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Abstract

:

The mapping of small-scale irrigation areas is essential for food security and water resource management studies. The identification of small-scale irrigation areas is a challenge, but it can be overcome using expert knowledge and satellite-derived high-spatial-resolution multispectral information in conjunction with monthly normalized difference vegetation index (NDVI) time series, and additional terrain information. This paper presents a novel approach to characterize small-scale irrigation schemes that combine expert knowledge, multi-temporal NDVI time series, multispectral high-resolution satellite images, and the random forest classifier in the Zamra catchment, North Ethiopia. A fundamental element of the approach is mapping small-scale irrigation areas using expert decision rules to incorporate the available water resources. We apply expert decision rules to monthly NDVI composites from September 2020 to August 2021 along with the digital elevation model (DEM) data on the slope, drainage order, and distance maps to derive the sample set. The samples were based on the thresholds obtained by expert knowledge from field surveys. These data, along with the four spectral bands of a cloud-free Planet satellite image composite, 12 NDVI monthly composites, slope, drainage order, and distance map were used as input into a random forest classifier which was trained to classify pixels as either irrigated or non-irrigated. The results show that the analysis allows the mapping of small-scale irrigation areas with high accuracy. The classification accuracy for identifying irrigated areas showed a user accuracy ranging from 81% to 87%, along with a producer accuracy ranging from 64% to 79%. Furthermore, the classification accuracy and the kappa coefficient for the classified irrigation schemes were 80% and 0.70, respectively. As a result, these findings highlight a substantial level of agreement between the classification results and the reference data. The use of different expert knowledge-based decision rules, as a method, can be applied to extract small-scale and larger irrigation areas with similar agro-ecological characteristics.






Keywords:


DEM; expert knowledge; NDVI-sum; Planet NICFI; random forest; Zamra catchment












1. Introduction


Similarly to approaches in other developing countries, Ethiopia has prioritized agricultural development through the expansion of an area under irrigation [1]. One of the strategies is to increase the total area of irrigated land from the current 2.3 million hectares to about 5.9 million hectares and improve existing irrigation schemes [1]. According to the Ministry of Water, Irrigation and Electricity (MoWIE), irrigation development is classified based on the size of the command area: small-scale (less than 200 hectares (ha)); medium-scale (200–3000 ha); and large-scale (greater than 3000 ha) [2,3]. This study focused on small-scale irrigation schemes. As part of the Growth and Transformation Plan (GTP) of Ethiopia [1], several small-scale irrigation projects have been implemented throughout the country, including in the regional state of Tigray, where this research was conducted [3,4,5]. To achieve the national targets, the regional government of Tigray, in Northern Ethiopia, has implemented water harvesting technologies such as dams, check dams, diversions, and wells to improve people’s livelihoods [6,7,8].



Irrigation schemes are classified based on the type of water storage and diversion structure [8]. Accordingly, first, traditional diversion irrigation schemes depend on river flows (intermittent), and the diversion was constructed through the pilling of brushwood, wood logs, and riverbed material [9] (Figure 1a). These schemes are typically built by the local community using unskilled labor and are prone to frequent headwork failure and siltation of the irrigation canal during the rainy season due to runoff [9,10]. The second diversion (modern) was constructed to avoid these challenges; development agencies and non-government organizations (NGOs) upgraded the headwork and the main canal to be constructed with concrete structures, as shown in Figure 1b [9,10]. Earth dam irrigation is the third type of irrigation scheme built from Earth materials on intermittent streams to store runoff during the rainy season [3,8].



There are also small-scale irrigation schemes (grouped as others) in addition to the primary ones mentioned above, such as check dams, private and community wells, and springs. A check dam is constructed from stone bunds, filled with sediment, and has a 1–2 m height in the main channels [8,11]. Wells are used at the household and community levels to provide water for irrigation and are constructed using sand and cement [11,12] with a water level depth that varies from 5 to 20 m. Springs provide base flow for small-scale irrigation during the dry season [3,11,12].



It is vital for food security and water resource management studies to obtain accurate information about the location and extent of these small-scale irrigation areas [13]. Many studies have shown the usefulness of remote sensing (RS) for identifying irrigated areas [14,15,16]. A review of the literature generally shows three major approaches to mapping irrigated areas. (1) Numerous studies have been conducted to map irrigated areas using only the spectral reflectance characteristics of multispectral remote sensing images [13,14,15,17,18]. Satellite images with high spatial resolution, such as the Landsat-enhanced thematic mapper (ETM), were used to identify irrigated regions [17]. Additionally, a combination of Landsat ETM and moderate-resolution imaging spectrometer (MODIS) data were used to identify the fragmented and minor irrigation schemes [18]. However, it is recommended that using a very high spatial resolution (<5 m) is better to map fragmented and small irrigated areas; (2) Multispectral remote sensing images in combination with products derived from RS were also used to map irrigated areas. More recently, [19] developed a methodology that can map irrigated and rainfed agricultural areas of Ethiopia using Landsat 8, MODIS, and satellite-derived rainfall time series. Their study also highlighted the difficulty of identifying small-scale irrigation areas and the necessity of utilizing higher spatial resolution images [19]; (3) the identification of small-scale irrigated areas using RS-derived products only. An example is the seasonal water deficit index (WDI) approach by FAO-Water Productivity through the open access remotely sensed derived data (WaPOR) [20]. It was calculated using the ratio of satellite-derived seasonal precipitation (PCP) over seasonal evapotranspiration and interception (AETI). It compares the available water inputs from precipitation and the water output from transpiration, evaporation, and interception within a growing season [21]. According to the FAO WaPOR report, the seasonal water deficit index threshold value of less than 0.9 can be used to identify irrigated areas. When applying this approach, the irrigation area map’s distribution derived showed a large overestimation.



