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Abstract

:

Rice is an important cereal crop in Kenya, where it is mainly grown in the Mwea Irrigation Scheme, MIS. The serious challenges of MIS include low water use efficiency and limited available water resources. The objective of this study is to analyze the current and future irrigation water resource availability for the improvement of future water management. A Soil Water Assessment Tool (SWAT), a public domain software supported by the United States Department of Agriculture’s Agricultural Research Service in Bushland, TX, USA, was used to estimate the current and future water resources availability from the MIS’s main irrigation water supply sources (River Thiba and River Nyamindi). CropWat, a computer program developed by the Land and Water Division of the Food and Agriculture Organization (FAO), Rome, Italy, was used to estimate irrigation water requirements from 2013–2016 and into the future (2020–2060 and 2061–2099). Future climatic data for total available flow and irrigation requirement estimations were downloaded from three General Circulation Models (GCMs). The data was bias corrected and down-scaled (with observed data) using a Climate Change Toolkit, a toolkit for climate change analysis developed by the Water Weather and Energy Ecosystem, Zurich, Switzerland. The results indicated that the highest irrigation water deficits were experienced in July and August based on the existing cropping pattern. Under a proposed future pattern, estimates show that MIS will experience water deficits mainly from June to October and from January to February. This study recommends that MIS management should put into strong consideration the simulated future estimates in irrigation water availability for the improvement of water management.
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1. Introduction


Rice is the most important staple food for more than half of the world’s population and it is grown by more than half of the world’s farmers [1]. Irrigated rice accounts for 55% of the global harvested area and contributes about 75% of global rice production [2]. Irrigation in Kenya is under the mandate of the National Irrigation Board (NIB). The Government of Kenya has put in place several irrigation projects aimed at stabilizing food security, which fall within the government’s development blueprint named Vision 2030 that seeks to make Kenya a newly industrialized middle-income country by the year 2030 [3].



Rice in Kenya is mainly grown in the Mwea Irrigation Scheme, MIS. MIS is located about 100 km north of the capital city of Kenya, Nairobi, in the Upper Tana catchment, where rain-fed agriculture has increased rapidly over the last few decades and contributes to over 60% of land use [4]. The scheme was established in the 1950s as a paddy production scheme to provide a means of food and livelihood to resettled landless people. MIS abstracts irrigation water from two rivers (River Thiba and River Nyamindi) and from two fixed weir intakes and conveys the water via gravity. MIS started with an initial 2000 hectares and currently has a total gazetted area of about 12,140 hectares. An increase in economic activities, population within and around the scheme and unplanned expansion of irrigation areas (mainly from 1999 to 2003) has led to an increased demand for the available water [5]. The irrigation method at MIS is based on the practice of continuously flooding the paddy fields (basin irrigation). Due to the limited water availability, the farmers have been divided into three groups, which are organized in such a way that they receive irrigation water at different periods, such as land preparation and transplanting. NIB put in place plans to construct a predominantly irrigation water supply dam (the Thiba dam, which will be 40 m high with a storage capacity of about 11 million cubic meters), to be located on the River Thiba; it will increase the irrigable area in the future by over 2300 Hectares. However, the aforementioned dam (designed in 1996) has taken a long time to come to fruition, while water shortage problems continue to affect farmers.



Climate projections are available mainly from General Circulation Models (GCMs), which support the understanding of the global climate and projected changes in large-scale climate variables [6,7,8]. The GCMs usually apply Representative Concentration Pathways (RCPs) for future climate modeling. RCPs are the product of an innovative collaboration between integrated assessment modelers, climate modelers, terrestrial ecosystem modelers and emission inventory experts [9]. Water resources for rice production could be significantly affected over the next century due to global climate changes [10]. In East Africa, climate change impact studies have largely been applied to weather changes, stream flow, groundwater and sediment yield studies [11,12,13]. This case study provides a unique and more in-depth methodological approach. The future water supply is analyzed as total available flow and is compared against water demand that is analyzed as the irrigation water requirement at MIS. The comparisons, based on several GCMs and time periods, provide a deeper outlook of climate change modeling not only against stream flow/river discharge, but also against irrigation water demand. This study could contribute to more effective and adaptive planning measures in future developments of irrigation schemes and could help tap into the high irrigation potential of the East African region, even though this region faces significant challenges such as inadequate irrigation infrastructure, poor water management and an unreliable water supply [14].



The Soil Water Assessment Tool (SWAT) model is a hydrological modeling tool that can be used to model and predict some of the hydrological processes. It was developed primarily to predict the impact of land management practices on water, sediment and agricultural chemical yields in large complex watersheds with different soil types, land use and management practices [15]. The SWAT model was chosen because it has already been applied to water quantity and quality issues for a wide range of scales and environmental conditions globally, and is also comprehensively reviewed [16,17]. Potential impacts of future climate change were modeled using SWAT on the Nzoia catchment in the Lake Victoria Basin in Kenya to enhance the understanding of climate change scenarios on stream flow [18]. Simulated current and future stream flows were assessed using SWAT to investigate major monthly stream flow changes in four watersheds in Mt Elgon, Kenya [19].



CropWat is a computer program developed by the Land and Water Division of the Food and Agriculture Organization (FAO) for planning and management of irrigation. CropWat had been widely used in assessing crop water requirements, irrigation scheduling and cropping patterns [20,21,22]. A comparison of CropWat among other similar models showed that CropWat was a better tool for estimating crop water requirements [23]. It calculates crop water requirements and irrigation requirements based on soil, climate and crop data. In the absence of sufficient climatic data, supplemental data can be obtained from CLIMWAT, a climatic database used in combination with CropWat and which offers observed agro-climatic data of over 5000 stations worldwide. CLIMWAT is a joint publication of the Water Development and Management Unit and the Climate Change and Bioenergy Unit of the FAO.



