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Summary

Irrigated agriculture is considered by both farmers and policy makers to be one of the key
pathways to food security and adapting to less reliable rainfall, frequent droughts and floods,
and increasing climate variability. As irrigated agriculture expands across catchments, relying
on a single water source will increasingly become unsustainable and the use of both surface
and groundwater sources in a coordinated way will become a necessity where both resources
are available. However, there is a limited guidance on how to use these resources for African
catchments such as in Ethiopia that are mostly dominated by smallholder farmers.

This guideline is a response to fill this information gap and sets out a practical approach to
conjunctive use, defined as the coordinated management of surface water and groundwater
for irrigation. This guideline covers why conjunctive use matters, how to assess it, and how it
works in practice within the realities of farmers in Ethiopia with fragmented land and dynamic
food production practices.

The guideline presents a methodological framework that consists of estimating available water
resources in a specific basin, mapping actual irrigated area, quantifying irrigation water
demand, and estimating water deficits and assessing sustainability. This information is drawn
from hydrological modelling, remote sensing, and crop-water-requirement assessments. The
framework is then demonstrated using the Meki catchment in Ethiopia's Central Rift Valley, a
smallholder irrigation expansion hotspot where uncoordinated surface and groundwater use
has begun to generate seasonal water conflict and resource stress. The case study draws on
coupled surface water-groundwater modelling, satellite-based irrigated area mapping,
conjunctive water use assessment, and a multi-stakeholder policy dialogue.

The Meki catchment study shows that the highest irrigation water demand occurs in January
and February when river flows are the lowest, making the timing and spatial distribution of
water the major constraint for irrigation development in the catchment. Surface water deficit
can be supplemented by groundwater in locations where both resources are available. In the
upstream areas groundwater use is not likely and therefore demand management, improved
efficiency and storage, can alleviate unmet water demands.

The guideline closes with technical and policy recommendations for practitioners, researchers
and government agencies, emphasizing monitoring, enforceable allocation rules,
institutional cross-sector and upstream—downstream coordination, locally appropriate demand
management and local technical capacity building.
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1. Introduction: Why conjunctive use matters

Sub-Saharan Africa (SSA) grapples with growing population that requires food security while
the changing climate puts pressure on food production due to unreliable rainfall for a region
that massively depends on rainfed agriculture. Irrigation is viewed as an important strategy to
improve food security and protect rural livelihoods (Balasubramanya and Lele, 2022). In
addition to large-scale irrigation, smallholder irrigation was found to considerably contribute to
agricultural productivity growth in SSA (Xie et al., 2013). However, only 4% of arable land in
SSA is irrigated as per Mwamakamba et al., (2017) and expanding such irrigation in most
places was limited by water scarcity (Xie et al., 2013). In other cases, expanding irrigation is
causing water scarcity and leading to seasonal drying of rivers and localized conflicts among
water users (e.g., Taye et al., 2026).

In locations where both surface and groundwater are available, considering conjunctive use of
these resources will support the sustainability of water resources. Conjunctive water use has
gained global attention in many parts of the world, where the consensus has been that it has
the potential to meet the increasing demands of competing water users (WRC, 2022).
However, its application in SSA counties is limited with some efforts of integrating groundwater
to ease challenges of surface water in Southern Africa (e.g. Botswana and South Africa).

There are many definitions of conjunctive water use. In the context of this guideline, conjunctive
water use is defined as the coordinated use of surface and groundwater to maintain a
continuous water supply for domestic, agriculture, or industries of a region over a long term
(Blomquist et al., 2001). The coordination can be in space and time depending on resource
availability to meet the increasing demands from different sectors of society for water (WRC,
2023). When surface water is insufficient or unreliable groundwater can supplement surface
water. In the case of irrigated agriculture, conjunctive use refers to the strategic, coordinated
combination of surface water and groundwater to optimize irrigation supply while minimizing
the drawbacks of relying on either source alone that can lead to depletion of the resources.

Conjunctive use can be passively managed where farmers simply switch between sources,
using groundwater in dry years or dry seasons and surface water when it is available, or
actively managed, through deliberate measures such as Managed Aquifer Recharge, MAR
(Dillon et al., 2019) or coordinated use of the two water sources. Hence, conjunctive use is not
simply using both sources, but it's planned and coordinated use of both sources to achieve a
better irrigation outcome without depleting either of the water resources (Singh, 2014). While
the benefits of conjunctive water use have been recognized for a long time, there is limited
guidance on how to use these resources for African catchments that are mostly dominated by
smallholder farmers such as in Ethiopia.

Box 1: What is conjunctive water use?

o Definition: the coordinated use of surface and groundwater, in space and time, to
keep a reliable water supply over the long term without depleting either source
(Blomquist et al., 2001).

o Passive conjunctive use: use of surface and groundwater sources without
coordination such as farmers switching from rivers to groundwater wells when rivers
run dry.

e Active (managed) conjunctive use: surface and groundwater sources are
deliberately planned to be used together, for example through allocation rules,
seasonal schedules or managed aquifer recharge.

o This guideline focuses on the information needed to move from passive to planned
conjunctive use in smallholder irrigation setting in Ethiopia.
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About this guideline

Purpose

This guideline is the first attempt to respond to the existing information gap on how to
implement conjunctive use in smallholder irrigation in Ethiopia noting that most of the global
practice is focused on managed aquifer recharge. The guideline covers why conjunctive use
matters, how to assess it, and how it works in practice within the realities of farmers in Ethiopia
with fragmented land and dynamic food production practices.

Intended users
This guideline is intended for:

e Basin development offices and regional water bureaus, which allocate water, issue
abstraction permits and monitor water resources.

e Woreda' agriculture, irrigation and water offices advise farmers, coordinate irrigation
schedules, plan seasonal irrigation and map irrigated areas.

e lIrrigation planners, consultants and researchers, who carry out water resources
assessments and modelling.

o Policy makers, who set up coordination, regulation and investment in irrigation and
water management.

Scope

The guideline focuses on the assessment and planning: how much surface and groundwater
are available, how much is needed for irrigation, and how the two resources are combined to
meet irrigation demand without depleting either. It does not cover water quality, the choice of
pumping technology (either diesel or solar), or detailed social, economic and legal aspects,
although these are important when conjunctive use is put into practice.

Technical knowledge requirements
To use this guideline effectively, users should have a working knowledge of:

e Hydrological principles, including catchment water balance, rainfall-runoff processes
and flow regime characteristics.

¢ Hydro-meteorological data analysis, including time series analysis, gap filing and
statistical tests for consistency and homogeneity.

e Hydrological and groundwater modelling, including model setup, calibration, validation
and performance evaluation.

e Geographic information systems (GIS) and remote sensing, for catchment delineation,
land cover classification and irrigated area mapping.

e Crop water requirement estimation, including the Food and Agriculture Organization
(FAO)-56 approach and other tools.

e Basic concepts of environmental flows and flow regime alteration.

Users are not expected to be specialists in all these areas. Where advanced data analysis,
hydrological or groundwater modelling, or other specialized assessments are required, support
from qualified technical experts may be necessary. Basin authorities, regional water bureaus,

" woreda is the third-level administrative unit in Ethiopia, similar to a district. It is a local government unit.
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and woreda experts can use the guideline to understand the assessment process, interpret
the results, and apply the findings to conjunctive surface water and groundwater management.

How to use this guideline

This guideline is organized to take users from the rationale for conjunctive water use through
to its practical application.

Section 1 introduces conjunctive use of surface and groundwater, explains why it matters, and
describes the purpose, intended users and scope of this guideline.

Section 2 presents the assessment framework for conjunctive water use. It explains the
following steps (1) irrigated area estimation, (2) irrigation water demand estimation, (3) water
resources availability estimation, and (4) conjunctive water use assessment. Each step
describes the data, methods and tools needed.

Section 3 demonstrates the framework in the Meki catchment, showing how each step was
applied, the key findings, and lessons.

Readers may use this guideline in different ways depending on their needs. Planners and
decision-makers may focus on Section 1 and the key findings and lessons in Section 3.
Technical staff and modelers may go directly to Section 2 for the step-by-step methods and
use Section 3 as an example of the framework demonstration.

2. Framework for conjunctive water use assessment

Assessing and planning conjunctive use of water for irrigation requires information on: (1) how
much water is physically available from both surface and groundwater in a catchment, (2) how
much irrigated area currently exists and where, and how much it could sustainably expand to
in the future, (3) how much water is needed for meeting irrigation water demand at present
and in the future, (4) which irrigation areas use surface water and which ones use groundwater,
and (5) what is the sustainability limit of abstraction from these water sources. Such information
provides a catchment-scale water balance check that shows water availability and whether
current or planned irrigation is sustainable and the conditions needed for attaining
sustainability. The conjunctive use of water for irrigation can be assessed using the
methodological framework given in Figure 1. This framework focuses on the quantity of water
to avoid depletion of aquifers and degrading ecosystems.
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Irrigation area estimation and mapping

|

Irrigation water demand estimation

!

Surface water availability estimation

|

Surface water deficit estimation

l

Groundwater availability estimation

|

Conjunctive use assessment

Figure 1: Proposed methodological framework to guide assessment of conjunctive use of water
for irrigation

Step 1: Irrigated area estimation

Having accurate information on the irrigated area per season is critical to properly manage the
amount of water required for irrigation as competition for water among agriculture, domestic
supply, industry, livestock, energy production, and environmental needs increases. There are
two approaches to estimate actual irrigated area. These are (a) ground-based and (b) remote
sensing-based methods.