To overcome the challenges of the aforementioned approaches, multispectral time-series images with a very high spatial resolution made available by Norway’s International Climate and Forests Initiative (NICFI) in combination with digital elevation model (DEM) analysis and field knowledge are a new method to classify small-scale irrigation areas.



The application of expert knowledge has been successful in solving problems in the past [22,23,24,25], such as those relating to hydrology [26,27] and irrigation management [28,29]. Also, it can be used to develop a reliable model to manage the system of water resources [30,31]. As an alternative, complete environmental restoration priority areas were identified with the help of expert knowledge [32] and to improve spatially explicit ecosystem services [33]. Moreover, [34,35] explained that expert knowledge was more efficient in identifying crop types than knowledge based on statistical features only. An integral role in giving inputs for modeling and developing new algorithms relies on expert knowledge, which is developed through a combination of field experience and theoretical understanding [23,24]. But to our knowledge, no study has considered the integration of expert knowledge when mapping small-scale irrigation areas.



This paper proposes a new method that aims to classify small-scale irrigation schemes using expert knowledge, satellite-derived high-spatial-resolution multispectral information in conjunction with monthly NDVI time series, and additional terrain information obtained from a DEM analysis for Northern Ethiopia. The approach entails (1) Setting thresholds using expert knowledge to create samples using the NDVI-sum, slope, drainage order, and distance map. The sample set was split into two parts, as 2/3 were then used as input within the RF classifier and the remaining 1/3 was used for validation; (2) Applying the random forest classifier algorithm to produce the classification map for different years. The input for the random forest classifier contained the four spectral bands of a cloud-free composite Planet satellite image, 12 NDVI monthly composites, slope, and the drainage order and distance map. The spectral bands of the Planet satellite images are from March 2017, 2019, and 2021, representing the end of the irrigation season; (3) Characterizing the type of irrigation schemes and eventually the type of irrigation common in the area.




2. Study Areas and Dataset


2.1. Study Area


The study was conducted in the Zamra catchment, a tributary of the Tekeze sub-basin. The Tekeze sub-basin has a total area of 82,350 km2, and the Zamra catchment has an area of 1588 km2 (Figure 2). It is located between latitudes 12.966°N and 13.331°N and longitudes 39.003°E and 39.668°E. The altitude varies from 1248 m to 3542 m above sea level (m a.s.l). The topography of the study area is very complex, with mountains, plateau remnants, and steep escarpments with V-shaped and broad U-shaped valleys.



The climatic condition of the Tigray region varies from arid to semi-arid [36]. The climate of the study area is mainly semi-arid; the primary rainfall season lasts from June to mid-September, with some areas also obtaining rainfall from February to May. Rainfall in the Tigray region is characterized as erratic and sometimes heavy rains cause flooding [3].



According to [37], a crop calendar is a summary chart showing a timetable of essential farming activities such as land preparation, planting, and harvesting. From May to June, the rainfed crop calendar begins with field preparation. From July through September, the crops are planted and start maturing, and the crops are harvested in October and November. The main crops grown in the rainfed season are maize, wheat, barley, and teff. The irrigation season, on the other hand, runs from November to April [37]. Farmers start planting their second crop as soon as the rainfed crops are harvested. From mid-December to March, different crops are planted, and in general, the crop is harvested in April. Crops like maize, onion, tomato, and pepper are grown during the irrigation season. Field visits and discussions with local farmers and extension workers provided additional information on the crop calendar during the irrigation season.




2.2. Dataset


2.2.1. Field Survey


A field survey was conducted during the irrigation season of 2020 to verify the accuracy of the remote sensing classification. Georeferenced data consisting of 163 represent homogenous areas were collected, encompassing various land cover types such as irrigated fields, rainfed fields, forests, and water bodies. Additionally, the detailed characteristics of the various irrigation schemes, such as dams and modern and traditional diversions, were also collected. The collected land cover data were used to interpret and analyze the various NDVI patterns observed over the year, and to verify the accuracy of the remote sensing classification results.




2.2.2. Remotely Sensed Data


Planet Scope Imagery



Planet operates a constellation of about 200 high-resolution satellites of Planet Scope, Rapid Eye, and Skysat that can image the whole land surface of the Earth every day in the visible and near-infrared parts of the electromagnetic spectrum. Planet imagery is available in GeoTIFF file format, orthorectified and resampled to 3 m, and is projected into the UTM projection using the WGS84 Datum [38,39,40]. The Planet Scope Scenes are also radiometrically and atmospherically corrected [39,40]. For geometric correction, a digital elevation model with a post spacing between 30 and 90 m [39] is applied. In this study, the images taken at the end of the irrigation season in March were used (Figure A1a). The Planet images were collected for three years. To cover the whole area, separate dates were required, for example, (a) four dates in 2017 (2, 9, 16, and 17 March); (b) two dates in 2019 (19 and 21 March); and (c) one date in 2021 (March 8)—downloaded from: https://www.planet.com/explorer (accessed on 1 February 2022). The month of March, according to the crop calendar, reveals those areas having the highest likelihood of being irrigated as almost all the crops are at the maturity stage of their growth cycle [37]. However, no crops were grown outside the irrigated areas, such as within the rainfed areas in the Zamra catchment.



