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LIST OF ACRONYMS

AAB

Ararat Artesian Basin

ASPIRED

Advanced Science and Partnerships for Integrated Resource Development

BMA

Basin Management Area

BMO

Basin Management Organization

GoA

Government of Armenia

CEW

Clean Energy and Water

CN

Curve Number

DEM

Digital Elevation Model

DST

Decision Support Tools

DSS

Decision Support System

GIS

Geographic Information System

MNP

Ministry of Nature Protection

MODFLOW

Model of Groundwater Flow

USAID

United States Agency for International Development

USGS

United States Geological Survey

WRMA

Water Resources Management Agency
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INTRODUCTION
The purpose of the Advanced Science & Partnerships for Integrated Resource Development
(ASPIRED) Project of the United States Agency for International Development (USAID) is to
support sustainable water resource management and sustainable practices of water users in the
Ararat Valley through the use of science, technology, innovation and partnership initiatives. The
ultimate goal is to reduce the rate of groundwater extraction in the Ararat Valley to sustainable
levels.
Eighty percent of the groundwater resources in the Republic of Armenia are distributed throughout
the Ararat Valley that provides about 40% of the country’s agricultural product. The waters of the
Ararat Artesian Basin (AAB) are used for drinking-household, irrigation and industrial purposes, as
well as for the cooling system of Metsamor Nuclear Power Plant. However, over the last decade,
the growth of fish farming industry and unregulated water use have led to significant reduction of
the groundwater level in the Ararat Valley, thereby creating a number of serious issues related to
protection and effective management of groundwater resources. The rapid growth of fish farms has
disturbed irrigation conditions in AAB, resulting in lower productivity of agricultural crops and higher
irrigation norms. Intensive water use for fish farming purpose has disturbed the normal yield of
aquifers in the basin. The area with confined groundwater has reduced by 3 times in Ararat
Artesian Basin, leaving dozens of communities without not only irrigation but also drinkinghousehold water supply. Normal operation of the nuclear power plant is at risk due to the sharp
reduction in water discharge from Sevjur-Aknalich and other springs.
To support more effective management of groundwater resources in the Ararat Valley and
eliminate the abovementioned problems, the ASPIRED Project plans to work with the Government
of Armenia (GoA) in developing decision support tools for the Ararat Valley. These tools, using
existing data and datasets to be generated by advanced technologies and techniques, will
contribute to scientifically bound decisions towards integrated water resources management in the
Ararat Valley, particularly in water use permitting and long-term planning processes.
The decision support tools will be developed in a close collaboration with the US Geological
Survey (USGS), building heavily on work products which are expected to be provided to USAID in
spring-summer 2017. It will also build on the advanced technical tools that have been developed
by the USAID Clean Energy and Water (CEW) Program in 2012-2015.
The ASPIRED Project will also cooperate with the USAID Global Development Lab and its
GeoCenter in acquiring and analysis of high-resolution satellite imagery for the Ararat Valley.
This report focuses on the main tools for supporting decisions - Hydrological and Hydrogeological
models, with climate change and water quality assessment components as a part of the
Hydrological Model. Based on the results of simulation of the two models, following the needs of
key stakeholder institutions, an economic assessment component will be designed and
implemented later during the Project.
Chapter 1 of this report describes the purpose and structure of the decision support tools for the
Ararat Valley. Chapters 2 and 3 present in details the components of the decision support tools for
the Ararat Valley, which are Hydrological and Hydrogeological models, as well as principles of their
operation and key outputs. The Chapter 3 also discusses the linkages between the two models.
Chapter 4 provides the key steps for development and operalization of the decision support tools
for the Ararat Valley.
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CHAPTER 1: DECISION SUPPORT TOOLS FOR THE ARARAT VALLEY

1.1.

Purpose and Objectives

The main purpose of developing Decision Support Tools (DST) for the Ararat Valley is to contribute
to effective management and protection of the Ararat Valley groundwater basin and associated
environmental, social and economic systems. The DST will enable calculation of water balance
and water supply and demand balance of the Ararat Valley groundwater basin and its catchment
area, and, consequently, the storage/reserves of surface and groundwater resources and water
use in the Ararat Valley will be assessed (Figure 1).

