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Non-perennial rivers (NPRs) have three hydrological states; each state has its importance, function and 
implication for water resource management. The dynamics of these states have been inadequately assessed 
and understood. Hence, this study sought to determine the spatiotemporal variations in the hydrological 
conditions of NPRs, focusing on the Touws River–Karoo drylands and Molototsi River within the semi-arid 
region of the Limpopo Province of South Africa. Additionally, the study aimed to delineate and characterize 
the primary areas contributing to runoff in these two river systems. Sentinel-1 and Sentinel-2 satellite data 
sources were employed in this study. Specifically, the modified normalized difference water index (MNDWI) 
derived from Sentinel-2 was utilized to delineate water surface areas along the two rivers. Subsequently, 
these derived datasets were utilized to assess the hydrological states over a 32-month period (2019–2022). 
Based on the presence of water, the river’s state was classified as flowing, pooled, or dry. The results showed 
that remote sensing can be used to determine the hydrological state of the two river systems with ~90% 
overall accuracy. However, there is about a 30% chance that a flow event can be missed using Sentinel-2 due 
to clouds and temporal resolution. Some of these gaps can be filled using synthetic aperture radar (SAR) 
data (Sentinel-1), as demonstrated with the Molototsi River. In the Molototsi catchment, the upper catchment 
contributes the majority of flows. For the Touws River, the southwestern part of the catchment was determined 
as the major contributing area for the observed flows. This suggests that the chosen observation site might 
not be representative of upper catchment dynamics; therefore, a monitoring site in the upper catchment is 
required. This study provided hydrological information and an approach that can be used to monitor the 
hydrological states for better understanding and management of NPRs and catchments.
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INTRODUCTION

Non-perennial rivers (NPRs) are rivers that naturally cease to flow periodically. They account for more 
than 50% of the world’s river network and are highly dynamic, switching between three hydrological 
states: flowing, pools and dry riverbeds. Many studies have summarised these hydrological states into 
the wet and dry states, with periods when the river has isolated pools considered as dry or wet (flow 
or no-flow), depending on the study’s objective (Bonada et al., 2020). Pools tend to form immediately 
after flow cessation and begin to dry out. Some rivers or reaches can be without pools subsequently, 
which is the dry riverbed state. These hydrological states are also referred to as hydrological phases. 
It is noteworthy that some ecological studies define hydrological states as river health (De Girolamo  
et al., 2015). In this study, hydrological state refers to the flow state or water presence along NPRs, 
which some ecological studies refer to as the aquatic state (Kaletova et al., 2021).

Each of the hydrological states has its function, importance, and implications for water resource 
management. For instance, a flowing river will be important in increasing water availability for socio-
economic uses, directly or indirectly, by recharging groundwater (Shanafield et al., 2021) and sand 
aquifers (Walker et al., 2019). Flowing rivers also allow the mixing and transport/movement of biota, 
sediments, nutrients, etc., which are important for the ecosystem (Seaman et al., 2016; Goodrich 
et al., 2018). This state is also perceived to be the most valuable to society as it is deemed a reliable 
water source (Rodríguez-Lozano et al., 2020). When flow ceases, pools form along the river; these 
pools are important sources of water for communities along these rivers during the no-flow periods 
(Walker et al., 2019). They are also of ecological importance as they provide refuge and spawning 
zones for aquatic life (Makwinja et al., 2014). Although generally perceived to be less important 
when compared to the flowing state (Rodríguez-Lozano et al., 2020; Leigh et al., 2019), some studies 
suggest that this is the most important state of NPRs as it caters for both aquatic and terrestrial life 
(Eastman et al., 2021). Dry riverbeds are perceived to be the least valuable of all three hydrological 
states and are often overlooked. However, some aquatic species and riparian vegetation require a 
dry state to begin their life cycle (Nicolás Ruiz et al., 2021). Furthermore, some cultural activities, 
including spiritual rituals, can only occur on dry riverbeds (Steward et al., 2012). Dry rivers can also 
be sources of food and water in the form of sandbank aquifers that provide water for domestic use 
and irrigation. In Botswana, some communities dig the dry riverbed to harvest catfish (Steward et al., 
2012). If climate change predictions of a decrease in rainfall for many parts of the world, including 
southern Africa (IPCC, 2022), are correct, the dry phase might become frequent for many rivers.