Ground-based methods include surveying farmers’ landholdings, cadastral or administrative
records, or a single time-based survey of irrigated lands. This is commonly done by local
government bodies with agriculture, irrigation experts of districts or extension agents. The
ground-based methods are useful since they provide actual on the ground information.
However, the information may be outdated, incomplete, and repeated surveys can be
logistically cumbersome and expensive. These limitations lead to the adoption of the second
method.

Remote sensing-based irrigated area estimation is becoming more common as earth
observation (EO) data are becoming more accessible. EO can provide spatially continuous
information over large areas and multitemporal information based on the revisit time of different
satellites. The availability of multi-temporal information is useful for regularly updating and
capturing the changes in irrigation activity. Examples of open-source satellite imagery that can
be used in irrigated area assessment can be obtained from Landsat and Sentinel-2 missions.
Landsat has the world's longest continuous data record of our earth’s surface, extending back
to 1972 that is useful to understand gradual environmental changes and sudden disturbances
across local, regional, and global scales spanning over multiple decades. Landsat imagery
offers a 30 m horizontal resolution (EROS, 2020). In comparison, Sentinel-2 provides higher
resolution imagery at 10 m for selected bands, enabling more detailed identification and
differentiation of vegetation, cropland, bare soil, water, built-up areas, and other land-cover
types (Drusch et al., 2012) but provides shorter time coverage starting 2015. There are two
approaches for mapping irrigated areas using Remote sensing (a) vegetation indices and (b)
machine learning approach.
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Vegetation indices

Vegetation indices derived from satellite images can be used for mapping irrigated areas.
Examples include the Normalized Difference Vegetation Index (NDVI) (Rouse et al., 1974) and
the Enhanced Vegetation Index (EVI) (Huete et al., 2002). NDVI establish a value for how
green an area is, which demonstrates the quantity of vegetation present in a given area and
its state of health or vigor of growth. EVI is an optimized remote-sensing satellite index used
to quantify green leaf vegetation, improve sensitivity in high-biomass regions, and reduce
background noise compared to the standard NDVI.

Machine learning approach for classification and mapping

Various supervised machine-learning algorithms (random forest, support vector machine or
deep learning models like Long Short-Term Memory (LSTM) can be used to map irrigated
areas by integrating multi-sensor EO data, vegetation indices, multi-temporal satellite
observations, and climate information (e.g. rainfall) with reference samples of irrigated and
non-irrigated land. By integrating information on seasonal vegetation dynamics, surface
moisture conditions, crop characteristics, and climatic variability, the model can distinguish
irrigated from non-irrigated areas and identify their irrigation status during specific observation
periods (Tadesse et al., 2026).

When applying remote-sensing methods to map irrigated areas, it is important to first mask
non-cropland areas using an up-to-date land-use/land-cover map. This helps restrict the
analysis to agricultural areas and reduces misclassification caused by non-agricultural
surfaces.

After the irrigated area map is produced it is also important to validate against ground-truth
points using Global Positioning System (GPS) located field survey and engaging government
institutions at local levels. Such validated map can be useful for planning purposes if it is
accepted by local authorities based on their on-the-ground experience.

Box 2: Steps for irrigated area mapping using EO data

1. Obtain an up-to-date land use/land cover map or classify one from recent imagery and
create a cropland mask.

2. Create monthly composite multi-sensor satellite imagery covering the dry season,
compute vegetation indices, and rainfall data.

3. Collect reference training samples of irrigated and non-irrigated agricultural areas
through visual interpretation of monthly Sentinel-2 composite images, supported by
ground-truth data collected through GPS-based field surveys and high-resolution
imagery from Google Earth and Esri basemaps that corresponds to observation period.

4. Within the cropland mask, separate irrigated land from rainfed cropland, using vegetation
indices (NDVI or EVI) with dry-season thresholds derived from training data, or by training
LSTM model.

5. Carryout classification performance assessments using appropriate metrics.

6. Review the resulting irrigation map with local agricultural and irrigation offices to verify its
consistency with local conditions and apply post-classification processing to correct
errors and improve the spatial consistency of the final map.

7. Classify irrigated plots by likely water source (surface water, groundwater or both), based
on their location relative to rivers and diversion schemes, and verify the classification with
local experts.

8. Summarize the irrigated area by water source for each sub-catchment.
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Step 2: Irrigated water demand estimation

Once the irrigated area extent is identified the next step is to determine the amount of water
needed to irrigate a certain crop in that area. Two approaches can be applied to estimate crop
water requirements (CWR): (i) an assessment based on the FAO-56 methodology (Smith,
1992) and (ii) a remote sensing approach using actual evapotranspiration (ETa) derived from
Landsat imagery.

CWR assessment is commonly conducted using the dominant crops in catchment using the
CROPWAT software of FAO. The dominant crop with the maximum water use requirement can
be used as necessary to estimate the maximum water demand. The reference crop
evapotranspiration (ETo) is estimated by the FAO Penman-Monteith method (Allen et al.,
1998). It uses climate data such as temperature, humidity, wind speed and solar radiation. For
specific crops, the crop evapotranspiration (ETc) is determined by multiplying ETo by the crop
coefficient (Kc) of specific growth stages (Allen et al., 1998). The net irrigation requirement
subtracts effective rainfall (Pe) from ETc, and the gross irrigation water requirement (GIR)
further accounts for conveyance and field-application efficiency losses. Effective rainfall can
be estimated using the FAO-recommended United States Department of Agriculture (USDA)
Soil Conservation Service method (Smith, 1992).

The second approach is based on satellite-derived actual evapotranspiration (ETa) that can be
used as a proxy for crop water requirements. This approach provides daily estimates at 30 m
spatial resolution that uses Landsat images. ETa is commonly derived from Landsat imagery
using the Operational Simplified Surface Energy Balance (SSEBop) model (Senay et al., 2013,
2022). Processed images can be requested from the United States Geological Survey (USGS)
Earth Resources Observation and Science (EROS) Center’s Science Processing Architecture
(ESPA). This can be requested on-demand platform without running the model directly on
one’s local machine. SSEBop combines land surface temperature from Landsat with
meteorological data to estimate ETa.

With this method one should first define the area of interest, such as the scheme, command
area or field boundaries, and the analysis period, typically the cropping season. SSEBop ETa
images for that area and period are then ordered through ESPA, and images affected by cloud
cover are removed or flagged. Daily ETa values are extracted for the area of interest and
summed to estimate seasonal crop water use. Where possible, these results are compared
with field-based, or FAO-56 crop water requirement estimates. Because ETa reflects the water
actually consumed by the crop rather than its full demand, it may underestimate crop water
requirements where crops are water-stressed or under-irrigated. ETa is also a net,
consumptive quantity, so it should not be compared directly with the gross irrigation
requirement.

To make the two comparable, effective rainfall is first subtracted from seasonal ETa to provide
the irrigation water that is actually consumed. This value is then compared with the net
irrigation requirement. Where measured diversions or field applications are available, dividing
consumed irrigation water by the volume applied gives an estimate of actual irrigation efficiency
(consumed fraction). Otherwise, an assumed efficiency for the irrigation method can be used
to convert ETa-based consumption into an estimate of gross water delivered. Not all non-
consumed water is lost, however, as part of it returns to the system as return flow or
groundwater recharge. In addition, Landsat revisits a site only every 8—16 days, so daily values
between overpasses are interpolated and need careful checking during cloudy periods. For
these reasons, this approach is best used alongside field-based estimates, not as a
replacement for them.

In smallholder irrigation systems, the FAO-56 approach is generally more appropriate than
remotely sensed ETa for estimating crop water requirements at farm or plot level. Smallholder
plots are often smaller than or comparable to the spatial resolution of available remote sensing
products (30 m for Landsat-based SSEBop and coarser for MODIS-based products, 500m).
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As a result, satellite pixels frequently mix irrigated crops with bunds, trees, fallow land or
neighboring fields, which makes plot-level ETa estimates unreliable. FAO-56, by contrast, does
not depend on plot size and needs only weather data, crop type, planting dates and growth-
stage information, which can be applied readily through tools such as CROPWAT.

Box 3: Steps for estimating irrigation water demand by sub-watershed and water
source using FAO-56 approach

1. Identify the dominant crops in irrigated areas. Use the crop with the highest irrigation water
requirement to estimate peak water demand.

2. Calculate reference evapotranspiration (ETo) with the FAO Penman-Monteith method
using climatic data.

3. Obtain crop evapotranspiration (ETc) by applying ETo with the crop coefficient (Kc) for
each growth stage.

4. Estimate the net irrigation requirement (CWR) by subtracting effective rainfall from ETc.

5. Apply irrigation efficiency to CWR to obtain gross irrigation requirement (GIR).

6. Divide the catchment into sub-catchment relevant for estimating spatially detailed
irrigation demands and water availability.

7. Classify the irrigated area assigned to each sub-catchment by water source: surface water
(SW), groundwater (GW), or both (SW+GW).

8. Overlay the irrigated area map on the sub-catchment boundaries and assign the water
source to each irrigated area. For example, if a diversion in sub-catchment 6 (Figure 1)
supplies a command area in sub-catchment 8, count that area and its water demand under
sub-catchment 6, because the water is taken from sub-catchment 6.

. Convert GIR from a depth unit to volume estimates for each sub-catchment.

10. Sum across water sources to obtain the total irrigation demand for each sub-catchment,
followed by aggregation across sub-catchments to the catchment scale total irrigation
demand.