NICFI Base Maps



According to [41], the NICFI program (https://www.planet.com/nicfi/) (accessed on 6 October 2022) has provided free access to high-resolution satellite images. Currently, it covers historical biannual composites from December 2015 to present (one base map every six months) as well as a rolling archive for the last two years before present, consisting of one image mosaic for each month. NICFI has enabled the access and downloads of monthly mosaic data at a spatial resolution of 4.77 m [41]. Monthly composites (blue, green, red, and near-infrared (NIR)) from September 2020 to August 2021, available in Google Earth Engine (GEE) [42], have been processed and downloaded. NDVI monthly time series was calculated using bands 3 and 4, the red and NIR, respectively. Given the fact that, within the study area, according to the field survey conducted, no major changes have been observed within the overall cropping patterns, the NDVI time series are also used for the analysis of the other years, like 2017 and 2019, as the NDVI time series is regarded as a valid representation of these years as well.



DEM



A digital elevation model (DEM) of 30 m resolution was obtained from the Copernicus DEM GLO-30 (https://spacedata.copernicus.eu/, accessed on 10 February 2022). This elevation model describes the surface of the Earth, including buildings, infrastructure, and vegetation, identified water bodies are flattened, and a consistent flow of rivers is ensured [43]. A DEM is an essential information layer and is widely used to characterize the land surface used for topographic mapping and hydrological studies [44,45,46]. Furthermore, a DEM has been widely utilized to detect and characterize various topographical features that could be used for irrigation [18,46,47].



Precipitation



The mean monthly precipitation data from September 2020 to August 2021 for the Zamra catchment are shown in Figure 3. The precipitation was calculated from the Climate Hazards Group InfraRed Precipitation with the Station (CHIRPS) available within the WaPOR database [20]. The highest rainfall was obtained in July and August. However, the lowest was recorded in December and January. Additionally, the mean annual precipitation values of 2009–2021 for the Zamra catchment were analyzed using the WaPOR database [20], and the average annual precipitation was 600 mm. In the Zamra catchment, the minimum and maximum yearly precipitation over the analysis period was 514 mm and 715 mm, respectively.






3. Methodology


Figure 4 provides an overview of the methodological approach developed for identifying and characterizing small-scale irrigation schemes in the Zamra catchment. Expert knowledge thresholds for the NDVI-sum, slope, drainage order, and distance maps were applied to identify suitable irrigation areas. The integration of multitemporal monthly NDVI analysis and topographic spatial expert decision rules, in conjunction with the utilization of the random forest classifier algorithm, facilitated the accurate delineation of small-scale irrigation areas.



The procedure is as follows: initial sample set creation by classifying all pixels according to the decision rules based on expert knowledge obtained from field surveys. Second, using a median aggregation factor, a regular-spaced sample set—having a sample point density every five lines/columns for irrigated and non-irrigated areas for the whole study area was obtained. Third, the sample set was split into two parts, where 67% was used as input within the RF classifier and 33% was used for validation. Fourth, apply the random forest classifier algorithm to produce the different-year classification maps. The input for the random forest classifier contained the four spectral bands of a cloud-free composite Planet satellite image, 12 NDVI monthly composites, slope, and the drainage order and distance map. Lastly, a characterization to derive the type of irrigation schemes and the type of irrigation common in the area was applied. In addition, a sensitivity analysis was carried out using thresholds other than the expert decision rule to evaluate the thresholds selected.



The software used for this analysis was Python 3.8.5 and the Integrated Land and Water Information System (ILWIS 3.8.6). All the processing was performed using the ITC geospatial computing platform (http://crib.utwente.nl) (accessed on 30 November 2023).



3.1. Use of Expert Knowledge


Creating a distribution map of small-scale irrigation areas can be achieved by utilizing expert knowledge to create samples. The primary advantage of this approach is its ability to incorporate local knowledge and experience into the mapping process, which can lead to more accurate and reliable results. Additionally, such information can be combined with other relevant datasets to generate a comprehensive map of small-scale irrigation areas. Expert knowledge is particularly valuable when data are incomplete or insufficient, as it can provide a more comprehensive and formalized understanding of the topic at hand, as in [48]. Using expert knowledge, we derive samples that have proven successful in previous studies [34,35] for mapping and identifying crop types. They used expert knowledge inputs and image analysis. A more recent approach is the geoscience-aware deep learning (GADL) paradigm, developed by [49], which thoroughly integrates deep learning models with geoscience knowledge to extract information from remote sensing data. In their approach, incorporating geoscience knowledge with deep transfer learning, self-supervised or semi-supervised learning is a promising way to make models work well with insufficient labeled data. Therefore, expert knowledge identifies the factors that affect mapping irrigation areas and how these factors and relations affect the mapping of irrigation areas. The expert knowledge-based method of creating a sample set comprises three general processes: (1) calculate and sum NDVI to select the threshold significant to the study area; (2) calculate the slope and drainage distance that can be considered appropriate; and (3) derive the sample set based on the decision rules. The following sections describe each of these steps in more detail.



