—k).

South Africa’s water guidelines state that E. coli levels should not exceed 0 cfu/100 mL
for irrigation, and the effluent discharge quality limits should not be above 0 cfu/100 mL.
From 2016 to 2020, the E. coli levels were higher than the set limit for irrigation and the
effluent discharge quality limits for all ENSO phases, but in 2021 the standard was met as
no E. coli levels were detected in all periods. The Kanyamazane, Matsulu, and White River
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sites have also exceeded the irrigation limit and the effluent discharge quality limit during
the La Nifia, El Nifio, and normal periods. During the El Nifio period, there was fluctuation
at the White River site, as records show the lowest and the highest counts of E. coli. The
fluctuation in E. coli counts during the El Nifio period at the White River site could be
attributed to the change in rain patterns and the inadequate treatment of wastewater at the
White River WWTP. This observation is similar to the one made by Castro Fernandez [42],
who stated that there is an untreated or inadequate discharge of water into the Bogota
River, leading to the accumulation of sludge and, consequently, E. coli in the river. Castillo
et al. [43] confirmed that this is a correlation between seasonal effects and the E. coli level
that was evaluated in Casacara Rivers.

The regression analysis for E. coli for the El Nifio period shows that the square of the
correlation (R%) was 14%, which means that only 14% of the variation can be explained
by the regression model. The correlation value was —1.3486 in rainfall, indicating that
there was a negative correlation between E. coli and rainfall. The p-value of rainfall was
also at 0.0134. This p-value was below 0.05 and considered statistically significant; see
Table 2 below. The regression analysis for the La Nifia period shows that the square of the
correlation (R?) was 39.7%, which means that the variation can be partially explained; +60%
cannot be explained by the regression model. The p-value of rainfall was significant at
0.0240 (see Table 3). Even the normal period had an R? of 37% and a p-value that was 0.0688,
considered statistically insignificant. The statistics in all the periods showed a negative
correlation between E. coli and rainfall. According to this study, the declining river water
quality during the wet season is linked to increased rainfall in the Chobe River in Botswana,
where a study found the same results for E. coli [44]. There was additional evidence that La
Nifia conditions, which are responsible for above-average Chobe River floods and rainfall
during the wet season, were linked to increased E. coli concentrations in the river. On the
contrary, a study conducted in Limpopo, South Africa, revealed higher levels of E. coli
in the dry season than in the wet season. The dry season (April-June) had higher E. coli
levels than the wet season (January-March) [45]. In this study, the high E. coli levels during
La Nifia can be attributed to increased rainfall, which could result in excessive surface
runoff into the river, as well as inadequate treatment of wastewater from the White River
WWTP and the nearby wastewater treatment plants. The standard deviation for E. coli was
16.44 during the El Nifio period, 8.50 during the normal period, and 9.68 during La Nifia
period. All standard deviations during the three periods were high, and this indicates data
are more spread out, and values are generally far from the mean.

Table 2. E. coli El-Nifio period regression.

Regression Statistics
Multiple R
R Square
Adjusted R Square
Standard Error
Observations
ANOVA

Regression
Residual
Total

Intercept
SS
COD
NH3-N
Rainfall
SOI Values

0.3802
0.1446
0.0677
15.8758
98
Df SS MS F Significance F
8 3790.5541 473.8193 1.8799 0.0730
89 22431.5705 252.0401
97 26222.1246
Coeff StaE?i)z;rd t Stat p-value Lower 95% Upper 95%
40.1504 16.1284 2.4894 0.0147 8.1038 72.1971
0.0079 0.0627 0.1255 0.9004 —0.1167 0.1325
—0.0089 0.0424 —0.2105 0.8337 —0.0932 0.0754
0.7003 0.2817 2.4863 0.0148 0.1407 1.2600
—1.3486 0.5342 —2.5245 0.0134 —2.4101 —0.2872
4.1901 2.3814 1.7595 0.0819 —0.5418 8.9219
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Table 3. E. coli La-Nifia period regression.