Step 3: Water resources estimation

Assessing hydro-meteorological data

Hydro-meteorological data are the foundation of both surface water and groundwater
assessments. In some catchments, long and good-quality records are available; in others, data
are sparse, short or of uncertain quality. The quality of the data determines which methods can
be used and how much confidence can be placed in the results. Before setting up any model,
assess the data as described in Box 4:

Box 4: Steps for assessing hydro-meteorological data availability, adequacy and quality

1. Define data requirements. Identify the variables, spatial coverage, temporal resolution
and required period of analysis.

2. Compile data inventory. Gather available climatic, hydrological, and infrastructure data
records from relevant institutes and document each station’s location, elevation, record
length, resolution and custodian.

3. Assess spatial coverage. Map the stations and check whether they represent the main
climatic and topographic zones and key diversion or outlet locations.

4. Assess temporal adequacy. Review record length, continuity, resolution and overlap
between stations for calibration, validation and gap filling.

5. Assess data quality. Examine missing values, consistency, homogeneity, outliers and
errors; also review streamflow rating curves.
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6. Determine fitness for purpose. Classify each dataset as usable, usable after correction or
unsuitable for the intended assessment. In cases of inadequate data, decide which
alternative sources or methods can be used.

7. Address gaps and limitations. Apply appropriate gap-filling methods or use bias-corrected
satellite and reanalysis products where observations are inadequate.

8. Document uncertainties. Record all data sources, quality control procedures, gap-filling
methods, corrections, assumptions, exclusions and remaining limitations.

Once the water demand for irrigation is established the next step is to determine the amount
of water available in a catchment. In catchments where there is distinct seasonal rainfall, using
irrigation in the dry season is dependent on water resources availability and accessibility from
surface and groundwater sources. Understanding the baseline water resources is important to
plan irrigation development in the current and future periods. This requires assessing the
surface and groundwater system under existing or naturalized conditions.

Surface water estimation

Surface water is commonly assessed by estimating catchment water balance through
hydrological modelling. Hydrological models such as the Soil and Water Assessment Tool
(SWAT) can simulate rainfall-runoff processes based on Digital Elevation Model (DEM), land
use and soil maps and climatic inputs. Hydrologic Response Units (HRUs) are generated from
combination of land use, soil and slope to provide spatial basis for representing key
hydrological processes. The models should be calibrated and validated against observed
streamflow at available gauging stations in the catchment. The model needs to be calibrated
against streamflow that is not affected by human interventions, such as diversions or pumping,
so that it simulates naturalized flow. Such models can generate naturalized flow series
representing the catchment characteristics before water users or developmental projects are
in place to consume the water. The spatial configuration of the model can be set up in such a
way that it includes major surface-water diversion sites and detailed sub-catchments where
spatially detailed irrigation demands can be estimated.

The calibrated and validated hydrological model can be used for assessing various baseline
conditions and potential scenarios of surface water. This includes seasonal or inter-annual
surface flow amount estimation under current and projected climate, with current and
increasing irrigation area, and land use change. This will provide the baseline surface water
availability from which farmlands can use water for irrigation and the potential changes based
on assessed scenarios.

For the existing condition, once the supply and demand are estimated, the surface-water
supply can be compared with irrigation water demand in each sub-catchment to quantify
surface-water deficits for irrigation. Care should be given to delineating sub-catchment using
the major diversion sites as outlet points, so that the estimated supply reflects the water
available where it is abstracted for irrigation. The results will identify sub-catchments where
surface water is sufficient to meet irrigation demand and sub-catchments where water deficits
can occur. Where surface-water availability is insufficient, groundwater can be considered as
a complementary source or depending on the location and availability, it can be the main
source for irrigation.
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Box 5: Steps for estimating surface water availability with the SWAT model

1. Prepare input data:

a. Spatial data - Digital Elevation Model, land use and soil maps,

b. Time-series climatic data - Rainfall, maximum and minimum temperature are the
minimum requirements. Include humidity, wind speed and solar radiation if
available.

c. Time-series hydrological data - Collect observed streamflow data from available
gauging stations and the locations of the major irrigation water diversion sites.

2. Set up the SWAT model for the catchment. Use the major diversion sites as outlet points
during sub-catchments delineation. Use the same sub-catchments as in the irrigation
demand estimate.

3. Calibrate the model against observed streamflow for a selected period and validate it with
a separate period. Allow initial warm-up period of at least 2-3 years. Tools such as SWAT-
CUP can be used for calibration. The calibration and Validation should be done for period
where there is no significant development

4. Run the model to simulate naturalized flow, which is the streamflow before water is taken
for irrigation or other uses. Estimate the surface water availability for each sub-catchment
by month and season.

5. Compare the available surface water with the irrigation demand in each sub-catchment
to find the surface water deficit sub-catchments.

6. Map the sub-catchments with enough surface water and those with a deficit. Where there
is a surface water deficit, groundwater can be a supplemental source if available in the
sub-catchment.

Groundwater estimation

Groundwater availability for irrigation is mostly from shallow groundwater systems, especially
for smallholder irrigation. Understanding the recharge and storage of groundwater is an
important aspect to use the resource sustainably. This requires water-table monitoring
networks and numerical groundwater flow models such as Modular Hydrologic Model
(MODFLOW) to estimate groundwater availability. A numerical groundwater model can be set
up to quantify spatiotemporal interactions between the aquifer system and surface water
bodies. Such a model can simulate various pumping and recharge scenarios to determine the
catchment’s safe yield from the groundwater wells and the aquifer’s storage capacity. Such
assessment will ensure conjunctive use strategies can maximize water availability while
preventing declines in water levels.

The first step in groundwater modeling is to develop a conceptual model of the groundwater
flow system. The conceptual model brings together available hydrogeological and hydrological
data, presented as maps, cross-sections or tables, to describe the extent, thickness and
properties of each aquifer and confining unit.

The groundwater flow system is commonly modelled using MODFLOW. Unlike the SWAT
model the MODFLOW simulates in grids, and the model domain is commonly discretized into
a uniform horizontal grid size. The model can be divided into vertical layers depending on
aquifer lithology. Existing groundwater pumping wells should be added to the model when the
model is set up to represent groundwater pumping from the shallow aquifer.

To estimate aquifer properties, the MODFLOW model should be calibrated in two stages. First,
the steady-state model is calibrated against average static water levels measured in wells
distributed across the study area. Second, the transient model is calibrated against time-series
water level data, using the simulated water levels from the calibrated steady-state model as its
initial conditions.
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Box 6: Steps for estimating groundwater availability using MODFLOW

1. Develop a conceptual model by defining the model domain, aquifer layers, recharge,
pumping situation, and boundary conditions

2. Discretize the model domain into a horizontal grid and vertical layers

3. Assign initial aquifer properties (hydraulic conductivity, specific yield and specific
storage) by hydrogeological zone, using pumping test data and literature values

4. Add hydrological stresses

5. Calibrate steady-state model against static water levels

6. Calibrate transient model against time series of water levels using steady sate water
level as initial condition

7. Evaluate calibration statistics, the spatial distribution of residuals and the water balance
error, which should be below 1%

8. Run pumping and recharge scenarios to estimate how much groundwater can be
sustainably abstracted to meet surface water deficits.

Step 4: Conjunctive water use assessment

From various approaches presented in this guideline, we present two of them to assess the
feasibility of conjunctive use of surface and groundwater. In the first approach (Box 5), the
irrigation water requirement of the irrigated area in each sub-catchment can be compared with
available surface water simulated using a hydrological model like SWAT, and the resulting
deficit is assumed to be met from groundwater. This deficit can be distributed among a defined
number of supplementary wells, and the resulting pumping rates are entered into the
MODFLOW for each stress period. The pumping rates are therefore prescribed: they do not
change in response to simulated conditions such as streamflow, soil moisture, or groundwater
levels during the model run. This approach is simple, transparent, and requires relatively little
data, which makes it suitable for initial assessments and scenario screening. However, it does
not account for return flows from irrigation or for feedback between groundwater pumping and
surface water availability, for example where pumping reduces streamflow and thereby
increases the surface water deficit.

The second approach is using MODFLOW Newton-Raphson formulation (NWT)'s Agricultural
Water Use (AG) Package, which simulates the conjunctive use of surface water and
groundwater by automatically pumping groundwater whenever surface water availability falls
short of demand. The approach links irrigated fields to surface water diversions and to
supplemental wells. Surface water diversions are used first, and groundwater pumping is
applied only when diverted surface water is insufficient to meet the demand, subject to the
maximum capacity of each well. Applied irrigation water infiltrates through the unsaturated
zone, so return flows to the aquifer are represented. Because pumping is computed
dynamically, it responds to simulated streamflow and climatic conditions, increasing in dry
periods and decreasing when surface water is plentiful. This provides a more physically
consistent representation of conjunctive surface water and groundwater use, but it requires
more input data such as crop coefficients, field areas, diversion points, and well capacities and
more effort in model setup and calibration.

The first approach simulates the impact of a pre-defined pumping scenario, whereas the
second simulates pumping as an outcome of the interaction between crop water demand,
surface water availability, and groundwater. The first approach (Box 7a) is recommended
where data are limited or where the aim is to test the impact of specified abstraction rates. The
second approach (Box 7b) is recommended where the aim is to represent conjunctive use
realistically, assess how supplemental pumping varies with climate and streamflow, or evaluate
feedback between groundwater abstraction and surface water resources.
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Box 7a: Steps for conjunctive water use assessment — first approach

SWAT can be used as a diagnostic tool to show where and when river flow is not enough to meet
irrigation demand. This surface water deficit shows where groundwater may be needed to
supplement.