Water resources can be described as blue water resources (e.g., fresh water from surface streams, reservoirs and groundwater), and green water (i.e., the precipitation that temporarily stays on vegetation or is stored in soil that eventually evapotranspirates back to the atmosphere [24]). Given the fact that the economic and the ecological values of blue water and green water are different [25,26], a direct comparison of the green water availability index and blue water availability index may be inappropriate [27] and confusing due to the wide range of indices that exist [28]. Agricultural water use was often a focus of previous blue water scarcity studies, because irrigation consumption for agriculture composes about 80–90% of total blue water consumption [29,30]. In this study, the SWAT model analyzed the blue water aspect, i.e., the supply side, and CropWat analyzed the green water aspect, i.e., the demand side; water availability was referenced to an index for classifying Sub Saharan countries based on agricultural water demand and water resource supply [31]. In the context of this study, water availability refers to the capacity of the irrigation water supply at MIS to be able to meet the irrigation water demand. The objective of this study is to evaluate current and future irrigation water resource availability for the improvement of planning and water management at MIS.




2. Materials and Methods


2.1. Overview of Methodological Approach


SWAT and CropWat models were applied in this study. A SWAT model was applied for estimating the water supply at the weir intakes of the River Thiba and the River Nyamindi; a CropWat model was used to estimate the irrigation water requirements. The rationale for the integrated analysis of SWAT and CropWat was mainly guided by two considerations: the model’s capabilities in analyzing water resources and irrigation water requirements, and the availability of the collected data during the study (available data for irrigation demand estimations were complete cropping patterns from the 2013–2016 seasons indicating farmer groups, irrigation areas and planting dates. There were no records available for irrigation water use/supplied to the fields). Data required for simulation of crop growth and water demand in SWAT (input variables that pertain to optimal plant growth) were unavailable during the time of this study. Some simulation studies of irrigation water demand using the SWAT model have reported limitations such as the underestimation or over estimation of simulated values, hence recommended further improvements in SWAT irrigation simulation [32,33]. Integrated analysis of SWAT and CropWat models have been applied in studies to simulate run off, calculate water demand, and to find optimum crop irrigation schedules [34,35]. Thus, this study applied an integrated analysis using SWAT and a CropWat model to achieve its objectives.



To estimate future scenarios, GCMs data from three models (General Fluids Dynamics Laboratory Earth System Model, GFDL-ES2M, Hadley-Centre Global Environment Model version 2, HadGEM2- ES, and Norwegian Climate Centers Earth System Model, NorESM1-M) was analyzed using the Climate Change Toolkit, CCT. CCT is a program developed by the Water Weather and Energy Ecosystem institute, Zurich, Switzerland, that handles climate change analysis tasks in one package. The program consists of six main modules: Data Extraction, Global Climate Data Management, Bias Correction and Statistical Downscaling, Spatial Interpolation and Critical Consecutive Day Analyzer. CCT is linked to an archive of historical global daily datasets (from the Climate Research Unit East Anglia [36]) and GCM models data from four carbon scenarios [37]. The output of CCT includes future climate variables (precipitation, minimum temperature and maximum temperature) which can be used to conduct future scenario analyses. The downscaled climate data from GCMs (with four RCPs each) was then used in both SWAT and CropWat models for future simulations). The results provide insights into water resource availability variations that can be used by MIS management in making informed future adaptation decisions. The methodological approach overview is shown in Figure 1.




2.2. Study Area


The climatic conditions around MIS are characterized by tropical weather dominated by monsoons. There are two rainy seasons: the short rain season (from October to November) and the long rain season (from April to May). The mean annual rainfall amount is about 930 mm. The temperature ranges between 14 °C and 31 °C. Relative humidity ranges from 55 to 70% in a day.



MIS receives irrigation water from the River Thiba and the River Nyamindi. The River Thiba sub basin, located in the Upper Tana catchment, receives only a small portion of the rainfall (about 4%) but contributes to nearly half of the sediment in the Masinga reservoir, which is located further downstream. This is because the River Thiba sub basin has a large number of small holder agricultures sites with longer periods of exposed soil as well as a relatively large area of rangelands [38]. MIS faces water shortages and as an adaptation strategy, the farmers are organized into three groups, which transplant rice at different times of the year in order to receive irrigation water during peak water demand times such as during transplanting. An adverse impact in rice production would affect a significant number of farmers, as this scheme produces about 80% of the local rice; the ripple effect would spread across the larger agricultural sector and the economy. The scheme is divided into two main irrigation systems: the Thiba system, which receives water from the River Thiba; and the Tebere system which receives water from the River Nyamindi. The two systems are subdivided into seven major irrigation blocks, namely the Mwea, Thiba, Wamumu, Karaba, and Curukia/Mutithi (for Thiba system) Tebere, and the Ndekia (for the Tebere system) as shown in Table 1.



Downstream past the scheme, the River Nyamindi flows into the River Thiba, which later flows into the larger River Tana, which is the largest river in Kenya. The catchment area for the River Tana covers approximately 17% of the country [39]. The Mwea Irrigation Scheme is divided into about 60 units, each with an average area of about 100 ha [40]. The irrigation block layout is shown in Figure 2.




2.3. Irrigation Block Water Requirement


The irrigation requirements from 2013–2016 were calculated using CropWat. The CropWat program consists of five data inputs (Climate, Rain, Crop, Soil and Cropping Pattern) and three calculation modules (Crop Water Requirement, Schedules and Scheme). The climate input is used to estimate the reference evapotranspiration, the rain input is used to estimate the effective rainfall, the crop input is used to estimate the actual crop evapotranspiration, and the soil input is used to estimate the soil moisture deficit. The length of the growth stages for the crops considered in this study were estimated based on Equation (1):


GDD = [(Tmax + Tmin)/2] − Tbase



(1)




where GDD is Growing Degree Days, Tmax is the maximum temperature (°C), Tmin is the minimum temperature (°C), and Tbase is the base temperature for the crop (°C). The GDD was estimated using the daily maximum and minimum temperatures for the recorded temperature data (2013–2016) and the simulated future data. The growth stage duration was estimated from the growing degree days and accumulated heat values at the end of each stage (Equation (2)).


GSD = Tacc/GDDc



(2)




where GSD is Growth Stage Duration (days), Tacc is the accumulated heat value at the end of the stage (°C) and GDDc is the GDD for the corresponding period (°C). The reference crop base temperatures and accumulated heat stages at the end of the initial, development, mid-season and late season stages were obtained from the Food and Agriculture Organization database [41]. The method of growing degree days can be used to estimate the growth stage days for various crops [42,43].