Regression Statistics

Multiple R
R Square

Adjusted R Square
Standard Error
Observations

ANOVA

Regression
Residual

Total

Intercept

SS

COD

NH3-N
Rainfall
SOI Values

0.6302
0.3972
0.2735
8.2543
48
Df SS MS F Significance F
8 1750.6990 218.8374 3.2119 0.0067
39 2657.2289 68.1341
47 4407.9279
Coefficients St%?iird t Stat p-value L;)gvo/fr Upper 95%
—1.6085 30.0460 —0.0535 0.9576 —62.3823 59.1653
—0.0624 0.0622 —1.0019 0.3226 —0.1882 0.0635
—0.0576 0.0537 —1.0719 0.2904 —0.1663 0.0511
0.7163 0.2679 2.6742 0.0109 0.1745 1.2581
—2.3667 1.0078 —2.3484 0.0240 —4.4051 —0.3283
—0.4872 1.3455 —0.3621 0.7192 —3.2087 2.2343

E. coli (cfuf100mL)

120 1
100 1

20 1

EN50_PHASE = La Nina

E. coli Seasonal Concentrations with the Influence of Rainfall during the Three
ENSO Phases

Figure 3 shows the highest E. coli levels during the El Nifio period in Summer com-
pared to the normal and La Nifia periods. During the La Nifia phase, the E. coli levels were
clustered between 40 and 80 cfu/100 mL. During the normal period, the E. coli levels were
slightly higher in Spring compared to other seasons. However, the concentration was also
clustered between 40 and 80 cfu/100 mL. Winter and Autumn recorded the lowest E. coli
count during the El Nifio period. In this study, rainfall is an excellent predictor of E. coli
during the El Nifio, La Nifia, and normal periods. Researchers have found that the EI Nifio
Southern Oscillation (ENSO) impacts rivers throughout the world in a predictable manner.
It is important to determine the potential relationship between ENSO and streamflow since
ENSO could have a significant impact on seasonal and interannual variability in rivers [46].
Maphanga et al. [40] discovered that the spatial distribution of E. coli varies from upstream
to downstream of the Crocodile River, consistent with the findings of this study. However,
it is worth noting that seasonal differences were observed between the studies. Despite
the fact that some studies have observed a similar seasonal variation in high concentration
levels of E. coli, which is associated with water temperature [47] and heavy rainfall during
the wet season [48], other studies have not observed this phenomenon.

EN50_PHASE = Mormal EN50_PHASE = El Nino

1 e b @ . ."c.’.. Season
= S oy L]

: e ) =g e Summer
%r"'i T 5;., %‘ e % . Autumn
., 1* ¢ » ] ""1. . s Winter

Spring
L ]
0 5 10 15 20 25 0 5 10 15 20 & 0 5 10 15 20 25
Rainfall {mm) Rainfall {mm) Rainfall {mm)
(a) (b) (0)

Figure 3. E. coli seasonal concentrations with the influence of rainfall (a—c).
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3.2. Suspended Solids from Sampling Sites during the Three ENSO Phases

Figure 4 displays the levels of Suspended Solids (SS) at each sampling site throughout
the La Nifia, normal, and El Nifio seasons. The levels of SS at the Kanyamazane location
were lower during the normal and La Nifia periods, and they increased during the El Nifio
period. The Matsulu location showed a rise in SS during normal conditions and a decrease
during El Nifio and La Nifia events. During La Nifia, the White River had an increase
in SS and a slight decrease during El Nifio, even though it remained the highest in all
the sampling sites. There were no variations between La Nifia and the normal period at
the White River site. The South African wastewater guidelines recommend that SS levels
not exceed 25 mg/L. At the Kanyamazane site, the SS were highest during the EI Nifio
period but were below the acceptable limit of 25 mg/L. Matsulu showed the highest SS
during the normal period but below the limit of 25 mg/L. The White River had the highest
SS (30-50 mg/L) during La Nifia period, which was above the accepted 25 mg/L limit.
However, the White River exceeded the limits in all ENSO phases.

Location = Kanyamazane Location = Matsulu Location = White River
I &0 5
n 2] ]
i i
_—__—- -_-__-—-.--
|} 1 I I I 1 I I I 1 I I I
La Nina Normal El Nino La Nina Normal El Ning La Nina Normal El Nino
ENSO_PHASE ENSO_PHASE ENS0_PHASE
(a) (b) ()

Figure 4. Suspended solids during ENSO phase at different sites (a—c).

The wet season was found to have greater suspended sediment parameters, and they
were more dominant in the oxbow lake (Harun et al. 2014). The White River site displayed
a similar reaction to the Lower Kinabatangan River catchment. The SS in this study were
more dominant in the White River during the El Nifio period. The rise of SS in the White
River during the El Nifio period may be attributed to surface runoff due to floods and
the presence of clay; silt, sandy clay, and other particles or suspended material released
as a result of structural damage caused by floods. In Florida, during El Nifio or La Nifia
years, certain months can experience more precipitation than others, which would result in
increased runoff and, in turn, increased SS load [49].