1. Monthly river flow can be simulated with a calibrated SWAT model for each sub-
catchment. Long-term mean monthly flow can then be converted to monthly water
volumes (m?3) for the irrigation season

2. lIrrigated areas can be grouped by their likely water source: surface water, mixed (surface
and groundwater), or groundwater. Each area can be assigned to the sub-catchment from
which it takes water

3. The gross irrigation requirement can be obtained by dividing the crop’s net irrigation
requirement by irrigation efficiency. Monthly demand can then be calculated as irrigated
area x gross requirement

4. Water availability can be calculated in order from upstream to downstream sub-
catchments. In each sub-catchment, available water is the flow generated within that sub-
catchment (from SWAT) plus any flow left over from the sub-catchments upstream. This
water can be allocated first to areas irrigated by surface water and then to mixed-source
areas, with any remaining flow passed downstream. Areas irrigated only from
groundwater are not included in this step

5. The deficit can be calculated as demand minus allocated river water, first for irrigated
areas likely supplied by surface water, and then for irrigated areas likely supplied by both
surface water and groundwater, using the water left after the first group has been supplied.
The two deficits can then be summed for each sub-catchment and month. The result is
the irrigation demand that river water cannot meet, which would need to be supplied from
groundwater

6. The deficit can be compared with the available groundwater in each sub-catchment to
assess whether it can be met from groundwater

7. Distribute the surface water deficit to the number of supplementary wells in each sub-
catchment and determine pumping rate of individual supplementary wells

8. Run MODFLOW with pumping rate determined in step 7

9. Evaluate the effect of pumping on groundwater levels, baseflow, and downstream flows

Note: environmental flow requirements were not considered, so the estimated deficit is a lower
bound.

Box 7b: Steps for conjunctive water use assessment — second approach

1. Develop a MODFLOW model that uses SWAT-simulated recharge and the sum of
surface runoff and lateral flow in each subbasin as inflow to the streams. The model
should include the Streamflow-Routing (SFR) Package so that conjunctive use of
surface water and groundwater can be simulated.

2. Add a diversion point at the outlet of each SWAT subbasin, represented as a diversion
segment in the SFR Package. This allows the model to simulate how much water can
be diverted from each stream segment to satisfy irrigation demand.

3. Calculate the total irrigation water demand for each subbasin by dividing the crop
irrigation water requirement by the assumed irrigation efficiency. Assign this demand to
the corresponding SFR diversion point as the diversion rate.

4. Using the map of irrigated area by source type, calculate the total irrigation volume for
areas irrigated only with groundwater. Divide this volume equally among the
groundwater-only irrigation wells to obtain the pumping rate for each well. Simulate
these wells with the standard Well (WEL) Package, in the same way as the existing
wells. Only conjunctive-use wells are simulated in the AG Package.
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5. For each SWAT subbasin, map the conjunctive use irrigated area to the corresponding
MODFLOW cells so that irrigation water from each diversion can be applied to the
correct cells in the AG Package

6. Link the irrigated cells in each subbasin to their sources of irrigation water in the AG
Package: the SFR diversion segment for that subbasin and the supplemental
groundwater wells. The wells supply any demand that cannot be met by surface-water
diversions.

7. Run the model with the AG Package to simulate conjunctive use of surface water and
groundwater. Because the AG Package is available only in MODFLOW-NWT, the
model must be run with MODFLOW-NWT. During the simulation, the AG Package
diverts surface water from the SFR segments first and automatically pumps the
supplemental groundwater wells when the diversions cannot meet the irrigation
demand

Step 5: Sustainability limit for water abstraction

The amount of water that can be abstracted sustainably is limited by the need to keep enough
flow in the river to maintain its ecological functions. There is no one universal method to
determine the threshold to limit the abstraction of water from rivers and groundwater.
Depending on the region and data availability situation different approaches can be used. The
absence of comprehensive legal frameworks in places such as Ethiopia also hinders the
operationalization of water allocation for environmental flows from rivers and groundwater
wells. The most common approach to determine the threshold in data scarce situation is the
Tennant method that sets environmental flow as a percentage of mean annual river flow
(Tennant, 1976), which is commonly set as 15-20% of mean annual flow for downstream water
requirement (Goshime et al. 2021). In the case of catchments with high seasonal variability
like Ethiopia instead of the annual flow the monthly flow is used. Hence, the environmental
flow can be specified as 20% of the mean monthly flow (e.g. Mekonnen et al. 2026).

For groundwater abstraction, UNESCQO’s groundwater sustainability indicators (Vrba et al.,
2007) can be used. This indicator estimates the total annual groundwater abstraction as a
percentage of mean annual recharge and is classified into three scenarios. The first scenario
(Scenario 1) is when annual abstraction is below 90% of annual recharge, groundwater use is
considered sustainable. The second scenario (Scenario 2) is when it is about 100% use has
reached the limit of the resource. The last scenario (Scenario 3) is when groundwater use is
above 100% the aquifer is over-exploited and its storage is being depleted. This approach is
used to determine sustainability limits in the Meki catchment demonstration.

3. Demonstrating methodological framework: Meki catchment
example

The methodological framework illustrated in the previous section was applied to the Meki
catchment in Ethiopia where irrigation is expanding using both surface and groundwater
sources. During dry season there are reports of rivers drying up and conflicts occurring among
farmers on water use from surface water sources. Groundwater sources where available are
being used considerably but with no reports of severe groundwater level decline or conflicts
because of its use. Groundwater use is reported to be constrained less by physical scarcity
than by the cost and access of pumping energy. This means that as solar-pump technology
becomes cheaper and more widespread, groundwater abstraction is likely to expand quickly.
Hence, the need to plan ahead on the sustainability of both surface and groundwater resources
in the catchment.

CGIAR Page 18 of 50



Meki catchment and irrigation development

The Meki Catchment lies within Ethiopia's Central Rift Valley and is one of the major drainage
systems contributing inflow to Lake Ziway (Figure 2). The catchment is situated in central
Ethiopia and extends across the administrative boundaries of the Central Ethiopia and Oromia
Regional States. It lies between approximately 7°49'-8°29'N latitude and 38°13'-38°55'E
longitude. The climate is semi-arid with average annual precipitation of 940 mm and the main
rainy season being between July and September. The catchment’s land use is predominantly
cultivated land, accounting for 61% of the catchment area.

It is one of Ethiopia's smallholder irrigation hotspots, given its favorable terrain, rivers, lakes
and shallow groundwater availability (Taye et al., 2022; 2026). Both surface water and
groundwater are used for irrigation in the catchment. Surface water is commonly from river
either using diversion scheme or direct pumping from the river while groundwater is from
shallow wells and springs using motorized and, increasingly, solar-powered pumps. Shallow
groundwater use is becoming increasingly important for food production and economic
development in the region.

Water use for irrigation is largely uncoordinated between individual users and between
upstream and downstream locations. Most of the upstream areas have surface water sources
and the downstream area has flatlands that have ample groundwater sources. The dominant
use of groundwater is the rift floor of the catchment. The catchment is also hydrologically
important because agricultural water use within the Meki system is directly connected to
downstream water availability and the broader water balance of the Lake Ziway system.

Box 8: The Meki catchment briefly

o Location: Central Rift Valley Lakes Basin, Ethiopia; drains into Lake Ziway. Passes
through two regional states; the Central Ethiopia and Oromia

e Area: ~2,200 km?, of which 61% is cultivated land

e Climate: semi-arid; mean annual rainfall about 910—-940 mm, July—September main
rainy season — Kiremt rains, February to May — shorter rainy season - Belg rains

o Main irrigation water challenges: rivers drying up in the dry season and upstream—
downstream conflicts.
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Figure 2: Location of the Meki catchment in Ethiopia and the Rift Valley Lakes Basin. ARCPro
GIS software is used to generate this map.

Step 1: Irrigation area mapping

In the case of Meki catchment, first, the actual irrigated area for a given dry season in 2024-
2025 using EO data was mapped. This included Sentinel-2 imagery for land use/land cover
(LULC) mapping, Sentinel-1 synthetic aperture radar (SAR) for complementary observations
of crop structure and soil moisture, precipitation data from Climate Hazards Group InfraRed
Precipitation with Station data- version 2, CHIRPS2 (Funk et al., 2015) for the climatic context
needed to separate rainy season from dry season vegetation situation. The mapping followed
three stages (Figure 3). First, LULC classification of the Sentinel-2 imagery produced a
cropland mask, so that only cultivated land was analyzed further. Second, within this mask, an
LSTM deep-learning model was applied to time series of these features to separate irrigated
from rainfed cropland. An LSTM is well suited to this task because it learns from how
observations change through the season, such as a crop that stays green after the rain has
stopped, rather than from a single image. Third, LSTM-based irrigation area maps were
validated through stakeholder consultations and field-level surveys. Field observations and
local knowledge were used to verify mapped irrigation areas and identify discrepancies. The
findings informed necessary refinements to produce the final irrigation area map.

The mapped irrigated plots were then classified by their likely water source based on their

spatial relationship with river networks and diversion systems. Irrigation based on surface
water sources mostly covers irrigated plots from river diversions. Irrigation based on

CGIAR Page 20 of 50



groundwater is irrigated plots where there are no river systems. Irrigated plots that are
identified as irrigated areas from mixed sources are farms that are close to rivers within 500 m
distance from the riverbanks. The irrigated area is then given by how much by source for each
sub-catchment (Figure 4). In the 2024/25 dry season, 4,463 ha were irrigated in the catchment
and out of this, 1,878 ha (42%) from groundwater, 1,344 ha (30%) from surface water and
1,241 ha (28%) from both sources (Figure 5).