Knowledge of the hydrological states of NPRs is important as it informs river and water management 
strategies. Furthermore, each state may require a different river and water management approach.  
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The duration of these hydrological states, which depends on 
the local hydrogeology and precipitation (Bonada et al., 2020), 
is also key for water resource management purposes. Besides, 
the duration of these phases may be more important than the 
magnitude of the flow for the communities along these rivers. For 
instance, prolonged flows will allow water access for farmers for 
a longer period and are likely to enhance recharge of the alluvial 
aquifers as compared to short duration flow with high magnitude. 
However, prolonged flows can also mean that there is no access 
to alluvial aquifers, which may have better quality than a flowing 
river (Saveca et al., 2022). In addition, Datry et al. (2017) indicate 
that the biodiversity of fauna and flora can be associated with the 
duration of the dry phases. These hydrological states or phases have 
implications for the water quality of the river (Shanafield et al., 
2021). For example, flow can transport pollutants from upstream, 
which will, in return, pollute persistent pools along the river.

There have been inadequate studies focusing on the identification 
of the hydrological states of NPRs, and which might be a result 
of a lack of data, and the complexity that arises with monitoring 
and in understanding NPR dynamics. Tools to objectively 
determine the hydrological state are required (Gallart et al., 2016; 
Kaletova et al., 2021). Eastman et al. (2021) used a statistical 
model to simulate the hydrological states along the river. 
The Environmental Protection Agency of England has been 
monitoring the hydrological states of some rivers since 1997 using 
field surveys (Eastman et al., 2021; Sefton et al., 2019). France also 
started a similar programme called Onde in 2012 (Bonada et al., 
2020). Other studies have proposed the use of multiple sensors 
(Assendelft and Ilja van Meerveld, 2019) and time-lapse imagery 
from game cameras. Maswanganye et al. (2021) highlighted some 
of the strengths and limitations of these methods. Generally, the 
hydrological states are often established from gauging data and 
often do not recognise the ‘pool’ state. Direct observations of 
these states are the most accurate; this can be done at several parts 
of the river using citizen science programmes (Gallart et al. 2016). 

Maswanganye et al. (2021) further suggest that hydrological states 
could be determined using satellite images, especially in ungauged 
areas that do not have a functional monitoring network.

Flow is predominantly generated from specific sections within 
the catchment, termed as flow-contributing areas, which bear 
significant relevance in water and catchment planning and 
management. Modifying these contributing areas can induce 
alterations in the hydrological regime and subsequently impact 
the overall hydrological state. Identification of these areas often 
involves in-situ observations (Tena et al., 2021) and hydrological 
modelling (Golmohammadi et al., 2017). Additionally, there 
is potential to identify these areas utilizing easily accessible 
remote sensing data sources. This study sought to analyse the 
spatiotemporal dynamics of the hydrological conditions in two 
NPRs while identifying significant runoff-contributing regions 
within the Touws and Molototsi river systems in South Africa. 
The objectives encompassed: (i) investigating the potential of 
remote sensing in ascertaining hydrological states and evaluating 
its accuracy in discerning between these states, (ii) assessing 
alterations in the hydrological states, and (iii) pinpointing primary 
flow-contributing zones utilizing accessible datasets. Overall, 
the study pioneers a new approach in analysing the hydrological 
dynamics of Touws and Molototsi river systems, utilizing remote 
sensing to discern hydrological changes and identify crucial runoff-
contributing regions, addressing the research gap in adequately 
assessing hydrological states within South African NPRs.

METHODOLOGY

Study area

The study was conducted along Touws and Molototsi Rivers, 
which are distinct NPRs found in semi-arid South Africa. The 
Touws River is in the southern part of South Africa in the Western 
Cape Province (Fig. 1). Touws River has a sandy-gravel riverbed 
and is approximately 140 km long with a width of 60–120 m 

Figure 1. Location of the studied Touws (light blue) and Molototsi catchments (grey) on the climate (aridity) map, study catchments on the 
elevation map, and the location of monitored reaches within the catchments (purple)
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in the mid-reaches. The area is generally classified as a winter 
rainfall region but the rainfall at this study site shows no pattern 
of wet/dry seasons (Maswanganye et al., 2022a). The Touws River 
Catchment covers 6 280 m2 and can be divided into 12 quaternary 
catchments based on the Water Resources 2012 (WR2012) study 
(Bailey and Pitman, 2016). Flows occur in response to heavy 
rainfall events of ~≥20 mm/day. The river flow data from the 
South African Department of Water and Sanitation indicated 
that flows have a short duration. The pools in the Touws River are  
semi-permanent.