These inputs are used to estimate the crop water requirements. The scheme water requirements (in liters per second per hectare) are calculated after entering the specific planting dates, and the percentage areas of each crop. The irrigation water requirement for each block is estimated by multiplying the scheme water requirements and the irrigation area.



Due to the limited water resources, the farmers in the scheme are organized into three groups. An example of the existing cropping pattern is shown in Table 2.



Land preparation, e.g., rotavation, starts from the month of April, followed by the transplanting and growing period of the main crop which is harvested in early December. The ratoon rice crop then follows after the main crop and is harvested in March (ratoon rice crop is the rice crop that comes after harvesting and regenerates new panicle bearing tillers. It can be used to increase productivity where cropping intensity is limited by inadequate irrigation [44]). Future irrigation water requirement was estimated based on a new proposed cropping pattern. The proposed pattern seeks to diversify the crop production at MIS with long rain upland crops (mainly maize and vegetables) introduced between the months of February to June and short rain upland crops (mainly tomatoes and beans). A comparison of the existing and proposed cropping patterns is shown in Table 2.



To estimate irrigation water requirements for the 2013–2016 cropping seasons, climatic data (monthly means of precipitation, minimum temperature, maximum temperature and relative humidity) obtained from the Mwea Irrigation Agricultural Development (MIAD) weather station were input into CropWat. The local climatic data from the MIAD station was supplemented with other climatic data from the Climwat database (i.e., sunshine duration and wind speed from the Mwea Weather station number 21). Soil data (maximum infiltration rate, maximum rooting depths) for the predominant black cotton soils at MIS and rice crop data (crop coefficient Kc, rooting depth) were obtained from the CropWat database. The planting dates input into CropWat were the actual dates obtained from the MIS offices used for 2013–2016. A summary of the cropping patterns for rice obtained from the MIS offices is shown (Table 3).



To estimate the future irrigation water requirements, downloaded and downscaled climatic data (precipitation, minimum temperature and maximum temperature) from GCMs was input into CropWat. The soil data and rice crop data were also obtained from the CropWat database. The planting dates used for the future irrigation water requirements were 1st July for the main rice crop, 1st November for the ratoon rice, 1st October for the short rain upland crops and 1st March for the long rain upland crops. The proposed upland crops are tomatoes, maize, French bean, soy bean, green grams and vegetables. A summary of the irrigation areas for the proposed new cropping pattern is shown in Table 4.




2.4. Soil Water Assessment Tool (SWAT) Input


The SWAT model inputs were: Digital Elevation Model (DEM), soil map, land use map, and weather data. The SWAT 2012 ArcGIS interface [45] was used to discretize the River Thiba’s watershed, which was delineated from a 30 m Digital Elevation Model [46]. For the delineated watershed, the soil types and the land use of the study area were extracted from global databases of the Food and Agriculture Organization (FAO) [47] and Globcover [48] respectively, due to limited data availability in the study area. River discharge data and daily weather data were collected from the Kenya Water Resources Management Authority and the Kenya Meteorological Department, respectively. The local weather stations, Castle Forest, the Mwea Irrigation Agricultural Development Centre (MIAD) and Embu, are shown in Figure 3a as numbers 1, 2 and 6, respectively. The weir intakes on the River Nyamindi and the River Thiba are shown in Figure 3a as numbers 4 and 5, respectively. The proposed Thiba Dam location is shown as number 7. Due to data gaps and limited discharge measurements at the weir intakes, the River Gauging Station (RGS) 4DD02 (shown as number 7 in Figure 3a) was selected as the watershed outlet. The study area measures 1545 km2. The Digital Elevation Model, land use and soil maps are as shown in Figure 3. The delineation of the catchment study areas was done automatically in SWAT and stream networks were generated based on topography, flow direction and flow accumulation, discretizing 20 sub basins. The soil and land use maps were imported into SWAT and overlaid onto the DEM and the catchment was further subdivided into 351 spatial units known as Hydrologic Response Units (HRUs). Climate data was then imported into SWAT and once all the relevant input had been entered, the model was run.



The observed climate data from three weather stations; the watershed outlet point (at River RGS 4DD02) and intakes are as shown in Table 5.



SWAT simulation was done from 1979 to 2015 using observed historical data, with a two year warm-up period. The model was calibrated and validated for the periods 1981–1986 and 1987–1991, respectively using SWAT calibration and uncertainty programing [49]. After running the model, the simulated stream flow was evaluated using the Nash–Sutcliffe Efficiency (NSE) and percent bias (PBIAS) [50]. NSE is a normalized statistic that describes the relative magnitude of the residual variance as compared to the observed variance and demonstrates how well the plot of observed versus simulated fits the 1:1 line. PBIAS measures the average tendency of the simulated data to be larger or smaller than the observed counterparts [51]. After the simulation, determination of the rate of change in model output with respect to changes in input/parameters (sensitivity analysis) was done using the Sequential Uncertainty Fitting (SUFI-2) algorithm [52,53].



The simulated discharge data for the two weir intakes located on the River Thiba and the River Nyamindi were extracted from the SWAT output database files and were used to calculate the total available flow, i.e., the amount of water that can be abstracted from the two rivers for use in irrigation at MIS. These two intake points were selected because they are the sources of irrigation water for MIS, hence they can give a good estimation of the irrigation water available. The Water Resources Management Authority, Kenya [54] management rules were used to calculate the total available flow based on Equation (3):


TAF = Q80 − (Q95 × 0.3) − AWR



(3)




where TAF is the Total Available Flow (m3 s−1), Q80 and Q95 represent the flow duration exceedance percentiles, which is the flow that can be expected to be equaled or exceeded 80% and 95% of the time, respectively (m3 s−1). (Q95 × 0.3) is the base flow requirements for the downstream riparian uses set at 30% of the environmental flow and AWR is the Accumulated Water Rights (m3 s−1). The Accumulated Water Rights were obtained from the Water Resources Management Authority, Kenya.



To evaluate the water availability, a method described by Smakhtin et al. [55] considering the surface water available for withdrawals while meeting environmental water requirements was applied as shown in Equation (4).