Step 1: Calculate NDVI



The NDVI was calculated by applying scripts in Google Earth Engine using band 4 (NIR) and band 3 (red) monthly NICFI composites from September 2020 to August 2021. The output NDVI values range from −1.0 to +1.0. For instance, values of less than 0 show water bodies [17]. In addition, the NDVI values ranging from 0 to 0.2 reflect sand, soil, or bare farmlands; 0.2–0.5 represent sparse vegetation such as bushes, grasses, or senescing crops; and larger than 0.5 represent crops at peak growth stages or forests [50,51]. As a result, one cover type can be distinguished from another based on NDVI values in relation to temporal changes over time in accordance with the crop calendar of the study area.



Figure 3 shows an average value of NDVI over a monthly temporal interval for some field-validated main cover types, such as forests, water bodies, and irrigated and rainfed fields. The NDVI time-series data reflect the cropping calendar [52] and allow for the identification of irrigated and non-irrigated areas [53]. Rainfed fields strongly correlate with rainfall, while the forests and irrigated fields had a weak relationship. For instance, irrigated fields depend on other sources of water during the dry season. Overall high NDVI values represent forests, and the rainfed areas show a remarkable increase in NDVI from the start of the rainy season. The irrigated areas show an increase in NDVI values from January until the end of April, which is considerably lower than for the forests but substantially higher than those of the rainfed areas, as no crops were grown.



Figure A2 shows the NDVI time series for the Zamra catchment from September 2020 to August 2021. During the wet season, the water bodies are clearly visible (August to November) and are represented within the NDVI time series by a sharp decrease in NDVI from July onwards until October and remain below 0 until the end of the year.



NDVI has proven to be a successful representation of identifying irrigated areas in other studies as well [17,18,54,55]. The NDVI-sum represents the summation of NDVI values during the irrigation season, which extends from January through May, with NDVI values falling within the range of −0.5–4.0. The derived NDVI thresholds are based on irrigated fields, water bodies, and forests validated by field surveys. The threshold selected that shows the best separation are non-irrigated (0–1.6), irrigated (1.6–2.5), forest (>2.5), and waterbodies (<0) (see Figure A1e).



Step 2: Calculate slope and drainage distance



The DEM was used to generate slope and drainage order and distance maps to identify areas suitable for irrigation in the Zamra catchment. In the study area, based on field observations, the maximum slope percentage for the various types of irrigation schemes was less than 14 percent (Figure A1f). A slope steepness of less than 20 percent was regarded as moderately suitable for water-harvesting structures in the region [3].



Furthermore, the DEM was used to derive the drainage distance map [18]. A drainage distance map is a spatial representation illustrating the distances water must traverse across a landscape to reach specific drainage points [56]. The following procedure was applied:




	
First, the hydrological flow was determined; procedures followed included the calculation of a hydrologically consistent elevation model by the removal of sinks, flow direction, and flow accumulation.



	
Second, the calculation of variable thresholds map to enable multiple flow accumulation thresholds was used in the drainage network extraction operation as the terrain consists of relatively flat plateau remnants (having larger flow accumulation thresholds) and steep escarpment with V-shaped valley floors (having lower flow accumulation thresholds) as well as broad U-shaped valleys (intermediate flow accumulation thresholds).



	
Extract the drainage network (see Figure A1c) and conduct a drainage network ordering an operation to derive a full topological description of the network extracted.








The derived drainage network topological description, including the Strahler rank-ordering scheme [57,58], was subsequently used to derive another set of thresholds. The maximum distance from the drainage network for the 2nd Strahler stream order was set to less than 150 m and less than 375 m for higher-order stream thresholds to identify increased upstream areas. The stream order is the quantification of a stream’s position within the hierarchy of streams according to the Strahler ordering system [56]. Larger irrigation areas (based on the slope map and NDVI-sum map) were retained if they had a contiguous area of more than 7500 m2 based on the field survey conducted (see Figure A1d).



Step 3: Derive sample set based on the decision rules



To derive the sample set first, the NDVI and DEM were resampled for further processing to a 15 m resolution; this can improve the accuracy and reliability of the results. However, resampling from a higher resolution to a coarser resolution can result in a loss of spatial information, which may affect the accuracy of subsequent analyses. However, the NDVI data to a 15 m resolution are appropriate as long as the potential loss of spatial information is carefully considered and justified. The selected NDVI-sum threshold value from 1.6 to 2.5 and the slope gradient of less than 14 percent were used. Subsequently, this map intersected with the selected areas derived according to the drainage distance thresholds applied, including the larger irrigation areas. The sample set irrigation area was reduced to 2432 ha from the initial area based on the slope and NDVI-sum thresholds of 3421 ha by removing areas situated further away from the drainage network, which had a very low likelihood of being irrigated areas.




3.2. Create a Sample Set


The sample set, based on sample ground truth data, was obtained through expert terrain knowledge in combination with a decision rule concept. To generate regularly spaced sample points, the original sample set was aggregated by a factor of five. This ground truth dataset was then randomized to avoid sampling bias. Figure A1b concisely describes the sample point used to distinguish between irrigated and non-irrigated areas during the 2021 irrigation season. Also, the samples were used as input to generate classification maps for different years such as 2017 and 2019. Two-thirds of the sample points were used as input for the RF classifier and the remaining 1/3 was used for validation.