1 Land cover mapping

Data preparation
|
Model training & tuning
!
Land cover classification
!
Accuracy assessment
!

Post-processing

Output
Cropland mask

2 Irrigation mapping

Multi-temporal data ingestion
|
Time-series preprocessing
!
Feature extraction
'
Irrigation classification
!

Accuracy assessment

Output

Irrigation map

Stakeholder consultation

Field survey

Field-based validation

Output

Validated map

Figure 3: Methodological workflow for mapping irrigated areas in the Meki catchment using
Earth observation data, LSTM-based classification, and field validation
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Figure 4: Irrigated area per sub-catchment by source of irrigation water (surface water,
groundwater, mixed surface water—groundwater) and for all water sources combined; dry
season 2024/25. Sub-catchments in white indicate absence of irrigation.
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Figure 5: Irrigated areas in the Meki catchment by source of irrigation water: surface water,
groundwater, and mixed surface water and groundwater. Sub-catchments in white indicate
absence of irrigated area.

Box 9: Key results — irrigated areas in the Meki catchment

o Total irrigated area: 4,463 ha in the 2024/25 dry season

e By water source: groundwater 1,878 ha (42%), surface water 1,344 ha (30%), and both
sources 1,241 ha (28%)

e Spatial pattern: surface water schemes are concentrated in the northern uplands, while
groundwater and mixed-source irrigation dominate the rift floor

o Implication: groundwater is already central to dry-season irrigation, so its use needs to be
planned and monitored with potential solar pumping expansion.

Step 2: Irrigation water demand estimation

Water demand estimation was based on one of the dominant crops, tomato, with the aim of
providing a conservative estimate of irrigation water demand. Although the tomato growing
season in the area runs from December to April (Table 1), the analysis in this guideline covers
December 2024 to March 2025, the period when crop water demand is highest and river flow
is lowest. Tomato was selected because it is a dominant and relatively water-demanding dry-
season crop. A single planting date was assumed for all plots to simplify the estimation.

Reference evapotranspiration was calculated using the FAO Penman—Monteith method using
climatic data from the Ethiopian Meteorological Institute (EMI), while crop coefficients and
growth-stage durations were obtained from Allen et al., (1998). Effective rainfall using the
USDA Soil Conservation Service method was applied to estimate the CWR and an irrigation
efficiency of 40% (0.40) was applied. The monthly irrigation water demand for each sub-

Page 23 of 50 CGIAR



catchment was estimated by multiplying monthly gross irrigation demand per unit area by the
irrigated area for each water-source category.

Table 1: Monthly irrigation water requirement of tomato (mm)

Crop / parameter Dec Jan Feb Mar Apr Total
(Tr%rr“n";‘to ~ lmigation requirement g 4 94.2 135.1 142.5 65.6 455.8

Gross irrigation requirement, GIR 46.0

2355 337.8 356.3 164.0 1139.5
(mm)

Growing season: December-April. GIR = requirement + irrigation efficiency (0.40). Analysis period (December—
March): requirement 390.2 mm; GIR 975.5 mm. (Source: EEC,2024)

Meki catchment’s gross irrigation demand in the dry season of 2025 was 43.5 million m3. To
show where this demand is likely to be met from, irrigated areas were grouped by their potential
water source, areas likely supplied by groundwater, by surface water, or by both (mixed
sources). On this basis, 18.3 million m* (42%) of the demand falls in areas likely irrigated from
groundwater, 13.1 million m*® (30%) from surface water irrigated areas and 12.1 million m?
(28%) from both sources (Figure 7). Because the same crop, and efficiency assumptions were
used throughout, demand per hectare was assumed same everywhere (about 9,750 m3ha),
so differences between sub-catchments reflects the size of irrigated area only. The largest
demands, more than 1 million m*® per sub-catchment, are in the northern surface water
schemes and on the central rift floor (Figure 6). In total, 58% of the demand is expected to be
met fully or partly from river’s water.
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Figure 6: Seasonal gross irrigation water demand per sub-catchment by source of irrigation
water, Meki catchment, December 2024 — March 2025.

Water demand rises steeply through the dry season, from 2.05 million m® in December to 10.5
million m? in January, 15.1 million m* in February and 15.9 million m? in March. February and
March together account for 71% of the seasonal water demand. This peak occurs when river
flow is lowest. The timing of water demand and water rather than the seasonal totals, therefore,
determine whether surface water is sufficient and when groundwater is needed. It also points
to demand-side options, such as staggering planting dates or growing crops with lower water
use, which reduce demand in the critical months.
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Figure 7: Dry-season gross irrigation demand (December 2024 - March 2025) by potential
water source of the irrigated area: groundwater, surface water or mixed sources. Sources are
inferred from irrigated farms’ location, not from measured water abstractions

Box 10: Key results — irrigation water demand

e Seasonal demand: 43.5 million m* (December 2024—March 2025), or about 9,750 m3*ha
for tomato at 40% irrigation efficiency.

o By water source: 18.3 million m? for groundwater source areas, 13.1 million m? for surface
water source areas and 12.1 million m? for mixed-source areas; 58% of demand expected
to be met from rivers.

¢ Timing: February and March account for 71% of seasonal water demand, when river flows
are at their lowest.

¢ Implication: staggered planting dates, lower water-use crops and better irrigation efficiency
can reduce demand in the critical months.

Step 3: Water availability estimation
Surface water availability estimation

SWAT was applied to the Meki catchment to simulate naturalized streamflow and assess the
spatial and temporal availability of surface water. Naturalized streamflow represents the water
generated by the catchment without accounting for existing surface-water abstractions and
diversions. The SWAT model was set up using a 30-m Shuttle Radar Topography Mission
(SRTM) DEM, the 2008 land use/land cover map, the Africa Soil Information Service (AfSIS)
soil map, and climate data from CHIRPS and ERA5. The catchment was delineated into 81
sub-catchments, with major diversion sites considered during discretization to ensure that
simulated streamflow represents water availability at key abstraction points. Model parameters
were calibrated in SWAT-CUP (Abbaspour, 2015) against observed monthly streamflow at the
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Meki gauging station for 1984-1991, and the model was validated for 1997-2000. The
calibrated parameters are given in Annex Table 1. The reason for choosing this old dataset for
calibration is to avoid impact of water resource development such as diversion on model
calibration and validation. The model performed well with Nash-Sutcliffe Efficiency (NSE) of
0.75 for calibration and 0.63 for validation. Because NSE is dominated by high flows, low-flow
performance was assessed separately using the logarithmic NSE (logNSE), which gave a
value of 0.48 for the calibration period. The model reproduced the timing of the rainy-season
peaks, and the near-zero dry-season flows, but underestimates some extreme peaks, such as
from 1993 and 1994.
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Figure 8: Observed and SWAT-simulated monthly streamflow at the Meki gauging station, with
catchment rainfall (inverted axis), 1984—2025

Of the 913 mm mean annual rainfall in the Meki catchment, 751 mm (82%) returns to the
atmosphere as evapotranspiration, and only 136 mm (15%), about 304 million m? per year,
becomes water yield (Figure 9). About 56.4 mm per year recharges the shallow aquifer. Most
of this returns to the rivers as baseflow (28.8 mm) or evaporates from the shallow water table
(24.8 mm), and only 2.8mm reaches the deep aquifer. Shallow groundwater and river flow are
therefore connected: wells close to rivers reduce the dry season flow available to downstream
users and to Lake Ziway. When looked over the course of a year, water is not scarce: the dry-
season irrigation demand equals only about 14% of the annual water yield. Constraint is the
timing of water availability. Only 10% of the annual flow (about 31 million m?®) occurs from
December to March, and January and February are the driest months (Figure 10). Baseflow
sustains about half of the river flow in December but less than 10% in February and March,
when flow depends on the unreliable Belg rains.

Dry-season water vyield is highest in the western and north-western highlands and lowest on
the rift floor and in the eastern sub-catchment (Figure 11). The rift floor, where most
groundwater and mixed-source irrigation is located, receives its river water from the highlands,
so upstream diversions directly reduce the water available downstream.
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Figure 9: Long-term average annual water balance of the Meki catchment simulated with
SWAT from 1984 to 2025 (depths in mm over the catchment).
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Figure 10: Long-term average monthly pattern of streamflow and baseflow for the Meki
catchment
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Figure 11: Long-term average spatial distribution of dry-season (December—March)
precipitation, actual evapotranspiration, water yield (WYLD) and total runoff (surface runoff
(SURQ + lateral flow (LAT_Q) per sub-catchment simulated with SWAT (mm)

To identify surface water deficit, the surface water of each sub-catchment was allocated to
irrigation demand, first to surface-water-only areas and then to mixed-source areas;
groundwater-only areas received no surface water (Figures 12 and 13). This reveals two
different situations. The upstream surface water schemes face water shortage in every
irrigation month up to more than 530 thousand m*® per month, and groundwater in those
locations is limited. This shows the need for demand management and storage facilities rather
than groundwater wells. Along the river network, water shortages for irrigation of up to 150
thousand m? per month occur only in January and February. Areas with these large water
shortages are suited for conjunctive water use, with more surface water use from the river in
December and March, while January and February can be supplemented by groundwater. The
SWAT model assessment can be used as a diagnostic tool for estimating surface water deficits;
however, it does not explicitly account for surface water—groundwater interactions. The
estimated water shortages should be considered as minimum value, because water was not
reserved for environmental flows or inflow to Lake Ziway. When these water demands are
considered, the shortage of water will be higher.
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(a) Priority 1 — SW-only irrigated areas: unmet surface-water demand
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Unmet demand
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(b) Priority 2 — Conjunctive (SW & GW) irrigated areas: unmet surface-water demand
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Figure 12: Unmet irrigation demand (thousand m?) under surface-water-priority allocation,
during the 2024-2025 dry season (December 2024 — March 2025): (a) in surface-water-only
irrigated areas; (b) in mixed surface water—groundwater irrigated areas. Note: SW — surface
water; GW - groundwater
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Figure 13: Outcome of allocating surface water to meet the irrigation demand per sub-
catchment within the Meki catchment, December 2024 — March 2025.