The Molototsi River is in the northern part of South Africa and 
receives the majority of its rainfall in summer. Molototsi River 
catchment covers 1 170 km2, and has two quaternary catchments 
(WR2012) (Fig. 1). Molototsi River has a sandy riverbed, and 
is approximately 120 km long and 50 m wide, and is one of the 
tributaries of the Great Letaba River. Although there is no flow 
gauging station in this river, it has been observed that flow events 
tend to occur during the summer period between October to 
February. Similar to the Touws River, the Molototsi River flows 
for weeks, with multiple flow events between October and March. 
The pools in the Molototsi River tend to dry out after winter 
(July). However, the river has been modified through sand mining 
which may be resulting in the formation of unnatural pools 
(Maswanganye et al., 2022a).

Data collection and analyses

In-situ monitoring of hydrological phases

Citizen science was adopted to monitor hydrological phases for 
both the Touws and Molototsi River systems. Citizen scientists 
(farmers along the river) were observing the changes in the river; 
this was recorded by event, i.e., the start and end date of each 
state. The data used for the Touws River was also verified using 
water levels measured at pools and river discharge measured 
at the river’s outlet. For the Molototsi River, water level loggers 
could not be installed due to the nature of the substrate and flow 
in the area. However, we visited the sites quarterly, targeting the 
observation of different seasons and hydrological states. Figure 2  
shows photographs taken of the different hydrological states. 
In-situ data were used to evaluate the remote sensing–derived 
hydrological state.

Remote sensing data

Sentinel-2 images were used to determine the hydrological state 
of the rivers. About 100 images per site were used (July 2019 to 
March 2022). This was based on the availability of the images, as 
some were not useable due to cloud cover (Fig. 3). Sentinel-1 was 
used to determine if it could detect some of the flow events that 
Sentinel-2 could have missed. Sentinel-1 is a synthetic aperture 
radar (SAR) satellite, capable of penetrating through clouds. 
Sentinel-1 and 2 were selected as they are open, freely accessible, 
and have a relatively high temporal and spatial resolution  
(5 days, 10 m). Sentinel-2 images were downloaded from the USGS 
EarthExplorer (http://earthexplorer.usgs.gov/), and Sentinel-1 
images were downloaded from the National Aeronautics and Space 
Administration Alaska Satellite Facility (NASA/ASF) (https://
search.asf.alaska.edu/#/). Detailed descriptions of Sentinel-1 and 
2 can be found in Maswanganye et al. (2022a).

Rainfall: CHIRPS data

The rainfall data collected through the citizen science programme 
were not adequately distributed in order to capture the spatial 
variation of rainfall over the catchment. Hence, Climate 
Hazards InfraRed Precipitation with Stations (CHIRPS) data, 
as described by Funk et al. (2015), was used to determine the 
spatial distribution of rainfall for the catchments. The data were 
downloaded through the climate engine website (https://app.
climateengine.com/climateEngine#) for the time series and at 
(https://data.chc.ucsb.edu/products/CHIRPS-2.0/africa_daily/
tifs/p05/) for the raster files. Various studies have shown that 
CHIRPS data has adequate accuracy in South Africa (Du Plessis 
and Kibii, 2021; Maswanganye, 2018).