3.3. Random Forest Classifier


A random forest classifier creates several decision trees from a subset of training samples and variables that are chosen at random [59,60]. RF was selected because it has been used to classify particular target classes [53,61]. In addition, RF was considered a robust classifier with high-resolution satellite images [59,60,61,62] and had a high degree of accuracy in identifying classes [59,60,62,63]. The random forest method can use various datasets and process data quickly [53,60]. The diversity of the input datasets may be used to enhance the classification, and it was determined that the input datasets were crucial for the classification [60,63]. RF has been proven to be a successful classifier for identifying classes when using multi-sources of remote sensing data in other studies [61,63,64,65]. The map stack, which included the four Planet spectral channels, the drainage order, the distance map, the slope map, and the 12 NDVI monthly composites, totaled 18 layers as inputs to the random forest algorithm.




3.4. Validation


The accuracy of the mapped irrigation schemes was evaluated by comparing the ground truth obtained from field surveys and high-resolution satellite images to the irrigation scheme types identified through the expert decision rules. Visual interpretation with prior knowledge of the study area also contributed to the accuracy assessment. Furthermore, overlaying the irrigation scheme types onto classified images allows for the validation of the detailed characteristics of the irrigation schemes. The accuracy assessment was essential in determining the quality of the classified irrigation areas. The classification error matrix, overall accuracy (OA), user accuracy (UA), produce accuracy (PA), and the kappa coefficient were used to evaluate the result of the classification process [66,67]. The accuracy assessment was based on the output of the RF classified maps and the validation dataset.




3.5. Classify Types of Irrigation Schemes


From August through November, the NDVI value of the water bodies remained negative (Figure 3). As a result, the sum of the NDVI during the wet seasons (from August to November) was chosen to be smaller than 0 to identify the water bodies. A previous study [17] selected water bodies based on an NDVI value of 0.1 or less. In addition, modern and traditional diversions are based on upstream contributing areas considering flow velocities in the stream network at a higher Strahler order. For instance, it was observed that modern diversions are located in areas having Strahler stream orders greater than the third order. Traditional diversions are observed in areas having smaller contributing upstream areas and are therefore situated in areas having a third Strahler stream order.




3.6. Sensitivity Analysis


Sensitivity analysis was conducted to quantify the sensitivity of variables using different thresholds [68]. Table 1 indicates the input with different thresholds. Set 1 uses actual field data and expert knowledge, while Sets 2 and 3 use modified values to anticipate large and small areas. The purpose of using different sets of inputs with different thresholds is to see how sensitive the analysis is to different input values and assess the robustness of the result. The sample area for the first set was 2324 ha, while for the second and third sets, it was 4911 ha and 1924 ha, respectively. Accordingly, the modified thresholds are sensitive to the expert knowledge utilized in this study. Based on the analysis, it was found that NDVI is the most sensitive input variable in the classification process, meaning it had the greatest impact on accurately distinguishing between irrigated and non-irrigated areas. The slope was found to be the second most sensitive input variable. However, it was observed that the drainage distance was not as sensitive as the other two variables in distinguishing between irrigated and non-irrigated areas. Hence, the three samples were input into the random forest classifier, and the accuracy assessment result was compared.





4. Results


4.1. Expert and Other Decision Rules


The irrigated areas obtained from the three sets are presented in Table 2. These values represent the specific areas of land that were classified as irrigated using the RF classifier based on the sample set. The results show that Set 2 had the largest irrigated area, followed by Set 1 and then Set 3. The modified values used in Set 2 may have resulted in more areas being classified as irrigated but potentially not irrigated. On the other hand, Set 3 may have smaller candidate irrigation areas, leading to lower accuracy. Set 1 had the highest overall accuracy and kappa coefficient, indicating that it provided the most accurate classification results compared to Set 2 and Set 3. Therefore, the threshold determined by expert knowledge shows a satisfactory result, showing no overestimation or underestimation. Sample Set 1 was utilized as a valid input to generate classification maps for different years, such as 2017 and 2019.




4.2. Feature Importance Scores


The RF algorithm produces an accuracy assessment called “Out-of-Bag” (OOB) and measures feature importance scores [59,65]. The accuracy assessment for three years produced by the RF classifier is presented in Table 3. The OOB is calculated using out-of-bag samples and measures the model’s performance on unseen data. The OOB samples in each tree can be used to validate each tree [59]. Generally, the default 500 decision trees were popularly implemented and used in RF modeling [60]. As a result, the chance that an object is left out of the bootstrap dataset is low. The final classification decision is taken using the arithmetic mean of the class assignment probabilities calculated by all produced trees. New unlabeled data input is thus evaluated against all decision trees created in the collective, and each tree votes for class membership. The membership class with the maximum votes will be the one that is finally selected [59,60]. According to [60], the RF feature importance measurement is used to identify the most relevant multi-source remote sensing data and to select the most suitable season to classify particular target classes. As a result, bands 4 and 3, representing NIR and red, slope, and drainage distance were identified as the most important input features. In addition, the monthly NDVI had the highest importance from March to May during all years (Table 3).




4.3. Irrigated Area Classification


The classified images of the three study periods (2017, 2019, and 2021) are presented in Figure 5a–c. The map distinguishes the spatial and temporal distribution of the irrigated and non-irrigated areas. In 2017, 2019, and 2021, the irrigated areas covered 2078, 2093, and 2186 hectares (ha), respectively, as shown in Table 4. It also shows that the irrigation area is expanding over time.