WSI = Withdrawals/(MAR − EWR)



(4)




where WSI is the Water Stress Index, MAR is the Mean Annual Runoff and EWR is the Environmental Water Requirement. In this study, the withdrawals considered are the estimated irrigation water requirements, and the component of (MAR–EWR) is considered as the Total Available Flow. The categorization of the Water Stress Index values based on Equation (4) is shown in Table 6.




2.5. Climate Change Toolkit


The Climate Change Toolkit (CCT) has six main modules: Data Download, data extraction, Global Climate Data Management (GCDM), Bias Correction using Statistical Downscaling (BCSD), Spatial Interpolation of Climate Data (SICD) and Critical Consecutive Day Analyzer (CCDA) [37]. Observed climate data (precipitation, minimum and maximum temperatures) were obtained from three local weather stations (The Mwea Irrigation and Development Centre, MIAD, Castle Forest and Embu stations), defined by latitude, longitude and elevation were added to the CCT database.



Three sets of General Circulation Models, GCMs; GFDL-ESM2M (GCM 1) [56], HadGEM2-ES (GCM 2) [57]; and NorESM1-M (GCM 3) [58]) from the Inter-Sectoral Impact Model Inter-Comparison Project (ISI-MP) [59] (with four Representative Concentration Pathways, RCPs each i.e. RCP 2.6, 4.5, 6.0, 8.5) at 0.5° spatial resolution were used to obtain future climatic data. The Data Download module in CCT was used to download future climate data from the three GCMs (coordinates range from latitude −1° to 0°, and longitude 37 to 38°) from the Water Weather Energy Ecosystem website (www.2w2e.com). The GCM models, scenarios and periods downloaded are shown in Table 7.



The Data Extraction module was used to extract the climate data from the aforementioned coordinate range then regionalized to the coordinates of the observed data. The GCDM module was used to calculate the monthly averages, annual averages, long-term averages and anomalies of the weather stations. The BCSD module was used for downscaling by bias correcting the GCM future data using the observed climate data in the CCT database. Downscaling assigns the GCM data to the nearest observed user data. The SCID module was used to obtain finer resolution climate data. The Critical Consecutive Days Analyzer (CCDA) module was used to rewrite the data (from a bias-corrected and interpolation database), to separate the maximum and minimum temperature into different files and to specify coordinates and new names for each station’s data. The output of CCT was future precipitation and minimum and maximum temperatures data that were input into SWAT for future evaluation of irrigation water resources. The output from GCM station 435179 was used in estimating future irrigation water requirements as it is located within the MIS scheme. Table 8 shows the locations and elevations of the downscaled and bias-corrected GCM stations.



The weather stations data in Table 8 were input in SWAT and CropWat and were used to simulate the future total available flow (at the River Thiba and the River Nyamindi weir intakes) and future irrigation water requirements, respectively. The frequency analysis of the data was estimated using probability of exceedance. For irrigation systems, rainfall depths with probabilities of exceedance of 75–80% are often selected [60]. A period of 30 years and over is normally thought to be very satisfactory for climate data analysis [61]. For this study, 80% probability of exceedance was applied for two periods (2020–2060 and 2061–2099).





3. Results


3.1. Water Demand Analysis


The 2013–2016 cropping season water requirements were calculated based on Table 3. The irrigation water requirement was calculated for each group and was summed-up to show the total irrigation water requirement of each of the cropping season analyzed.



Across the three seasons analyzed, the peak water demand was the July 2015/2016 season (9.4 m3 s−1). With the onset of the short rains in October/November, the irrigation water requirement decreased. There was a trend of the highest peak water demand for the scheme in the months of July/August, and then a subsequent decrease was observed in all the seasons analyzed, as shown in Figure 4.




3.2. Estimation of Total Available Flow at the River Thiba and the River Nyamindi


Calibration of the SWAT model was done to allow for a better physical representation of the functioning of the modeled study area. NSE was selected as an objective function for the model calibration for this study. The initial range of the calibrated parameters was set to default values provided by the SWAT-Cup program. Calibration of the model was done by optimizing the parameter range until the objective function of the output variable achieved a satisfactory value. The most sensitive parameters for this simulation were curve number (R__CN2.mgt), ground water delay time (V__GW_DELAY.gw), threshold water depth in the shallow aquifer (V__GWQMN.gw), available water capacity (V__SOL_AWC.sol) and base flow factor (V__ALPHA_BF.gw). After several iterations, the satisfactory NSE and PBIAS calibration objective function values were obtained (shown in Table 9) with the optimized parameters (shown in Table 10). The modeled hydrological characteristics of the watershed are shown in Figure 5 (model calibration and validation) and Figure 6 (hydrological summary of the watershed simulation). According to the simulated hydrology, only a small fraction (1.43%) of precipitation became surface runoff, while the majority (60%) of rainfall in the watershed was evaporated and transpired. The percolation and lateral flow accounted for 26% and 12% of the precipitation, respectively. Therefore, the simulated hydrology components showed that the watershed was characterized by dominant groundwater. This could be as a result of the high percentage of forested areas (81%) in the land use, particularly in the central to northern parts of the watershed (part of the watershed lies within Mount Kenya forest). The forested areas can influence the surface runoff and increase the ratio of groundwater recharge [62]. The performance of the model calibration and validation, parameters and hydrology summary are shown in Figure 5 and Figure 6 and in Table 9 and Table 10.



Generally, performance ratings of NSE values between 0.50 < NSE ≤ 0.65 can be described as satisfactory. NSE values of 0.75 < NSE ≤ 1.00 can be described as very good. For PBIAS, values ±15 ≤ PBIAS < ±30 can be described as good, and values PBIAS < ±15 can be described as very good [50]. The SWAT model simulation of this study can be described as satisfactory, though future simulations could be improved by making use of more local data inputs (such as soils, land use, DEM). Figure 6 shows the hydrological summary of the watershed simulation




3.3. Comparison of Total Available Flow and Water Demand (2013–2016)


The current water resources available in the River Thiba and the River Nyamindi were highest in the month of May (5.0 m3 s−1 and 4.5 m3 s−1, respectively) and lowest in the month of March (1.6 m3 s−1 and 0.8 m3 s−1, respectively) as shown in Figure 7. The highest irrigation water deficits were observed in the months of July (up to 4.9 m3 s−1) and August (up to 4.1 m3 s−1). Surplus irrigation water was observed to be available in the months of November to December (ranging from 2.6 m3 s−1 to 6.0 m3 s−1) after the short rain season.