In another study, the Kampar River, which provides drinkable water to 92,850 people,
was investigated for water quality variations in the wake of a significant El Nifio warming
event in 2016 that caused extremely dry weather in Malaysia [50]. With less precipitation, a
few parameters were analyzed, including Total Suspended Solids (TSS). Data indicated that
variations in TSS, turbidity, and ammoniacal nitrogen concentrations had been brought on
by prolonged dry weather and intermittent pollution episodes. In April 2016, some sites
in zones A and B in Malaysia showed an unusual decline in TSS levels [51]. It must be
emphasized that this decline in TSS levels cannot be interpreted as an adverse reaction to
low precipitation. On 24 April 2016, an atypical storm happened in Malaysia during the
routine monthly water sampling process. The TSS measured in zones A (524 and 602 mg/L),
B (125 and 130 mg/L), and C (135 and 136 mg/L) were abnormally high. This demonstrates
how excessive sedimentation during periods of intense precipitation in a tropical climate
can cause an alluvial river to become typically polluted. Similar anomalies were observed
in this study as the highest levels of SS were recorded at the Kanyamazane site during El
Nifio when the weather was dry. However, the highest recording for SS was observed at the
White River site during La Nifia and this could be attributed to runoffs eroding sediments
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during heavy rains and polluting the river. The White River site exceeded the SS limit of
10 mg/L for effluent discharge quality. Suspended Solids data showed a high standard
deviation in all the three periods. During El Nifio it was 54.93, 39.66 during the normal
period and 35.57 during La Nifa. This indicates that values are generally far from the mean
(see Appendix A).

The EI Nifio period showed a regression analysis where the SS is the independent
variable. The regression analysis shows that the square of the correlation (R?) was 78%,
which means that the 78% variation in SS can be explained. The p-value of rainfall was also
at 0.7416, which is above 0.05 and therefore considered statistically insignificant. The La
Nifia period shows a regression analysis where the suspended solid is the independent
variable. The results show that the square of the correlation (Rz) was 71%, which means
that the 71% variation in SS was explained by the regression. The p-value of rainfall was
also at 0.6283, which is above 0.05 and therefore considered statistically insignificant.

3.3. COD Concentrations during the Three ENSO Phases

Chemical oxygen demand (COD) is commonly used to monitor the efficacy of water
treatment plants and to evaluate the quality of water and wastewater. Figure 5a—c demon-
strates that the COD concentration at the White River site was the highest across all three
periods (La Nifia, normal, and El Nifio). This may be attributed to human and agricultural
waste as the site is close to the White River wastewater treatment plant and agricultural
fields. The highest COD concentration (800 mg/L) was recorded at the White River site
during El Nifo, followed by 600 mg/L during the normal period and 240 mg/L during
the La Nifia period. During La Nifia, Kanyamazane recorded 180 mg/L in COD, and the
Matsulu location recorded approximately 100 mg/L. Kanyamazane received 50 mg/L COD
during the normal period, while Matsulu received 25 mg/L. The COD at the Matsulu site
was lower than that of the Kanyamazane site for both periods. There have been fluctuations
in COD levels at all sites. The lowest count was 0 mg/L and the highest was 180 mg/L at
the White River site. During the La Nifia, El Nifio, and normal periods, the White River site
had the highest COD levels that exceeded the 75 mg/L limit for effluent discharge quality.

The highest COD concentration was 134.000 mg/L in February during the nor-
mal period. The El Nifio period showed the second-highest concentration in August
at 106,583 mg/L. The lowest COD concentration was in January during the normal period
at 20,222 mg/L. On average, the highest COD concentration was at 52,193 mg/L during the
La Nifia period, followed by a concentration of 46,423 mg/L during the normal period, and
the smallest average concentration was recorded during the El Nifio period at 44,566 mg/L.
COD data showed a high standard deviation of 84.42 during El Nifio period, 84.87 during
the normal period and 77.40 during La Nifia period. This indicates that values are generally
far from the mean (see Appendix A). According to a study by Maphanga et al. [40], there
is no spatial distribution of chemical oxygen demand in the Crocodile River, nor is there
seasonal variation between sites. According to a study by Makuwa et al. [48] noted how
COD may vary during the wet and dry seasons despite precipitation not predicting it.
In contrast, Osuolale and Okoh [52] suggest that lower COD levels are primarily due to
increased rainfall.