Box 11: Key results — surface water availability and deficits

e Water balance: mean annual rainfall is 913 mm, 82% of rainfall is evapotranspiration and
15% of rainfall becomes water yield (136 mm, about 304 million m? per year).

o Timing rather than total volume, is the constraint: dry-season demand equals about
14% of annual water yield, but only 10% of annual streamflow (about 31 million m®) occurs
from December to March.

o Upstream surface water schemes: experience water deficits in every irrigation month,
exceeding 530 thousand m?® per month. In places with limited groundwater availability, 9
demand management and water storage options are needed. —

¢ River corridors on the rift floor: experience water deficits up to 150 thousand m* per T
month in January and February. These locations are suited for conjunctive use.

o Caveat: the estimated water deficits are minimum estimates because environmental flow
requirements and Lake Ziway inflow requirements were not included in this simulation.
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Groundwater availability estimation

This section describes how groundwater availability was simulated using MODFLOW,
including model setup, calibration, and results. The groundwater flow system was modelled
using MODFLOW-NWT (Niswonger et al.,, 2011) using the ModelMuse modelling
environment/user interface (Winston, 2009). MODFLOWNWT is a standalone program that is
intended for solving problems involving drying and rewetting nonlinearities of the unconfined
groundwater-flow equation (Niswonger et al., 2011).

Conceptual model

The conceptual setup of the MODFLOW model is based on limited available data and some
previous studies (Ayenew, 2001, Ministry of Water Resources, 2009). The active model domain
covers the whole Meki catchment and has an area of 2,236 km?. The inflow into the model
domain consists of recharge from precipitation and the Meki River. The outflow includes
pumping for irrigation and domestic use, evapotranspiration, discharge to Meki River and
lateral groundwater outflow through the catchment outlet.

Model discretization

The model domain is discretized into 702 rows and 660 columns with a uniform horizontal grid
size of 100 m x 100 m. Vertically, the aquifer is divided into two layers: an upper layer,
approximately 30 m thick, comprising the alluvial and weathered zone; and a lower layer,
approximately 100 m thick, dominated by the fractured zone, but which may also include
alluvial and fractured material. The top layer coincides with the land surface elevation, which
was determined from SRTM 30m x 30m DEM. The top layer was simulated as an unconfined
aquifer while the second layer is convertible. A convertible layer designation allows the code
to switch from confined to unconfined conditions, or vice versa, without user intervention
depending on the relative position of simulated water level with respect to model top elevation.
When the simulated head in unconfined aquifer is above the top of the model layer it is treated
as confined aquifer and when the simulated head drops below model top in the case of
confined aquifer it will be simulated as an unconfined aquifer. Temporally, the model was
divided into 12 stress periods representing the long-term average of 2000-2025.

Boundary conditions

No flow boundaries were assigned along lateral boundaries that coincide with watershed
boundaries except at the catchment outlet where we defined General Head boundary (GHB).
A GHB in MODFLOW is a boundary condition specifying a given head at the boundary of the
model area. This can be specified as a time series of varying heads. It is used to represent a
boundary condition where water enters or leaves the model area at a rate proportional to the
head difference between the specified head and the head in the model cell.

Initial condition

The governing equation of groundwater in MODFLOW is solved by using finite difference.
Hence, it requires water level at the beginning of the time steps to calculate the head
distribution at the end of the time steps. For each time step, the water level at the start of one-
time step is set equal to the water level at the end of the previous time step. This chain of water
level calculations starts from user-specified initial head values, which are commonly known as
initial conditions. Initial conditions do not have influence on steady state simulation; however,
this affects transient model simulation with a fading effect as time progresses. The classical
approach for defining initial head for transient model simulations follows a two-step procedure,
whereby firstly a steady state model is calibrated for a pre-development period, and secondly
using the output of the steady state model as initial head for transient simulation.

The MODFLOW model was designed to simulate dynamic equilibrium over a 1-year cycle of
average monthly hydrologic conditions stresses, which are defined as the mean monthly
conditions that occurred over a multiyear period of record. The cycle of average monthly
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stresses is repeated from one year to the next. As used here, dynamic equilibrium is the
condition in which there is no net change in groundwater storage over the annual hydrologic
cycle. It was found that simulation of three to five annual cycles was sufficient to establish
dynamic equilibrium.

Aquifer properties

The magnitude and spatial distribution of aquifer properties such as hydraulic conductivity and
storage coefficient (specific storage and specific yield) are required for the model. Hydraulic
conductivity is one of the highly spatially variable parameters. In most cases our knowledge
regarding the values of hydraulic conductivity parameter is limited to randomly located point
measurements or no measurement at all. To define the aquifer parameters, the catchment area
was divided into four hydrogeological zones based on the recently developed 1:250,000
hydrogeological map of the catchment (Figure 14). This map is digitized from the
Hydrogeological Maps of Akaki Beseka (NC 37-14, 2013) and Hosaina (NB 37-2, 2019), at
1:250,000 scale. (Geological Survey of Ethiopia & Czech Republic Development Cooperation,
2013, 2019). Initial estimates of hydraulic conductivity, parameters were obtained from the
literature values and pumping test data points.

Recharge

Recharge is obtained from the SWAT model. This recharge represents the recharge from
precipitation (diffuse recharge). Recharge is calculated from HRU output and is applied to the
upper most active layer of the model using recharge package. As recharge is highly variable
in space and time and these variations are difficult to estimate using SWAT recharge estimate
provides a more reliable estimate.

Groundwater Evapotranspiration

Groundwater evapotranspiration (GWET) occurs in areas where the depth to groundwater is
shallow (e.g. riparian areas), and plant roots penetrate to the zone of saturation. To simulate
GWET using the Evapotranspiration Package in MODFLOW, maximum evaporation rate,
evapotranspiration surface and extinction depth need to be specified in the model. A maximum
evapotranspiration rate is assumed to occur when the water table is at the land surface. The
extinction depth was determined based on Shah et al. (2007) for a given soil type and land
cover and assumed to be 3 m. The maximum evaporation rate was defined as the difference
between potential and actual evapotranspiration calculated by SWAT.
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Figure 14: Hydrogeological zones of the Meki catchment. ARCPro GIS software is used to
generate this map.

River-aquifer interaction

The river channels were represented with 81 river segments corresponding to 81 SWAT
subbasin reaches. The river channel cross-sections were assumed to be rectangular. Water
added by precipitation directly on the stream channels and water removed by
evapotranspiration directly from the stream channels were assumed to be negligible and
disregarded. Surface runoff entering stream segments were obtained from SWAT. Due to lack
of data, vertical streambed hydraulic conductivity, manning roughness coefficients and
streambed sediment thickness were assumed to be uniform across the 81 stream segments.
The thickness of the streambed material was assumed to be 1 m for all segments. Streambed
elevation and river channel cross-section were extracted from the digital elevation model. Initial
values for the Manning roughness coefficients were obtained from the literature (Arcement and
Schneider, 1989) and the final values were determined through model calibration together with
the streambed hydraulic conductivity. The elevation of the top of the stream bed is specified
for the beginning of the first reach and the end of the last reach. The program linearly
interpolates between the two values. The streambed elevation at the upstream and
downstream end of the stream segments were defined based on DEM minus assumed channel
incision values.

Spring discharge

There are 32 springs in the Meki catchment (AG Consult, 2007). As these springs discharge
groundwater from the aquifer, they were simulated using the Drain Package. In this package,
the discharge rate is proportional to the head difference between the aquifer and the drain,
multiplied by the conductance of the interface between the aquifer and the drain. When the
groundwater level in the aquifer exceeds the drain elevation, an outflow occurs; otherwise, no
outflow is simulated.
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Groundwater pumping

Groundwater pumping consists of groundwater withdrawal for irrigation, domestic and livestock
uses. The location and abstraction rates for pumping wells both shallow and deep wells were
obtained from a database compiled during the Butajira-Ziway Area Development Study Project
(AG Consult, 2007). A total of 132 pumping wells were used to represent groundwater pumping
for domestic uses. Abstraction for irrigated fields was estimated indirectly from crop
consumptive use (evapotranspiration). The total irrigation water requirement was estimated for
the dominant crop, tomato. A total of 1,719 irrigation pumping wells were simulated, comprising
945 wells supplying groundwater-only irrigation and 774 wells providing supplemental pumping
in conjunctive use areas.

Modeling the effect of faults and dykes on groundwater flows

Faults and dykes may act as a barrier to groundwater flow. To simulate the effect of faults and
dykes on groundwater flow we used the Horizontal Flow Barrier Package (HFB) (Hsieh and
Freckleton, 1993). The HFB reduces horizontal hydraulic conductance between model cells.
The input data required for HFB are the barrier hydraulic conductivity and the barrier thickness.
This ratio of hydraulic conductivity to barrier thickness is known as hydraulic characteristic.
Since information on the hydraulic conductivity and thickness of the faults are not available a
constant value of hydraulic characteristic value was used for all barriers, and this value was
adjusted during model calibration.