Table 5 presents the results of the overall accuracy, kappa coefficient, PA, and UA of the irrigated and non-irrigated areas. The results showed that OA ranged from 99.6% to 99.7% over the three years and the Kappa coefficient ranged from 0.71 to 0.83. The classified image in 2021 achieved the highest kappa coefficient of 0.83 and an OA of 99.7%. The classified image in 2017 produced the lowest kappa coefficient of 0.71 and an OA of 99.6%. The classification accuracy of the irrigated areas was, with the PA and UA, above 64% in all periods (Table 5). This finding shows that high-resolution satellite images obtained a high PA and UA.



The irrigated areas were crossed to check all-time irrigated, non-irrigated at all, and each year irrigated (Figure 6). Almost every year, the irrigated areas were extracted for the same locations.




4.4. Characterize Irrigation Scheme Types


Using the developed approach, it is also possible to characterize the small-scale irrigation schemes, as shown in Figure 7, such as dams, modern, and traditional diversions, and other irrigation schemes (check dams, private and community wells, and springs). The results are in agreement with field observations. Also, other irrigation schemes like private and community wells are commonly used in places of the study area. The dam is located downstream of the water bodies and upstream of an irrigation area. They are mainly located in the upper part of the catchment. Modern and traditional diversions are based on upstream contributing areas. Traditional diversions are found in upstream areas and nearby streams, whereas modern diversions are situated further downstream. Dams, modern diversions, traditional diversions, and other schemes covered 309 ha, 470 ha, 598 ha, and 809 ha, respectively in 2021.




4.5. Evaluation of Irrigation Schemes


The results of the small-scale irrigation scheme characterization demonstrate the potential of remote sensing data and random forest algorithms to accurately identify and map different types of irrigation schemes. Additional information, such as field data, is needed to accurately differentiate between these different types of irrigation schemes. Table 6 presents the results of the small-scale irrigation scheme characterization. The results show that OA and kappa coefficients were 80% and 0.70, respectively, indicating a substantial agreement between the classification results and the reference data. The accuracy of other irrigation schemes was also relatively high, with a PA and UA above 80%. However, there were confusions with the dam, traditional, and modern diversions.





5. Discussion


5.1. Using Expert Knowledge


This study was the first to apply expert knowledge together with the random forest classifier algorithm to extract and characterize small-scale irrigation schemes in the Northern Ethiopian highlands. The advantage of expert knowledge is the ability to incorporate the threshold values of the NDVI-sum, slope, stream threshold map distance, and Strahler stream order. The approach in this paper is applicable for immediate execution without additional data; it only requires the different thresholds. In addition, there is no need to collect training data every year, making it very time- and labor-efficient for a large area. When transferred to a new region, the threshold needs to be adapted. However, the existing approach may still be helpful, and the threshold may only need slight adjustments, especially when the areas have similar agro-ecological characteristics. Therefore, the better the expert knowledge representing the actual field situation, the better the outcome will be [27].



Extracting irrigation areas using different more traditional classification routines was inappropriate as it resulted in misclassification, especially with respect to forest areas. In addition, the irrigation areas were not correctly estimated using the WaPOR data products. To improve the accuracy of mapping the small-scale irrigation areas, an approach was developed using multitemporal monthly NDVI analysis and topographic spatial expert decision rules as input for a random forest classifier algorithm. The 5 m resolution monthly NDVI time series permits the characterization of land cover types and agricultural smallholder cropping patterns in the area.



The expert decision rule can be constructed from the NDVI time series and a DEM. The NDVI time series used in 2021 is considered valid even for other years, like 2017 and 2019. The NDVI-sum threshold was chosen because it distinguished irrigated areas from non-irrigated and forest areas. Also, previous research shows that NDVI makes it possible to identify irrigated areas [17,18,53,54]. In addition, the DEM has been used to identify drainage networks and slope processes [46,69,70]. As the study area topography is very complex and mountainous, an appropriate slope threshold was considered. In addition, the drainage network distance and Strahler stream order thresholds were applied. Because of the steep escarpments with V-shaped and broad U-shaped valleys, identified irrigation areas are affected by terrain complexity. According to [24], expert knowledge improves the quality of produced data.



Based on the analysis of different thresholds from expert knowledge, this study characterizes small-scale irrigation scheme types. The result showed that the modern and traditional diversions are based on upstream contributing areas considering the flow amount and velocities in the stream as, at a higher Strahler order, the stream would destroy the traditional intake. For instance, it is observed that modern diversions are situated further downstream (Figure 7). Modern diversion structures directly utilize available water from perennial and ephemeral streams [71]. On the other hand, traditional diversions are linked to smaller contributing upstream areas (Figure 7). Moreover, the dam is located downstream of the water bodies and upstream of an irrigation area [3,8,71]. Identifying other irrigation scheme types remains difficult.



Traditional diversion identification accuracies, like the producer and user accuracies, were lower than the other irrigation scheme types, which could be confused with modern diversion and other schemes (Table 6). According to [3], traditional diversions of the perennial stream use temporary structures during the dry season. So, traditional diversions may be confused with modern diversions. Overall, when comparing and discussing the accuracies of various irrigation scheme types, it can be observed that the classification achieved a good kappa value [72]. Generally, expert knowledge achieves the objective of the study as, in previous studies [23,25,33], it has been used for mapping ecosystem services, landslide, and flood-based farming systems.