Although the highest single record of COD was in February during the normal period,
the La Nifa period’s average COD results of this study are similar to the results of a study
by Harun et al. (2014) which was conducted between October 2004 and June 2005 during
the mild La Nifia event, where the surface water quality was studied to evaluate spatial
and seasonal fluctuations in the Lower Kinabatangan River catchment, Sabah, Malaysia.
Furthermore, Harun et al. (2014) found that the wet season recorded higher levels of COD.
The COD was found to be dominant in the stream that is located in the oil palm plantation.
Weak La Nifia events in 2005 and 2006 may have had an impact on fluctuations in surface
water quality, as evidenced by precipitation anomalies during the sampling campaign
(Harun et al. 2014).
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The El Nifio period shows a regression analysis where chemical oxygen demand is
the dependent variable. The analysis shows that the square of the correlation (R?) was
79%, which means that the 79% variation can be explained by the regression model. The
p-value of rainfall was also at 0.5345, which is above 0.05 and is considered statistically
insignificant. The La Nifia period shows a regression analysis where the COD is the
dependent variable. The results show that the square of the correlation (R?) was 90%, which
means that the 90% variation is explained by the regression. The p-value of rainfall was
also at 0.6998 and is considered statistically insignificant. Furthermore, Abagale [53] found
that COD concentrations in wastewater varied considerably among the various treatment
units, which contradicts the findings of this study since no real statistical significance was

evident (p-value).
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4. Conclusions

Extreme weather patterns produced by the La Nifia and El Nifio variability in the
Mpumalanga province have impacted water quality in the Crocodile River. The main
objective of this study was to investigate the impact of El Nifio Southern Oscillation (ENSO)
on the water quality in the Crocodile River in South Africa. In the Crocodile River, E. coli
bacteria were used to measure changes in water quality. Results showed that these changes
varied with ENSO phases. La Nifia period had the highest E. coli count that was above the
stipulated limit for irrigation and effluent discharge quality. Despite the fact that this study
discovered that only 37% of the variation could be explained by the model, it was found
that the model explains a poor amount of variation. At 0.0240, the p-value for precipitation
was significant. Even the normal period had an R? of 37% and a p-value of 0.0688, both of
which are considered statistically insignificant. During the La Nifia, El Nifio, and normal
periods, the irrigation and effluent discharge quality limits at the Kanyamazane, Matsulu,
and White River sites were also exceeded.

The highest COD had been observed during the El Nifio period at the White River
Site, and they were also above the acceptable limit. The Suspended Solids were also
highest in Summer during the El Nifio period. The results have also shown that rainfall
is an excellent predictor of E. coli during the three periods, El Nifio, La Nifia, and normal.
These catastrophic events of El Nifio and La Nifia have worsened floods or droughts,
and this has led to a negative impact on water quality due to the possibility of sewage
contamination, industrial chemicals, and agricultural pesticide debris in floodwater. On the
other hand, droughts may have resulted in decreased flow and reduced water levels during
hydrological droughts, and this may impact water quality due to the lack of dilution.

Each ENSO event has been proven to be unique, making it impossible to forecast
the repercussions of the occurrence of this weather phenomenon. To solve this issue, we
recommend that new monitoring technology be implemented. The government should
enforce compliance and establish legislative measures to combat water contamination
throughout the country as pollution compromises the quality of water. Administrative,
civil, and criminal enforcement actions should be taken for municipalities found to have
broken water regulations in respect to WWTWs.

Limitation of the Study

In order to identify the main pollutant source in the Crocodile River, producers of
industrial effluents and river quality should be continuously monitored. Optimization
of the plant can be achieved even if the input varies over time. This, however, would
necessitate the online solution to a dynamic (rather than static) optimization problem,
a more challenging undertaking that could be the subject of future research. Project
constraints for wastewater plant design (WWTP) include economics, accessibility, health
and environment, wind direction, hydrogeological suitability, sufficient technical facilities,
institutional setup, personnel capacity, and political commitment.
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Appendix A

Table Al. Descriptive statistics showing the averages of the parameters.

ALL Data

Stats E. coli COD SS Rainfall SOI_Values
Ave 59.37 50.05 15.81 1.75 0.34
min 5.80 0.29 0.26 0.00 —3.60
Max 120.50 776.00 517.00 23.90 3.20
Stdv 13.24 77.40 46.89 2.51 1.27
Var 175.25 5991.47 2198.85 6.31 1.62

Mode 58.00 12.00 0.40 0.00 —0.10

skew —0.42 6.51 7.46 4.30 —0.45
Kurt 4.78 52.50 70.03 31.35 0.95
Q1 52.90 17.00 1.60 0.15 —0.40
Q2 60.10 33.00 3.20 0.91 0.40
Q1 65.60 52.00 12.80 2.64 1.10
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