3.4. Climate Change Modeling


SWAT was run again (after the calibration and validation) using the downloaded, downscaled and bias-corrected future climate data from the three GCMs (four RCPs each) to analyze future total available flow at the two weir intakes on the River Thiba and the River Nyamindi. The future irrigation water requirement was also estimated using the future climate data from the three GCMs (four RCPs each). Figure 8, Figure 9, Figure 10 and Figure 11 show the future water total available flow and irrigation water requirement comparisons under RCPs 2.6, 4.5, 6.0 and 8.5, respectively for two time periods, i.e., 2020–2060 and 2061–2099.



Under RCP 2.6, the highest total available flow was observed in the months of May, November and December; and the least in the month of February for both the 2020–2060 and the 2061–2099 periods (Figure 8a,b,d,e). The highest irrigation water requirements were observed to be the highest in the months of June (14.7 m3 s−1 under GCM 1 and 2 in 2020–2060) and the least in the month of November (0.2 m3 s−1 under GCM 1) as shown in Figure 8c,e.



RCP 4.5 showed the highest total available flow in the months of May, November and December (Figure 9a,b,d,e). The highest irrigation water requirements were observed to be the highest in the months of June (14.1 m3 s−1 under GCM 3 in 2020–2060) and the lowest irrigation water requirements in the month of November (0.1 m3 s−1 under GCM 3 in 2020–2060 period and 0.2 m3 s−1 under GCM 2 for 2020–2060 period). Total available flow was observed to be greater than irrigation water requirements in the month of November.



RCP 6.0 shows the highest total available flow in the months of May, November and December, and the lowest in the month of February (Figure 10a,b,d,e). The highest irrigation water requirements were observed in the month of June (14.5 m3 s−1 under GCM 2, 2020–2060 period) and the least in the month of October (0.3 m³/s under GCM 3, 2060–2099 period) as shown in Figure 10c,f.



RCP 8.5 shows the highest total available flow in the months of May, November and December; and the lowest in the month of February (Figure 11a,b,d,e). The highest irrigation water requirements were observed to be the highest in the month of June (14.1 m3 s−1 under GCM 2, 2020–2060 period) and the least in the month of October (0.2 m³/s under GCM 3, 2061–2099 period) as shown in Figure 11c,f.



MIS plans to develop a dam on the River Thiba to address the current water deficits experienced at the scheme. The dam is planned to be an irrigation-only dam to provide supplemental irrigation water. A comparison of the future total available flow (summation of the River Thiba and the River Nyamindi) and irrigation water requirements was done to estimate the future Water Stress Index (WSI) at MIS for the three GCMs and two time periods (i.e., 2020–2060 and 2061–2099) is shown in Table 11, Table 12, Table 13 and Table 14 for RCP 2.6, 4.5, 6.0 and 8.5, respectively.



RCP 2.6 showed the highest irrigation deficits in the month of June and February, with subsequent high WSI (highest observed as 6.58 under GCM 2 in the 2020–2060 period). Irrigation deficits were also observed in the months of July to October and January. A surplus of irrigation water was observed mainly in the month of November (The zero values denote a surplus in irrigation water). RCP 4.5 showed the highest WSI in the months of June, September and February (the highest was observed as 6.82 in the 2061–2099 period under GCM 1).



RCP 6.0 showed the highest WSI in the months of June, September and February (highest observed as 5.98 under GCM 1 in 2020–2060). A surplus of irrigation water was observed in the month of November, and moderate exploitation of water resources in the month of April and May. RCP 8.5 had the highest WSI observed in the months of June, January and February (highest observed as 5.54 in the 2020–2060 period under GCM 2). Surplus irrigation water was observed in the month of November.



Across all the RCPs and time periods, the months of January–February and June–September have a strong trend of irrigation water being insufficient to meet the water demand, indicating a strong over-exploitation of the water resources in the study area. The months of March–May show that some variations have a strong trend towards displaying water surplus. Being the largest irrigation scheme in Kenya, the results of this MIS case study results in support for the country-based classification of Kenya as a country where, in the future, surface water resources could likely be unable to meet the irrigation water demand according to an index for assessing the potential for future agriculture in Sub Saharan Africa developed by Nizar et al. [31]





4. Discussion


4.1. Water Shortage Timing


The peak irrigation water requirements (in m3 s−1) were estimated to be between the months of July and August, which mainly fall within the land preparation period. Most of the farmers would prefer to transplant at the beginning of the short rain season and harvest between November and December when there is a high demand for rice due to the long Christmas holidays. However, they are required to follow the cropping calendar provided. Climatic conditions make planting in the long rain season (April–May) less favorable due to higher susceptibility to rice blast disease, which has been reported to cause about 60–70% of the yield losses [64]. Since most of the farms are operated using family labor and they primarily rely on rice farming as their main source of income [65], MIS management will have to ensure adequate water availability for the main rice crop to ensure farmers can harvest and sustain their livelihoods. The water shortage may be exacerbated by withdrawal of water from the main canals for other illegal uses, as observed during our field studies in 2018 and 2019. The withdrawals observed included use of water for domestic use at home and for running small car wash businesses along major roads within the scheme. Such withdrawals are difficult to quantify and were not considered in this study.



Previous studies indicated that horticultural farms located upstream of MIS abstract water from the River Thiba and the River Nyamindi, thus contributing to a reduction in the water available for the scheme. A survey conducted in 1997 indicated that about 10% of the abstractions were legal [40]. The MIS management can put forward proposals to the relevant government authorities for more stringent policies that could be used to monitor and control water abstraction in rivers and to protect the MIS farmers against water shortages. In addition, local community sensitization on the importance of irrigation water could also play a role in community policing and monitoring of illegal water abstractions. The extent of water shortage for irrigation can also be used by the relevant government authorities (such as the Water Resources Authority, Kenya) in guiding/controlling the issuance of permits for abstraction of water for other purposes. This could play an important role in increasing water availability for irrigation.