Detection of hydrological phases

The selection of the monitoring reach was representative of 
the river and had to be accessible. Hence, the selected sites are 
within the dominant geology and soil types of the catchment. 
These sites are also located within the average slope (2.6 m/km 
for the Molototsi River and 3.7 m/km for the Touws River) of the 
river. The study used the remote sensing technique to determine 
hydrological phases. These were monitored in a selected 5 km 
reach of the river. The Modified Normalised Difference Water 

Figure 2. Photographs of (A) Touws River and (B) Molototsi  River in (a) flowing, (b) pools, and (c) dry riverbed state. NB: Touws River did not have 
a dry riverbed state during the study period.

http://earthexplorer.usgs.gov/
https://app.climateengine.com/climateEngine
https://app.climateengine.com/climateEngine
https://data.chc.ucsb.edu/products/CHIRPS-2.0/africa_daily/tifs/p05/
https://data.chc.ucsb.edu/products/CHIRPS-2.0/africa_daily/tifs/p05/
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Index (MNDWI) was used to extract water pixels from Sentinel-2 
images, as Maswanganye et al. (2022a) showed that it was superior 
compared to other methods that were assessed in these study sites. 
For Sentinel-1, the thresholding method was used to separate 
water from non-water pixels. Connected surface water meant that 
the river was flowing. However, because the rivers meander and 
can tend to be flowing in a small part of the channel, detection 
can be challenged by the lack of cloud-free images during peak 
flow; a threshold of 50% or 2.5 km of the 5 km reach was therefore 
used. This means that if the reach has 2.5 km or more with water, 
it was assumed that there was flow. Surface water presence of 
less than 2.5 km was labelled as ‘pool’, and when no water pixel 
was detected it was labelled as dry riverbed. The length of water 
along the selected reach was determined using spatial analyst 
tools in a GIS environment. Figure 4 illustrates an example of the 
different hydrological states of the Touws and Molototsi Rivers, 
respectively.

Identification of flow-contribution areas

Usually, the identification of flow-contributing areas is done 
using observed data from the tributary outlet (Tena et al., 2021); 
however, rainfall and physical characteristics (soil type, slope 
and land use and cover) can be used in the absence of the flow 

data. Several methods can be used to determine the contributing 
area, mainly proxies such as the Soil Conservation Service (SCS) 
Curve Number method and the runoff coefficients. In this study, 
remote sensing derived rainfall was used to determine areas 
where rainfall occurred to produce observed flows (antecedent 
rainfall). The SCS curve number method was used to determine 
which parts of the catchment are likely to generate runoff based 
on the physical characteristics (soil, elevation and land cover). The 
curve number (value) is allocated to each cell which is a proxy 
of the amount of rainfall that will be required before a cell/pixel 
can generate overland runoff. The curve number ranges between 
0 and 100, with zero indicating that no runoff can be generated 
and 100 indicating that a cell will generate the maximum 
possible runoff. USDA (1986) provides a detailed description 
of the curve number method. This is the most popular method 
for estimating direct runoff (Gajbhiye, 2015) and uses data that 
can easily be obtained, even in data-scarce areas. Soil types were 
obtained from the WRC Water Resources 2012 website (https://
waterresourceswr2012.co.za/) (Fig. 5). The 2020 South African 
National Land Cover  (SANLC) (https://egis.environment.gov.
za/) was used for land cover and land use. For topography, Shuttle 
Radar Topography Mission (SRTM) 1 arc-second global digital 
elevation model (DEM) was used, available at the USGS website 
(https://earthexplorer.usgs.gov/).

Figure 3. Useable Sentinel-2 satellite image availability for Touws (A) and Molototsi River (B) based on cloud cover percentage. Green indicates 
useable images, orange denotes selectively useable images, and red indicates images that could not be used.

https://waterresourceswr2012.co.za/
https://waterresourceswr2012.co.za/
https://egis.environment.gov.za/
https://egis.environment.gov.za/
https://earthexplorer.usgs.gov/
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Figure 4. Three hydrological phases, dry (b), connected flow (c) and isolated pools (d) in a 5 km reach of the Touws (A) and Molototsi River (B)
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Figure 5. Data that were used to derive curve numbers in the Touws (A) and Molototsi Catchment (B)

Evaluation metrics

Overall, producer’s and user’s accuracy metrics described in 
Liu (2007) were used to assess the ability of remote sensing to 
distinguish between the dry riverbeds, pools and flowing states 
of the rivers. Flow occurrence is of importance for NPRs; for 
instance, it is important to know how many flow events are likely 
to be missed by the satellite (Sentinel-2) observation. Hence this 
study calculates this chance:

Fdp no. of detected flow events
Total no. of events observ� ( eed ) ( )�100 1                   (1)

where: Fdp is the flow occurrence detection power (%), with 0% 
being the worst score and 100% being the perfect score.