Steady state model calibration

The steady-state model was calibrated using static water level data in 112 wells from the
database (AG Consult, 2007). During model calibration hydraulic conductivity in the four zones
and vertical hydraulic conductivity of the riverbed, manning roughness and GHB conductance
were varied until the simulated head matched the observed values. Automatic calibration was
performed using Parameter ESTimation (PEST). PEST is a model-independent non-linear
parameter estimator. PEST automatically minimizes the sum of square errors using the Gauss-
Marquardt-Levenberg optimization algorithm in a weighted least-square sense. During the
optimization, observations were assumed to be equal weight (equal importance in determining
the optimization outcome).

Transient model calibration

The transient model was calibrated using the hydraulic conductivity values obtained from the
steady-state calibration, with the simulated steady-state heads used as the initial heads.
Because groundwater level time-series data is not available, baseflow simulated by the SWAT
model was used as a proxy for transient model calibration. The storage parameters (specific
yield and specific storage) were adjusted manually in each of the four hydrogeological zones
until the baseflow simulated by MODFLOW, using the Streamflow-Routing (SFR) package,
matching the SWAT-simulated baseflow. The calibrated model parameters for hydraulic
conductivity, specific yield, specific storage and boundary condition parameters are given in
Annex Tables 2 and 3).

MODFLOW Model Results
Steady state model calibration results

Model performance was evaluated using both statistical and qualitative criteria. The Root Mean
Square Error (RMSE) and Mean Absolute Error (MAE) between observed and simulated
groundwater levels were 14.8 m and 9.6 m, respectively, indicating a good fit between the two
datasets. The scatter plot of observed versus simulated groundwater levels (Figure 15) shows
a strong correlation. Since RMSE alone does not indicate whether a model's fit is good without
considering the range of the observed dataset, a Normalized RMSE (NRMSE) was calculated
by dividing the RMSE by the range of observations. NRMSE values range from 0 to 1, with
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values closer to 0 indicating a better fit; an NRMSE below 0.1 is generally considered
acceptable for regional groundwater models.

Beyond these statistical measures, the spatial behavior of the model was also assessed.
Residuals were randomly distributed across monitoring sites, and the simulated groundwater
level contours agreed with regional groundwater flow directions. According to Hill (1998), a
well-calibrated model should exhibit randomly distributed residual errors and yield optimal
parameters that are physically realistic. Finally, the water balance between inflow and outflow
was verified to remain within the recommended 1% threshold. A mass balance discrepancy
exceeding 1% would indicate a potential numerical problem and could invalidate the simulation
results (ASTM Standard D5447, 2010).
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Figure 15: Observed versus simulated groundwater levels for the steady-state MODFLOW
model calibration.

Transient model calibration results

The comparison between SWAT baseflow and SFR-simulated baseflow shows a strong
correlation, with a coefficient of determination (R?) of 0.85 and a NSE of 0.69, indicating good
model performance. The RMSE and MAE were 117,281 m3/d and 78,863 m?d, respectively,
while the RMSE-observations standard deviation ratio (RSR) of 0.56 falls within the
satisfactory range. The Percent Bias (PBIAS) was 22.35%, indicating that the SFR model
systematically underestimates baseflow relative to SWAT. This underestimation is particularly
pronounced during the September—November period, where large differences occur between
the two datasets. These performance statistics suggest that the MODFLOW-SFR model
reasonably reproduces the temporal pattern of baseflow simulated by SWAT, although the
tendency toward underestimation, especially during the September—November period (Figure
16).
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Figure 16: Comparison of monthly baseflow simulated by SWAT and by the MODFLOW SFR
package at the Meki catchment outlet

Box 12: Key results — groundwater model performance

1. Steady-state calibration: RMSE of 14.8 m, MAE of 9.6 m, NRMSE of 2.7% and R? of 0.98
against static water levels in 112 wells; residuals are randomly distributed and the water
balance error is below 1%.

2. Transient calibration: R? of 0.85, NSE of 0.69 and RSR of 0.56 against SWAT-simulated
baseflow; PBIAS of 22% indicates underestimation, mainly from September to November.

3. Main limitation: lack of groundwater levels time series and observed baseflow forced to
be dependent on SWAT-simulated baseflow for comparison.

Step 4: Conjunctive use modeling

Conjunctive-use modeling was performed using MODFLOW-NWT's Agricultural Water Use
(AG) Package, which simulates the conjunctive use of surface water and groundwater by
automatically pumping groundwater whenever surface water availability falls short of demand.
Since the AG Package is not supported by the ModelMuse interface, the transient calibrated
MODFLOW-NWT model developed in ModelMuse were instead used to run the MODFLOW-
NWT-AG Package outside of the interface. Irrigation demand was calculated based on the
dominant crop type and specified as input to the diversion flow requirement in the SFR
package. Non-irrigation wells, such as public supply wells, are handled outside of the AG
Package. Irrigation supplied by diversion segments and groundwater wells is applied to
designated cells based on a user-specified mapping between numerically identified SFR
segments and the corresponding irrigated fields. Additional constraints can be applied to
surface water diversions using diversion rates and one of four diversion priority options
available in the SFR package. In this conjunctive-use assessment, priority option zero (IPRIOR
= 0) was used, under which any diversion demand exceeding the available flow is met only up
to the amount available, leaving no flow for downstream or tributary segments and making no
provision for environmental flows.
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The AG Package of MODFLOW-NWT was configured following a structured workflow to
simulate conjunctive use of surface water and groundwater for irrigation. First, diversion
segments were assigned at the last reach of each relevant segment in the SFR package,
marking the points where surface water could be diverted for irrigation. SFR diversion flow
rates are constrained by the amount of water flowing in the upstream segment, together with
one of four available water-use priority options, which govern how diversion demand is
satisfied when supply is limited. Crop water demand was calculated for each irrigated area as
in Step 2 and assigned as the flow entering the upstream end of the corresponding diversion
river segment. To avoid double-counting, since MODFLOW-SFR separately calculates
baseflow based on aquifer—river exchange, the sum of runoff and lateral flow from SWAT was
input as the "Runoff" term in the corresponding SFR segment.

Within the AG Package, each diversion segment was mapped to its corresponding irrigated
MODFLOW cell(s), and each supplementary pumping well was similarly mapped to the cell(s)
it irrigates. Finally, the maximum pumping capacity of each supplementary well was defined,
setting the upper limit on groundwater withdrawals available to meet irrigation demand when
surface water supply was insufficient.

Conjunctive Use Model Results

The results of the conjunctive-use modeling are presented in two complementary ways. First,
the spatial distribution of water demand, supply, and deficit is presented by sub-catchments,
illustrating how these components vary across the study area and highlighting sub-catchments
where surface water alone is insufficient to meet irrigation demand. Second, the temporal
distribution of surface water supply and groundwater contribution is presented for each sub-
catchment, showing how the relative contribution of surface water versus groundwater
changes over time, particularly during periods of reduced surface water availability, when
groundwater pumping is triggered to meet the deficit.

Figure 17 shows the spatial distribution of demand, surface water supply, surface water deficit,
and groundwater supplement across the sub-catchments. The results show that demand and
deficit peak in February, easing slightly by March, while December shows minimal stress
across the basin. Groundwater demand is highest in the north-central sub-catchments, where
the main irrigation structures are located; however, these same high-demand sites also have
low surface water availability. As a result, the deficit remains high in these modernized irrigation
areas, and this deficit cannot be met by groundwater, as groundwater is not available in
sufficient quantity at these locations.

Figure 18 shows the 81 SWAT sub-catchment and the two sub-catchments selected for
demonstration of the temporal dynamics of conjunctive use of surface and groundwater. Figure
19 the monthly surface water and groundwater contribution during the irrigation season for a
sample sub-catchment, sub-catchment 24. As shown, in December, demand was fully met by
surface water, with no groundwater use required. In January, surface water availability declined
while demand rose sharply, resulting in groundwater supplementing approximately 80% of total
supply. By February, surface water had dropped to zero, and groundwater alone met the full
irrigation demand. In March, surface water availability recovered and was sufficient to meet
the rising demand, eliminating the need for groundwater use. In contrast, Sub-catchment 61
demonstrated a markedly different pattern (Figure 20). Groundwater was the dominant water
source in this sub-catchment, meeting over 99% of irrigation demand in all four months, while
surface water contributed only a minor share (approximately 1,100-2,800 m3®month) that is
small relative to total demand. Combined supply closely tracks demand throughout the
irrigation season, with minimal shortfall. Overall, sub-catchment 61 operates primarily as a
groundwater-dependent irrigation system.
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Figure 17: Long-term simulated spatial distribution of monthly irrigation water demand, surface
water supply, surface water deficit, and groundwater supply across the Meki catchment during
the irrigation season (December-March).
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Figure 18: The 81 sub-catchments as delineated by SWAT and selected two sub-catchments
for conjunctive use demonstration
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Figure 19: Simulated monthly irrigation water supply in sub-catchment 24 during the growing
season, showing surface water supply and the deficit met by groundwater.
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Figure 20: Simulated monthly irrigation water supply in sub-catchment 61 during the growing
season, showing surface water supply and the deficit met by groundwater.