4.2. Impact of Climate Change


Across the two periods analyzed for all GCMs, the highest future water deficits were estimated to be in the months of June, representing a shift from the month of July as observed in 2013–2016. Under the proposed cropping program (that is supposed to used after the dam construction), the main rice crop will heavily rely on irrigation water from the dam throughout its growth stages from transplanting to harvesting. This is because the main rice crop falls between the periods of July to October. This period was observed to have a strong predominance of water deficits across all GCM simulations. Water stored in the dam after the long rains (April/May) should be carefully released for the main rice crop mainly during land preparation and transplanting in the months of June and July. A decrease in the amount of long rains would have an impact on the main rice crop. Future farming practices should take into consideration the water availability in the high water deficit months and explore the options of reducing the water deficits such as practicing more efficient rice irrigation methods.



There have been initiatives to introduce water-saving irrigation practices at MIS over the years, most notably in the Rice-Based and Market-Oriented Agriculture Promotion Project (RiceMAPP) in demonstration farms [66]. Such initiatives take into consideration water-saving practices as a way of reducing water use, and the larger aspect of climate change would require adequate sensitization and training of farmers in order for them to be successfully implemented. A previous study on the socio-economic status of farmers at MIS conducted in 2013 indicated that about 43% of small-scale farmers at MIS had completed a high school education. Increased government efforts in raising the education level of farmers could contribute to better sensitization, learning and training of farmers on new and better water-saving technologies, promote a strong participatory approach, and contribute to combating the impacts of climate change. Such water-saving initiatives could be taken into strong consideration and could contribute to a reduction of the high peak water demands compared to the current conventional flooding irrigation methods.




4.3. Adaptation of Cropping Pattern


Under the proposed cropping pattern, the total land area under irrigation is 17,900 ha for the long and short rains upland crops; and short rain rice and ratoon rice. In the existing cropping pattern, the land areas under irrigation for the 2013/2014, 2014/2015 and 2015/2016 seasons were 7890 ha, 8095 ha and 8903 ha respectively. With the expected increase in land area under irrigation and the introduction of new upland crops, farmers will have to adapt to water management, particularly in the months with high water deficits.



The proposed short rain upland crops fall within the months of October and January. The months of November and December were evaluated to have surplus irrigation water in the future period. With careful management of dam irrigation water, MIS management can explore the opportunity for utilizing the surplus water. Cropping intensities for the short rain upland crops could be increased to make use of the surplus water, hence improving production in the future.



The month of February, which falls at the beginning of the long rain upland crops in the proposed cropping pattern, was observed to have the second highest irrigation water deficit. Farmers will predominantly rely on irrigation water during the planting stage. MIS management should plan for careful management of the dam irrigation water and ensure that irrigation water is available during this important time for the long rain upland crops. The mid-season stage for the upland crops falls during the long rain season (April/May) when surplus irrigation water was observed to be available. The methodological approach presented in this study could be adopted for guiding the development of cropping patterns within the East African region to tap into the irrigation potential. Identification of projected water shortages and surplus months can play an important role for farmers in increasing their efficiency and productivity.





5. Conclusions


This study’s objective was achieved through applying a SWAT model to estimate the current and future water resources (as total available flow) and CropWat to estimate irrigation water requirements. Downloaded, spatially interpolated, downscaled and bias-corrected future climate data from a Climate Change Toolkit were input into SWAT and CropWat to simulate future scenarios. The future climate data was also input into CropWat to analyze future irrigation water requirements. The results show that the highest irrigation water deficits will be experienced in the month of June. The months of July–October and January–February are also expected to have deficits. Surplus irrigation water is expected to be observed in the months of November and December in the future. The results could be useful to MIS in estimation of water availability, addressing climate change impacts through a participatory approach with farmers and the government, developing cropping patterns and an overall improvement of planning and water management at MIS. This study aspires to contribute to water availability research by presenting a methodological framework for current and future water resource availability for irrigation planning and management in regions where data availability may be inadequate but there exists a future irrigation development potential.



A major limitation in this study was the lack of data for calibrating the CropWat estimations. With due attention to this limitation, findings of this study can be used for the improvement of irrigation water resource planning and management. In the future, after the implementation of a dam on the River Thiba, data monitoring in dam release, stream flow, sediment in the river (and in the reservoir) and canal flows should be conducted for future modeling of the Thiba dam and MIS. This would allow for analysis such as future dam irrigation water supply and sediment inflow into the reservoir to estimate future maintenance/dredging costs. Data monitoring on irrigation water quality, irrigation conveyance and drainage canals should be conducted to monitor any water losses. Also, strong considerations should be made for conducting soil tests at MIS watershed area. The soil data could be very useful in SWAT simulations as well as in CropWat data input in order to reduce the bias in the estimations of total available flow and irrigation water requirements.
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Figure 1. Overview of the methodological approach. 
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Figure 2. Mwea Irrigation Scheme (MIS) irrigation blocks layout. 
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Figure 3. Soil Water Assessment Tool (SWAT) model study area (a) topography map; (b) land use map; (c) soil map. 
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Figure 4. Irrigation water requirements for the 2013–2016 seasons. 
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Figure 5. SWAT model calibration and validation. 
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Figure 6. Hydrology summary of the watershed simulation [63]. 
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Figure 7. Comparison of total available flow (historical simulation) with water demand (2013–2016). 
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Figure 8. RCP 2.6 Comparison of total available flow and irrigation water requirements during 2020–2060 and 2061–2099. (a) GCM 1 (2020–2060); (b) GCM 2 (2020–2060); (c) GCM 3 (2020–2060); (d) GCM 1 (2061–2099); (e) GCM 2 (2061–2099); (f) GCM 3 (2061–2099). 
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Figure 9. RCP 4.5 Comparison of total available flow and irrigation water requirements during 2020–2060 and 2061–2099. (a) GCM 1 (2020–2060); (b) GCM 2 (2020–2060); (c) GCM 3 (2020–2060); (d) GCM 1 (2061–2099); (e) GCM 2 (2061–2099); (f) GCM 3 (2061–2099). 
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Figure 10. RCP 6.0 Comparison of total available flow and irrigation water requirements during 2020–2060 and 2061–2099. (a) GCM 1 (2020–2060); (b) GCM 2 (2020–2060); (c) GCM 3 (2020–2060); (d) GCM 1 (2061–2099); (e) GCM 2 (2061–2099); (f) GCM 3 (2061–2099). 
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Figure 11. RCP 8.5 Comparison of total available flow and irrigation water requirements during 2020–2060 and 2061–2099. (a) GCM 1 (2020–2060); (b) GCM 2 (2020–2060); (c) GCM 3 (2020–2060); (d) GCM 1 (2061–2099); (e) GCM 2 (2061–2099); (f) GCM 3 (2061–2099). 
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Table 1. Summary of Thiba and Tebere systems, blocks and watershed area.
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System