The study further investigated whether using Sentinel-1 improves 
the detection of flow events, as well as the effect that the duration 
of flow events has on the ability of remote sensing to detect the 
flow events.
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RESULTS

Detection of hydrological phases in the Touws and 
Molototsi River

Remote sensing methods were able to detect and distinguish the 
hydrological phases of the selected NPRs; the accuracy varied 
between the two sites. In the Touws River, only pools and flow 
phases were detected and observed, and the river did not dry up 
during the study period (Fig. 6A). In Touws River, the presence of 
pools was better detected (user’s and producer’s accuracy = 99%) 
compared to flow (UA and PA = 86%). High accuracies were also 
obtained for all hydrological states in the Molototsi River (OA = 
90%); however, the dry phase had the lowest producer accuracy 
(78%), and the flow phase was better detected (UA and PA = 93%) 
(Fig. 6B). The Sentinel-2 data had 70% flow detection power (Eq. 1)  
in Molototsi River, suggesting that there is a 30% chance that a 
flow event can be missed due to cloud cover. The detection power 

was 65% for the Touws River. Overall, pools were the dominant 
phase for both rivers; the Touws Rivers pool did not dry out 
during the study period. Because of the two phases observed, the 
Touws River hydrological phases were detected better than for the 
Molototsi River. Furthermore, the Molototsi River had a few pool 
phases that were misclassified and confused with the dry phases 
(Fig. 6B). On only one occasion flow occurrence was misclassified 
as the pool phase.

Sentinel-1 was able to detect 2 of the 3 events missed by Sentinel-2 
in Molototsi River, improving the flow phase detection by 20% 
(Table 1). However, it was not able to detect any of the events 
missed in Touws River. It even failed to detect some of the flow 
events detected by Sentinel-2. Sentinel-1B faced challenges in 2021, 
resulting in the images being unavailable. The short-duration flow 
events tend to be difficult to detect using remote sensing as 83% 
of the missed events had a duration of less than 5 days (Table 1), 
which is problematic as most NPRs have a short flow duration.

Figure 6. Accuracy of remote sensing in distinguishing between hydrological phases in the Touws (A) and Molototsi River (B). The Touws River 
only had two states, whereas the Molototsi River had all three phases. 

Table 1. The ability of remote sensing to detect flow events with varying durations

Touws River Molototsi River

Duration 
(days)

Observed 
events

RS-detected 
events

Missed 
events

Duration 
(days)

Observed 
events

RS-detected 
events

Missed 
events

<5 6 2 4 <5 5 3(+1) 2

6–10 4 4 0 6–10 3 2(+1) 1

11–15 1 1 0 11–15 2 2 0

+1 indicates additional events detected using Sentinel-1
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Temporal dynamics of hydrological phases

NPRs are known to be highly dynamic, and flow events are 
difficult to predict. Touws River hydrological phases are less 
dynamic but showed no seasonal pattern (Fig. 7A). Although 
Molototsi River is more dynamic in terms of changes between 
the phases, it is however seasonal. Flow usually occurs during 
the Southern Hemisphere summer (December to February); this 
is then followed by pools occurring from autumn into winter 
(March to August), after which dry riverbed tends to be dominant 

from August to November (Fig. 7B). The changes in hydrological 
phases can be associated well with the catchment rainfall patterns. 
The changes in hydrological phases did not correlate well with 
rainfall in the Touws catchment. There were events that could 
not be explained using mean rainfall patterns. The general cycle 
is usually ‘dry’ to ‘flow’ to ‘pools’; there is a rare pattern of the 
river being ‘dry’ to ‘pools’ to ‘flows’ illustrated in Fig. 8B, and 
Touws River only had two phases (Fig. 8C). Comparing the two 
catchments, Molototsi River flows are more frequent and tend to 
last longer than in the Touws River.

Figure 7. The temporal changes of hydrological phases in the Touws (A) and Molototsi River (B) detected through remote sensing. The grey 
bars indicate the dry phase, the orange bars indicate the pool phase and the blue bars indicate the flowing phase. The mean catchment rainfall 
estimated with remote sensing (CHIRPS) is indicated with the green line.