5.2. Random Forest Classifier


In the image classification to improve the classification accuracy, the NDVI monthly composite, slope, drainage order and distance map, and spectral bands of the Planet satellite images were used as input layers. The inputs were also used for other years, for example, in 2017 and 2019. The result of feature importance is presented in Table 3. The general trend observed was that the four most important features are composed of two spectral bands (NIR and red), slope, and drainage distance; the slope was the most important input feature for all the analyzed periods. The next important input was the NIR spectral band. The importance of NIR can be explained by the presence of vegetation and its coverage [73]. In addition, the most important NDVI layers were from March through May. High NDVI values on cultivated land during the dry season indicated irrigation, given the presence of denser vegetation [53,73].



The classified maps of the Zamra catchment are shown in Figure 5a–c. Overall, the results of the irrigated areas in the classified maps are good. Over different years, the random forest classifier algorithm has been shown to be an excellent approach for classifying irrigated and non-irrigated areas. Previous studies also confirmed that the RF classifier was a robust and effective method [53,54,66,67,74]. High-resolution satellite images gave a substantially higher overall accuracy for mapping irrigated areas [17]. The kappa coefficient was significantly better in 2021 compared to 2019 and 2017 (Table 5). This outcome occurred because the NDVI time-series data from 2021 was utilized as input for the other years. However, according to [72], a kappa coefficient of 0.4–0.75 was considered a good value, which was also the case for the other years analyzed. Figure 6 and Table 4 present a gradual increase in irrigation areas from 2017 to 2021. Therefore, the results showed an increase in irrigation areas over time, regardless of the rainfall variability in the given years.




5.3. High-Resolution Multispectral Satellite Images


Generally, the analysis conducted followed the recommendation of previous studies, stating that using high-resolution satellite images to map small-scale irrigation areas is a requirement [18,19,74]. Now, NICFI base maps at a spatial resolution of 4.77 m and monthly cloud-free composite images are a unique opportunity to identify irrigation areas. The advantage of the NICFI base maps can be summarized as follows: First, NICFI has provided free access to high-resolution satellite images [41]. Currently, it covers historical biannual composites from December 2015 to the present day (one base map every six months) as well as a rolling archive for the last two years before the present day, consisting of one image mosaic for each month; Second, for the NDVI analysis, NICFI composite images were used. As a result, the monthly NDVI data are utilized to observe the cropping patterns for the dry and wet seasons and to provide details on the temporal changes in crop calendars between irrigated and non-irrigated areas. Third, the NICFI, in conjunction with expert knowledge, could classify small-scale irrigation areas such as dams and diversions (traditional and modern).





6. Conclusions


This research aimed to develop a new methodology for mapping and characterizing small-scale irrigation schemes by combining expert knowledge and applying a random forest classifier algorithm. Expert knowledge was used to create the sample set, which was partially used as training input for the random forest classifier. The remaining was used for the classification error matrix validation. The random forest classifier inputs included satellite-derived high-spatial-resolution multispectral information in conjunction with monthly NDVI time series and additional terrain information. Overall, the approach has shown the ability to accurately map small-scale irrigation schemes and allows the characterization of the type of irrigation common within the study area.



NDVI monthly data are used to characterize the cropping season over the years investigated. The cropping patterns have not changed (e.g., for rainfed and irrigated agriculture); therefore, the NDVI time series used is a valid representation even for other years, like 2017 and 2019. The RF produces feature importance measures that indicate each variable’s influence on the classification. As a result, the slope was the most important input feature that provided the most valuable information to the classification. Moreover, the Planet satellite spectral bands 4 and 3, representing NIR and red, were identified as the most relevant variable for mapping irrigation areas. The NDVI time series feature importance scores followed a similar pattern for all three years, with the highest importance from March to May; this shows the most suitable season to classify the irrigated areas. Therefore, using the NDVI time series as additional input to classify small-scale irrigation areas is an important asset to distinguish rainfed from small-scale irrigation. In addition, the DEM analysis is used to generate slope for irrigation terrain suitability and to derive hydrological characteristics like upstream areas identified as potential water availability. Hence, the random forest classifier with expert knowledge could classify small-scale irrigation areas, including various types of diversions, such as traditional and modern diversions and dams. Furthermore, a sensitivity analysis was executed to assess the impact of variables by applying modified thresholds to generate the sample sets. As a result, biased sample sets were created, which led to both overestimation and underestimation. However, when using the sample set derived from the initial expert knowledge incorporating the field survey information, good results could be obtained.



Therefore, it is suggested that this approach can be generally applied to extract small-scale and larger irrigation areas with similar agro-ecological characteristics and likely elsewhere in Ethiopia, using conceptually different expert knowledge-based thresholds for NDVI-sum, slope, drainage order, and distance. However, identifying the class of “other irrigation schemes” remains challenging, so further research is recommended.
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Figure A1. (a) Planet Scope imagery Bands 4, 3, and 2 (NIR, red, and green, respectively); (b) sample training points; (c) drainage network Strahler; (d) drainage distance with a selected large area; (e) NDVI-sum of the irrigation season; and (f) slope. 
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Figure A2. NDVI time-series map from September 2020 to August 2021. 
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Figure 1. Examples of irrigation schemes found in the study area: (a) Traditional diversion; and (b) Modern diversion. 
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Figure 2. Location of the Zamra catchment, including types of irrigation schemes. 
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Figure 3. Average monthly precipitation and NDVI for different classes from September 2020 to August 2021 in the Zamra catchment. 
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Figure 4. Overview of the approach for mapping small-scale irrigation areas. 
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Figure 5. (a) Classified maps from the random forest classification of the three periods: (a) 2017, (b) 2019, and (c) 2021. 
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Figure 6. Three years of irrigated areas within the Zamra catchment combined. 
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Figure 7. Type of irrigation schemes within the Zamra catchment. 
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Table 1. Inputs for the three sets with various thresholds.