	
Block

	
Gross Area (Hectares)

	
Total Watershed Area for This Study






	
Thiba

	
Mwea

	
1681

	
1545 km²




	
Thiba

	
1426




	
Wamumu

	
1445




	
Karaba

	
1325




	
Curukia/Mutithi

	
2804




	
Tebere

	
Tebere

	
2625




	
Ndekia

	
2439
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Table 2. Comparison of existing and proposed cropping patterns.






Table 2. Comparison of existing and proposed cropping patterns.





	

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec






	
Existing pattern

	
Ratoon rice

	
Rotavation

	
Transplanting

	
Main rice crop




	
Proposed pattern

	
Ratoon rice/short rain upland crops

	
Long rain upland crops

	
Main rice crop

	
Ratoon rice/short rain upland crops
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Table 3. Comparison of irrigation areas in groups, blocks and years of existing cropping patterns.






Table 3. Comparison of irrigation areas in groups, blocks and years of existing cropping patterns.





	
Cropping Patterns

	
Year

	
Tebere (Ha)

	
Mwea (Ha)

	
Thiba (Ha)

	
Wamumu (Ha)

	
Karaba (Ha)

	
Curukia (Ha)

	
Ndekia (Ha)

	
Total Area (ha)






	
Group 1

	
2013/2014

	
0

	
653

	
1183

	
681

	
712

	
445

	
0

	
3674




	
2014/2015

	
1363

	
909

	
1017

	
679

	
758

	
1021

	
0

	
5747




	
2015/2016

	
1363

	
976

	
1017

	
680

	
809

	
1021

	
0

	
5866




	
Group 2

	
2013/2014

	
1670

	
633

	
0

	
487

	
420

	
457

	
439

	
4106




	
2014/2015

	
500

	
377

	
165

	
488

	
373

	
0

	
439

	
2342




	
2015/2016

	
583

	
447

	
165

	
536

	
428

	
0

	
439

	
2598




	
Group 3

	
2013/2014

	
110

	
0

	
0

	
0

	
0

	
0

	
0

	
110




	
2014/2015

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
2015/2016

	
0

	
0

	
0

	
0

	
0

	
0

	
439

	
439
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Table 4. Irrigation areas and crops of the proposed cropping pattern.






Table 4. Irrigation areas and crops of the proposed cropping pattern.





	Irrigation Areas
	Short Rain Rice and Rice Ratoon
	Short Rain Upland
	Long Rain Rice
	Long Rain Upland





	Tebere system
	1800
	300
	0
	1400



	Thiba system
	4980
	200
	0
	4900



	New extension areas
	1127
	1078
	0
	2205



	Total area (ha)
	7907
	1578
	0
	8050
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Table 5. Observed weather stations, intakes and watershed outlet information.






Table 5. Observed weather stations, intakes and watershed outlet information.





	ID
	Description
	Latitude
	Longitude
	Elevation (m)





	1
	Castle Forest station
	0°24.498′ S
	37°18.64′ E
	1918



	2
	Embu station
	0°30′ S
	37°27′ E
	1493



	3
	River Nyamindi intake
	0°36.274′ S
	37°22.135′ E
	1210



	4
	River Thiba intake
	0°37.532′ S
	37°19.212′ E
	1203



	5
	MIAD station
	0°39.384′ S
	37°17.40′ E
	1159



	6
	Watershed outlet (RGS4DD02)
	0°43.92′ S
	37°30.360′ E
	1056
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Table 6. Categorization of water scarcity by Water Scarcity Index (WSI).






Table 6. Categorization of water scarcity by Water Scarcity Index (WSI).





	Index
	Category





	>1
	Overexploited



	0.6 ≤ WSI < 1
	Heavily exploited



	0.3 ≤ WSI < 0.6
	Moderately exploited



	WSI < 0.3
	Slightly exploited
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Table 7. Global Circulation Models with Representative Concentration Pathways (RCPs) and periods.






Table 7. Global Circulation Models with Representative Concentration Pathways (RCPs) and periods.





	
Model

	
Scenarios

	

	
Period






	
GFDL-ESM2M

	
RCP (2.6, 4.5, 6.0, 8.5)

	
Historical

	
1950–2005




	
Future

	
2006–2099




	
HadGEM2-ES

	
RCP (2.6, 4.5, 6.0, 8.5)

	
Historical

	
1950–2005




	
Future

	
2006–2099




	
NoerESM1-M

	
RCP (2.6, 4.5, 6.0, 8.5)

	
Historical

Future

	
1950–2005




	
2006–2099











[image: Table] 





Table 8. General Circulation Model (GCM) stations information.






Table 8. General Circulation Model (GCM) stations information.





	Station
	Latitude
	Longitude
	Elevation (m)





	435179
	0°37.50′ S
	37°22.50′ E
	1186



	435180
	0°22.50′ S
	37°22.50′ E
	1958



	436179
	0°37.50′ S
	37°37.50′ E
	1194



	436180
	0°22.50′ S
	37°37.50′ E
	1452
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Table 9. SWAT model calibration objective functions.






Table 9. SWAT model calibration objective functions.





	
Nash–Sutcliffe Efficiency, NSE




	
Calibration

	
Validation






	
0.55

	
0.52




	
Percent Bias, PBIAS




	
−0.9%

	
−1.3%
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Table 10. Model calibration parameters.






Table 10. Model calibration parameters.