Figure 8. Summary of hydrological phases pattern observed in this study. A and B were observed in Molototsi and C was observed in Touws 
River. The green arrows denote water added to the river, and the red arrows indicate water loss from the river. 
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Flow-contributing area in the Touws and Molototsi River

The spatial distribution of rainfall that results in flows in the 
Touws River suggests that the southwestern part of the catchment 
(Quaternary catchment J12J) tends to receive more rainfall  
(Fig. 9A). This further suggests that this area may be generating most 
of the runoff observed in the river. However, there are cases where 
rainfall was received elsewhere (shown using red frame in Fig. 9A).  
The rainfall distribution suggests that there are also flow events 
that may have occurred in the mid to lower parts of the catchment 
but did not occur upstream of the river (Fig. 9A). The highest 
5-day antecedent rainfall (i.e., total rainfall preceding the flow 
event) observed was ~120 mm and the lowest was 20 mm.

In the Molototsi River, rainfall leading to the majority of the flow 
events tends to occur in the upper catchment (B81G) (Fig. 9B). 
There were events where rainfall occurs in the mid-catchment 
(shown using red frame in Fig. 9B). The locals suggested that the 
flows originating from the upper catchment (Modjadjiskloof) area 
tend to last longer compared to other parts of the catchment. The 
highest antecedent rainfall observed for the Molototsi catchment 
was ~96 mm and the lowest was 24 mm. However, receiving the 
highest rainfall sometimes does not result in any runoff being 
generated and/or observed; the physical characteristics (soil type, 
slope, and land use and cover) of the catchment have a significant 
role to play in this regard.

Curve number method

To take into consideration the physical characteristics of the 
catchment, the SCS curve number (CN) was used to determine 
contribution areas. Due to the small variation in soil types and 
land cover in the Touws catchment, the area is also generally 
flat and the curve numbers showed low variation, indicating 
that runoff produced in the catchment is mainly controlled by 
the spatial distribution of rainfall. The area where most of the 
antecedent rainfall occurs (Fig. 9A) is also one of the areas with 
a high probability of producing runoff (CN > 61) (Fig. 10A). 
The upper parts of the Molototsi catchment have higher curve 
numbers (>78), implying that it is likely to produce more runoff 
than the lower parts (B81G) (Fig. 10B). The area also tends to 
receive more rainfall and have steeper slopes. Comparing the 
two catchments, the curve number method suggests that the 
Molototsi catchment has a greater probability of producing runoff 
(Fig. 11), and generally receives more antecedent rainfall. The 
estimated initial abstraction derived through the curve number 
method is similar to the estimated antecedent rainfall (remotel 
sensing estimated) for the Molototsi catchment, which indicates 
that some parts of the catchment can potentially start to generate 
runoff from receiving as little as 10–20 mm of rainfall (Fig. 11), 
whereas the Touws catchment can potentially generate runoff 
from 20–30 mm of rain. Touws catchment is also generally flatter 
when compared to Molototsi catchment.

DISCUSSION

Non-perennial rivers are highly dynamic, switching between 
different hydrological phases. Remote sensing was used to detect 
these phases and the results showed that this approach has the 
ability to distinguish between the hydrological phases, although 
the detection of the transition between the phases, especially from 
pools to dry, seems to be a slight challenge for remote sensing. This 
might be caused by the pools becoming too small to be detected 
at satellite spatial resolution, as Maswanganye et al. (2022a) 
suggested that it is a challenge to detect pools of less than 400 m2.  

The remote sensing performance was better in Touws River than 
in Molototsi River. This might be because: (i) the Touws River 
only had two phases, (ii) the pools in the Touws River tend to 
be bigger than those found in Molototsi River, as observed by 
Maswanganye et al. (2022a), allowing for easier detection. This 
suggests that the method used might not be applicable in rivers 
with a small width (<40 m). Molototsi River phases were more 
dynamic. The findings of this study, in terms of the persistence 
of the pools in both catchments, are in line with the findings of 
Maswanganye et al. (2022a), which suggested that the pools are 
permanent to semi-permanent in the Touws River and ephemeral 
in the Molototsi River.