Table 1. Inputs for the three sets with various thresholds.





	Inputs
	Set 1
	Set 2
	Set 3
	Difference





	NDVI-sum
	1.6–2.5
	1.55–2.55
	1.65–2.45
	±0.5



	Slope
	<14%
	<15%
	<13%
	±1



	2nd Strahler stream order
	<150 m
	<200 m
	<100 m
	±50



	>2nd Strahler stream order
	<375 m
	<450 m
	<300 m
	±75



	Larger irrigation areas
	>7500 m2
	>6500 m2
	>8500 m2
	±1000







Note: Set 1 (from field surveys), Set 2 (overestimation), and Set 3 (underestimation).













 





Table 2. Area coverage, overall accuracy, and kappa coefficient for the three sets.






Table 2. Area coverage, overall accuracy, and kappa coefficient for the three sets.





	

	
Area (ha)

	
Overall

Accuracy

	
Kappa

Coefficient




	

	
Irrigated

	
Non-Irrigated

	
Total






	
Set 1

	
2186

	
156,614

	
158,800

	
99.7%

	
0.83




	
Set 2

	
2867

	
155,933

	
158,800

	
99.3%

	
0.66




	
Set 3

	
1358

	
157,442

	
158,800

	
99.6%

	
0.69











 





Table 3. OOB prediction accuracy and feature importance scores for the years 2017, 2019, and 2021.
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OOB Prediction Accuracy

	






	
2021

	
2019

	
2017

	




	
99.7%

	
99.6%

	
99.5%

	




	

	
Feature importance scores

	




	
2021

	
2019

	
2017

	
Inputs




	
Band 1: 0.097720

Band 2: 0.094821

Band 3: 0.173752

Band 4: 0.148481

	
Band 1: 0.122368

Band 2: 0.108202

Band 3: 0.136867

Band 4: 0.148804

	
Band 1: 0.107055

Band 2: 0.107688

Band 3: 0.142575

Band 4: 0.154438

	
Multispectral bands B, G, R, and NIR




	
Band 5: 0.104408

	
Band 5: 0.108395

	
Band 5: 0.103076

	
Drainage distance




	
Band 6: 0.197233

	
Band 6: 0.185018

	
Band 6: 0.188705

	
Slope




	
Band 7: 0.000965

Band 8: 0.005317

Band 9: 0.009701

Band 10: 0.006618

Band 11: 0.014657

Band 12: 0.008834

Band 13: 0.026352

Band 14: 0.039734

Band 15: 0.055195

Band 16: 0.000325

Band 17: 0.000378

Band 18: 0.015498

	
Band 7: 0.001137

Band 8: 0.004730

Band 9: 0.008809

Band 10: 0.005626

Band 11: 0.015232

Band 12: 0.011637

Band 13: 0.030945

Band 14: 0.040104

Band 15: 0.055367

Band 16: 0.000427

Band 17: 0.000383

Band 18: 0.015942

	
Band 7: 0.001272

Band 8: 0.005488

Band 9: 0.010085

Band 10: 0.007057

Band 11: 0.015819

Band 12: 0.012766

Band 13: 0.031406

Band 14: 0.041370

Band 15: 0.054557

Band 16: 0.000368

Band 17: 0.000410

Band 18: 0.015855

	
NICFI-NDVI monthly composite starting from September 2020

to August 2021








Note: the red color shows the most important input features.













 





Table 4. Irrigated and non-irrigated area distribution in 2017, 2019, and 2021.
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Class

	
The Coverage Area for Each Year (Hectare)




	
2017

	
2019

	
2021






	
Irrigated

	
2078

	
2093

	
2186




	
Non-irrigated

	
156,722

	
156,707

	
156,614




	
Total

	
158,800

	
158,800

	
158,800











 





Table 5. The overall accuracy, producer accuracy, and user accuracy of the classified image.
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Year

	
Overall Accuracy

	
Kappa Coefficient

	
Class

	
Non-Irrigated

	
Irrigated






	
2017

	
99.6%

	
0.71

	
PA

	
99.8%

	
64%




	
UA

	
99.7%

	
81%




	
2019

	
99.6%

	
0.75

	
PA

	
99.8%

	
68%




	
UA

	
99.7%

	
83%




	
2021

	
99.7%

	
0.83

	
PA

	
99.9%

	
79%




	
UA

	
99.8%

	
87%











 





Table 6. Contingency matrix for the classified irrigation schemes of the Zamra catchment.
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	Scheme Types
	Reference

Totals
	Classified

Totals
	Number

Correct
	Unclassified
	Producer

Accuracy
	User

Accuracy





	Dam
	9
	9
	8
	1
	89%
	89%



	Modern diversion
	6
	7
	5
	-
	71%
	83%



	Traditional diversion
	9
	9
	6
	1
	67%
	67%



	Other schemes
	30
	25
	24
	2
	96%
	80%



	Total
	54
	50
	43
	4
	
	



	Overall accuracy
	80%
	
	
	
	
	



	Kappa coefficient
	0.70
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