	Parameter_Name
	Description
	Fitted_Value
	Min_Value
	Max_Value





	1: R__CN2.mgt
	SCS runoff curve number
	35
	35
	98



	2: V__GW_DELAY.gw
	Groundwater delay (days)
	19.049999
	0
	30



	3: V__GWQMN.gw
	Threshold depth of water in the shallow aquifer required for return flow to occur (mm)
	2227.5
	2000
	2500



	4: V__SOL_AWC.sol
	Available water capacity of the soil layer
	0.5203
	0.4
	0.7



	5: V__ALPHA_BF.gw
	Base flow alpha factor (days)
	0.7397
	0.5
	0.8







Note: R_ means relatively changing value; V_ means replacing with new value.
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Table 11. RCP 2.6 Future Water Stress Index (WSI) estimations.






Table 11. RCP 2.6 Future Water Stress Index (WSI) estimations.





	
Period

	
GCM

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec






	
2020–2060

	
1

	
1.95

	
3.83

	
1.06

	
1.34

	
0.81

	
5.08

	
2.47

	
3.29

	
4.04

	
0.19

	
0.00

	
0.78




	
2

	
3.24

	
5.16

	
1.57

	
0.88

	
1.24

	
6.58

	
2.79

	
3.38

	
7.04

	
0.03

	
0.00

	
2.04




	
3

	
1.70

	
2.52

	
0.74

	
0.38

	
0.45

	
2.72

	
1.04

	
1.64

	
2.36

	
0.26

	
0.00

	
0.57




	
2061–2099

	
1

	
2.70

	
3.58

	
2.32

	
1.98

	
0.89

	
6.14

	
3.00

	
4.40

	
6.60

	
1.32

	
0.00

	
0.74




	
2

	
2.49

	
3.79

	
0.62

	
0.63

	
0.90

	
6.16

	
1.93

	
2.50

	
4.70

	
0.64

	
0.00

	
1.44




	
3

	
1.62

	
2.52

	
0.16

	
0.16

	
0.23

	
3.13

	
1.06

	
1.48

	
2.83

	
0.43

	
0.00

	
0.58
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Table 12. RCP 4.5 Future Water Stress Index (WSI) estimations.






Table 12. RCP 4.5 Future Water Stress Index (WSI) estimations.





	
Period

	
GCM

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec






	
2020–2060

	
1

	
2.13

	
3.85

	
2.64

	
1.89

	
0.95

	
6.06

	
2.75

	
3.15

	
5.87

	
0.73

	
0.00

	
0.65




	
2

	
3.74

	
5.20

	
0.64

	
0.17

	
0.74

	
5.98

	
1.87

	
2.78

	
4.98

	
0.11

	
0.00

	
2.42




	
3

	
2.51

	
3.91

	
0.63

	
0.38

	
0.33

	
3.95

	
1.56

	
2.64

	
2.99

	
0.06

	
0.00

	
0.92




	
2061–2099

	
1

	
2.14

	
2.57

	
1.82

	
1.63

	
0.55

	
6.82

	
2.70

	
2.86

	
5.83

	
0.77

	
0.00

	
0.55




	
2

	
2.42

	
2.57

	
0.46

	
0.83

	
0.67

	
6.10

	
2.18

	
2.61

	
4.70

	
0.24

	
0.00

	
1.33




	
3

	
2.10

	
2.72

	
0.20

	
0.36

	
0.43

	
4.32

	
1.59

	
2.32

	
4.21

	
0.71

	
0.00

	
0.83
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Table 13. RCP 6.0 Future Water Stress Index (WSI) estimations.






Table 13. RCP 6.0 Future Water Stress Index (WSI) estimations.





	
Period

	
GCM

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec






	
2020–2060

	
1

	
3.47

	
6.54

	
1.83

	
1.76

	
0.79

	
5.98

	
2.52

	
3.71

	
4.36

	
0.18

	
0.00

	
0.70




	
2

	
2.20

	
2.21

	
0.83

	
0.13

	
0.58

	
4.93

	
1.73

	
1.88

	
3.14

	
0.01

	
0.00

	
0.96




	
3

	
2.16

	
3.03

	
0.37

	
0.17

	
0.54

	
4.58

	
1.54

	
2.00

	
3.33

	
0.10

	
0.00

	
0.83




	
2061–2099

	
1

	
2.22

	
3.52

	
1.37

	
1.42

	
0.59

	
5.04

	
1.83

	
2.62

	
4.70

	
0.69

	
0.00

	
0.76




	
2

	
2.13

	
2.43

	
0.32

	
0.14

	
0.69

	
5.19

	
1.81

	
2.10

	
2.89

	
0.11

	
0.00

	
0.85




	
3

	
1.32

	
1.69

	
0.07

	
0.22

	
0.25

	
3.31

	
1.30

	
1.77

	
3.07

	
0.14

	
0.00

	
0.57
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Table 14. RCP 8.5 Future Water Stress Index (WSI) estimations.






Table 14. RCP 8.5 Future Water Stress Index (WSI) estimations.





	
Period

	
GCM

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec






	
2020–2060

	
1

	
4.00

	
4.33

	
1.22

	
0.98

	
0.38

	
2.63

	
1.02

	
1.45

	
1.87

	
0.12

	
0.00

	
0.91




	
2

	
3.97

	
4.13

	
1.09

	
0.81

	
0.98

	
5.54

	
2.20

	
2.72

	
3.46

	
0.01

	
0.00

	
2.13




	
3

	
2.02

	
2.77

	
0.89

	
0.48

	
0.36

	
4.31

	
1.76

	
2.35

	
3.44

	
0.01

	
0.00

	
0.62




	
2061–2099

	
1

	
3.02

	
4.34

	
0.97

	
0.83

	
0.43

	
2.70

	
0.88

	
1.47

	
2.59

	
0.45

	
0.00

	
0.94




	
2

	
1.99

	
1.74

	
0.80

	
0.91

	
0.26

	
4.76

	
1.78

	
2.44

	
4.60

	
0.15

	
0.00

	
0.79




	
3

	
2.02

	
2.89

	
0.57

	
0.98

	
0.67

	
4.48

	
1.71

	
2.27

	
4.39

	
0.12

	
0.00

	
0.77
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