The Touws River was shown to have less clouds but they persisted 
when flows occurred, resulting in some flow events being missed, 
whereas the flow in Molototsi River tends to be more persistent 
allowing more time for the capturing of cloud-free images. The 
missed flow events by Sentinel-2 were of shorter duration (<5 days).  
This study used Sentinel-1 to try to overcome these issues. 
Although Sentinel-1 had poor detection of pools (Maswanganye 
et al., 2022a), it was able to detect 2 of 3 flow events missed due to 
cloudy images in the Molototsi River; however, it was unsuccessful 
in the Touws River. Seaton and Dube (2021) suggested that this 
is due to the flat and arid landscapes creating similar backscatter 
to water, resulting in difficulty in the separation of water and the 
surrounding areas. Using Sentinel-2 and Sentinel-1, and including 
other remote sensing data from various satellites, can improve the 
temporal resolution, hence giving it the potential to estimate the 
duration of the flow events.

In both catchments, the pool phase is dominant. This is expected 
for arid and semi-arid rivers (Bonada et al., 2020), and means 
that people will have access to pools for recreational purposes 
and domestic use (i.e., swimming and doing laundry). The flow 
events showed no seasonality in the Touws River and generally 
had a shorter duration compared to the Molototsi River. This 
might be as a result of the Molototsi receiving more rainfall and 
having a better probability of generating runoff based on the 
physical characteristics of the area (i.e., soil types, land cover, 
etc.), according to the curve number method. These flows are 
important for communities living along the river as they might 
also recharge the sand/alluvial aquifer, which provides water for 
domestic use (Walker et al., 2018, 2019). These flows are also a 
major control for pool occurrence along the river. For instance, 
Maswanganye et al. (2022b) estimated that it would take around 
258 days for one of the pools along the Touws River to dry out if 
river flow does not occur.

The analysis of major flow-contributing areas for the Touws River 
suggests that the site or reach used in this study did not capture 
the hydrological states of the upper stream well, as much of the 
runoff was generated in the mid-catchment; therefore, there is 
a need to use multiply sites when determining the hydrological 
state to provide a good representation of the river. This can be 
located in between the major confluences of the main river. This 
can be easily done through remote sensing but might be timely 
and laborious for direct observation. The minimum antecedent 
rainfall was estimated to be 20 and 24 mm in the Touws and 
Molototsi catchments, respectively. However, the spatial coverage 
of the antecedent rainfall is also important. The Touws catchment 
is drier compared to the Molototsi catchment, as it receives 
less rainfall. The runoff curve numbers further suggest that the 
Molototsi catchment has a better probability of generating runoff 
than the Touws catchment.
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Figure 9. Spatial distribution of the antecedent rainfall for flow events that occurred between August 2019 and March 2022 in the Touws (A) and 
Molototsi River (B)
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Figure 10. Runoff curve numbers of the Touws (A) and Molototsi (B) catchment using AMC II

Figure 11. Initial abstraction of rainfall prior to runoff as a proportion of the Touws (A) and Molototsi catchment area (B)
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CONCLUSION

The findings in this study shed light on the limited exploration 
of hydrological states within non-perennial rivers, aiming to 
delineate their spatiotemporal dynamics and understand their 
flow-contributing areas. While the adopted remote sensing 
method effectively discerned among the three hydrological phases 
under clear-sky conditions, it encountered challenges in detecting 
rapid flows in Touws River and small pools in Molototsi River 
due to temporal resolution limitations. Despite these constraints, 
remote sensing displayed significant potential, suggesting its 
broader applicability across various spatial scales. Molototsi River 
exhibited a predictable seasonal pattern in hydrological states 
linked to rainfall, while Touws River displayed an irregular pattern 
aligned with its erratic rainfall. The prevalence of the pool state 
was notable in both rivers. Analysing the spatial distribution of 
rainfall to identify flow-contributing areas, coupled with the curve 
number method, provided promising insights into catchment-
scale flow thresholds, offering mutually reinforcing perspectives. 
Emphasizing the protection of flow-contributing areas is 
paramount for safeguarding water resources and sustaining river 
hydrology and flow patterns. Leveraging remote sensing and GIS 
methodologies proves beneficial in identifying these pivotal flow-
contributing zones. Looking ahead, the increasing accessibility of 
high-resolution satellite technology presents an opportunity to 
further refine the understanding of hydrological states in non-
perennial rivers, offering vital insights unattainable through 
traditional in-situ measurements. This reservoir of information 
holds paramount importance for water resource management and 
catchment planning.
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