Step 5: Sustainability limits for water abstraction

For the Meki catchment, following Mekonnen et al. (2026), the environmental flow was set at
20% of the mean monthly flow, and the sustainable limit of surface water abstraction was
therefore taken as 80% of the mean monthly flow. In the Meki catchment, the environmental
flow was not deducted from the available surface water, because farmers currently withdraw
irrigation water without reserving water for the environment. During the dry season, irrigation
water demand was found to exceed the total river flow, well beyond the sustainable limit of
80% of the mean monthly flow. As a result, the river dries during this period, leaving no flow to
maintain its ecological functions. This shows that surface water is currently abstracted beyond
its sustainable limit in the dry season, which indicates unsustainable surface water use and no
room for further dry-season irrigation development from the river’s dry season water volume.

In the case of Meki catchment, the groundwater situation is different from the rivers. The ratio
of groundwater abstraction to average annual recharge is found to be about 6%. With this
value on an annual basis, the study area falls within the Scenario 1 range which is annual
abstraction below 90% of annual recharge. This shows that currently, a very small share of the
annual groundwater recharge is being abstracted for different uses, which indicates
sustainable groundwater use and considerable room for further development from shallow
groundwater sources in the catchment. However, the need for monitoring of groundwater is
stressed as more irrigation expansion occurs using this water resource.

Box 13: Implication of key results from conjunctive use modeling in the Meki catchment

1. Dry-season water scarcity is primarily about timing and location, not annual
volume. Estimated irrigation water demand peaks in February-March, when river flows
are lowest, creating water shortages despite adequate annual water yield.
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The simulation indicates potential for groundwater to strategically supplement
surface water where both sources are available. Rift-floor part of the catchment is
suitable for planning conjunctive use, particularly in February-March. However, pumping
must be monitored because groundwater and river flows are connected.

Upstream shortages may be better addressed through demand management and
surface water storage rather than more groundwater pumping. Catchment-wide
allocation rules and upstream—downstream coordination are also needed.

Actual surface water deficits and groundwater needs can be larger than shown.
Since environmental flows and downstream water need for Lake Ziway was not
considered in this baseline assessment, actual water deficits may be larger.
Environmental flow thresholds should be set before surface water is allocated.

Limitation of conjunctive water use modeling

1.

CGIAR

Irrigated areas were mapped from remote sensing, which may not detect small plots
because of limited spatial resolution. The analysis used the maximum irrigated area
across the season, whereas the area actually irrigated varies from month to month as
crops are planted and harvested. Using the maximum area may therefore overestimate
demand in some months.

Irrigation water demand was estimated using tomato, the dominant crop, and an
assumed irrigation efficiency. Because farmers grow a mix of crops with different water
requirements, and efficiency varies in practice, actual irrigation demand may differ from
the estimate.

Groundwater-only and conjunctive-use irrigation were distinguished using a 500 m
buffer from the river, based on field observations. Because the extent of river water use
likely varies between sites, a uniform buffer may misclassify some irrigated areas.
Mapping the actual water sources of irrigated plots would improve this classification.
Pumping rates of existing domestic and irrigation boreholes were taken from a previous
inventory and assumed constant over the simulation period. However, new wells have
likely been drilled since then, as observed during the field visit, and pumping varies
seasonally. Simulated abstraction may therefore underestimate actual pumping. An
updated well inventory would reduce this uncertainty

The steady-state MODFLOW model was calibrated using static water levels collected
at different times, so calibration results may be influenced by temporal variability in
groundwater levels.

In the absence of groundwater level time series, the transient MODFLOW model was
calibrated against SWAT-simulated baseflow. This introduces uncertainty because (1)
catchment-scale baseflow cannot fully constrain spatially varying aquifer properties,
allowing multiple parameter-sets to fit equally well, and (2) the calibration inherits the
uncertainties of the SWAT model.

The groundwater-only irrigation wells and conjunctive-use wells are hypothetical, with
locations assigned based on irrigated areas rather than mapped well data. As a result,
the simulated spatial distribution of pumping may differ from actual conditions, which
could affect the accuracy of local drawdown and groundwater availability estimates.
The pumping rates of groundwater-only wells were estimated from irrigated areas and
crop irrigation water requirements rather than measured abstraction. This assumes that
crop water demand is fully met by pumping, whereas actual rates depend on farmer
practices, well capacity, energy costs and deficit irrigation. Simulated abstraction may
therefore over- or underestimate actual pumping, affecting the predicted groundwater
drawdown.
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9. The conjunctive-use simulation did not account for environmental flows, assuming all
river flow was available for irrigation. This overestimates water availability as a
minimum flow must be maintained for ecosystems and downstream users. Future
simulations should include environmental flow requirements.

Stakeholder consultations

Stakeholder consultations are important avenues to discuss the importance of conjunctive
water use in irrigation to support the irrigation expansion goals in Ethiopia. Through the CGIAR
Policy Innovation program, IWMI conducted stakeholder consultations with actors ranging from
federal ministries on water and energy, agriculture, irrigation and lowlands, regional and
woreda level agriculture experts, academia and other partners on the irrigation expansion,
water use and coordination among sectors in the Meki catchment. The consultations included
understanding the mechanisms to enhance the effectiveness of smallholder irrigation from
data, tools, policy and regulation perspective. They also focused on understanding the
relationship between federal, regional and woreda level coordination as well as the horizontal
coordination among the water, agriculture, and irrigation ministries and the environmental
offices.

Stakeholders highlighted challenges from the technical and policy and implementation
aspects. Farmers in the Meki catchment reported benefits of irrigation and interest in
expanding their production at a fast pace. However, the coordinating mechanisms, regulatory
and enforcement provisions, monitoring systems and other relevant aspects are not in place
to support the irrigation expansion while protecting water resources. On the technical side,
conjunctive use of water is not practiced in a coordinated manner and requires technical
guidance on how to implement it. Moreover, at local level, scientific support is needed to
determine the different information needed to implement conjunctive water use.

4. Recommendations

Technical considerations

¢ Manage surface and groundwater as an interconnected system and understand the
system’s water availability at monthly or seasonal timescale.

e Monitor surface and groundwater levels to properly estimate water abstraction limits.

e Define surface-water and groundwater abstraction limits that protect aquifers,
environmental flows, and Lake Ziway inflows.

e Prioritize groundwater supplementation for irrigation during January—February where
aquifers can sustainably support it, mostly in the areas where both sources are
available. Make sure to monitor groundwater levels to avoid overexploitation.

o In upstream areas of the catchment with limited groundwater, prioritize demand
management and assess feasibility of building storage facilities.

e Develop conjunctive-use allocation rules that specify when surface water and
groundwater should be used.

e Local experts should be trained to estimate water availability in the catchment, monitor
groundwater levels and abstractions, map irrigated areas, and estimate irrigation water
demand. Training should involve simulating baseline situations and different scenarios.

Policy and implementation recommendations
e Strengthen a cross-sectoral coordination mechanism spanning agriculture, water,

energy and environmental institutions as there are some efforts by government to
implement integrated water resources management.
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Clarify responsibilities for planning, water allocation, monitoring and enforcement
across federal, regional, basin, and woreda authorities.

Create upstream—downstream water-user coordination platforms and conflict-
resolution mechanisms.

Establish groundwater-level and river-flow trigger thresholds for restricting abstraction.
Strengthen monitoring, compliance and enforcement of abstraction permits, allocation
limits, and environmental-flow requirements including Lake Ziway inflow.
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Annex

SWAT model parameters

Annex Table 1:

SWAT parameters with their fitted values and calibration ranges for

streamflow at the Meki River gauging station (Meki village), calibration period 1984—

1991
Meki river gauged at Meki village
S:Ne- Parameter Fitted \l\lllailr:;num \I\,n::ﬁi;num
1 R__CN2.mgt (Avg.CN=75.34) |-0.105 -0.2 0.2
2 V__ALPHA_BF.gw 0.048 0 1
3 V__GW_DELAY.gw 31 10 400
4 V__GWQMN.gw 1000 0 5000
5 V__GW_REVAP.gw 0.02 0.02 0.2
6 V__REVAPMN.gw 453 0 500
7 V__RCHRG_DP.gw 0.05 0 1
8 V__EPCO.hru 0.54 0 1
9 V__ESCO.hru 0.95 0 1
R__ = relative change: V__ = replace with fitted value.

MODFLOW model parameters

Annex Table 2. Calibrated aquifer hydraulic parameters by zone and layer

Specific Specific storage,

Zone Layer Kh (m/d) K, (m/d) yield, S, () S, (m™)
1 7 0.5 0.003 5.0 x 10°

1
2 7 0.5 0.002 1.0 x 10®
1 0.8 0.2 0.00018 4.5x10%

2
2 0.4 0.1 0.00013 2.0 x 108
1 0.4 0.1 0.00016 5.0 x 108

3
2 0.24 0.06 0.00012 1.5x 108
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0.032 0.008 0.0001

2.0x 103

2

0.008 0.002 0.00005

5.0 x 10°

Note: Vertical hydraulic conductivity was set as K, = Ki/10 for all zones.

Annex Table 3. Calibrated boundary condition parameters

Package Parameter Value Unit
Streamflow Routing Streambed hydraulic conductivity 0.468 m/d
(SFR) Manning’s roughness coefficient 0.03 -
General Head Boundary 2
(GHB) Conductance 327 m=/d
Horizontal Flow Barrier Hydraulic  characteristic  (barrier
(HFB) hydraulic  conductivity / barrier 1x10% d’

thickness)
Drain (DRN) Conductance 5 m?/d
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