Figure 1. Location of the Ararat Valley

The Hydrological Model of the DST will calculate precipitation, cumulative evaporation, surface and
groundwater flows of the basins discharging into the Ararat Valley under conditions of climate
change. As a result, water balances of the river basins included in the catchment of the Ararat
Valley, as well as the water supply and demand balance of the Ararat Valley will be calculated,
quality of water resources will be assessed.
The Hydrogeological Model of the DST will simulate groundwater dynamics in the Ararat Valley,
based on the three-dimensional stratigraphic model of the Ararat Valley groundwater aquifers, their
volume and recharge rate. This will allow determining the water balance of the Ararat Valley
groundwater basin, as well as changes in storage of groundwater reserves.
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1.2.

Structure of the DST

The decision support tools for management of groundwater resources in the Ararat Valley include:
 Decision Support System (DSS), with its Hydrological, Climate Change and Economic Models,
developed in GIS interface during 2012-2015 within the USAID-funded CEW Program
(Decision Support System for Integrated Water Resources Management: User Manual. USAID,
Yerevan, 2015);
 Hydrogeological Model, which will be developed in GIS interface within the ArcGW
groundwater basin analysis package, which is based on the MODFLOW tool developed by
USGS. It will also build on the work products to be provided by the USGS to USAID in 2017.
Figure 2 illustrates the general scheme of the DST, with detailed description of the structure of
Hydrological and Hydrogeological models, input and output data, as well as calculation
components. The Hydrological and Hydrogeological models are integrated into one scheme for the
purpose of this report only. However, these models will be calibrated separately as standalone
units in a GIS environment, thus enabling users to take advantage of a GIS platform to archive,
manage, and visualize both surface and groundwater information. In this case, there is no need to
integrate the groundwater model into the existing DSS.

Figure 2. General scheme of the Decision Support Tools for the Ararat Valley
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CHAPTER 2: HYDROLOGICAL MODEL

2.1.

Principles of Operation

Armenia is a mountainous country, and the calculation of water balance of its area or specific river
basin is usually challenging because of its complex topography and geological structure. Moreover,
due to complex climatic conditions, it becomes more difficult to calculate redistribution of the river
flow (surface and deep) generated from atmospheric precipitation.
The Hydrological Model of the DSS developed within the framework of the USAID CEW Program
in 2012-2015 will be calibrated for the 6 river basins in the Ararat Valley catchment area: Akhuryan,
Metsamor, Qasakh, Hrazdan, Azat and Vedi. The water balance will be determined based on
calculations of precipitation, cumulative evaporation, river and deep flows. These parameters will
be calculated for each river basin, based on data available at meteorological stations and
hydrological observation posts operating in the area. Water balances will be calculated on multiyear average (1961-2015) and annual (2016), or seasonal basis, depending on data availability.
The Hydrological Model comprises input and output data and a calculation part. Input data are the
monitoring data of the observed meteorological and hydrological period available in the Ararat
Valley catchment area; water use data by sectors, by volume of water abstraction and wastewater
discharge in the Ararat Valley, according to water use permits; and satellite imagery and land use
map of the Ararat Valley catchment area.
Meteorological data cover precipitation, minimum, average and maximum air temperature, surface
and deep land temperature, cumulative evaporation, snow pack altitude, density and water
storage, wind direction and velocity, relative and absolute humidity, and atmospheric pressure.
Surface water data include values of minimum, average and maximum discharge, obtained from
hydrological observation posts located on rivers, surface area and storage capacity of reservoirs,
lakes and wetlands, as well as water discharge from canals.
The precipitation data measured at meteorological stations of the river basin will serve as input
data to obtain the raster image of spatial distribution of precipitation in the river basin. To calculate
precipitation in the river basin, a graphical correlation will be established between the river basin
meteorological stations and their absolute altitudes. The quantity of precipitation for the entire river
basin will be calculated from the graphical correlation curve or curve equation, according to
altitude, and will be distributed throughout the entire river basin area by applying the Digital
Elevation Model (DEM). As a result, the raster image of spatial distribution of precipitation will be
obtained, which will help to calculate the quantity of precipitation in the entire river basin or its
specific sections.
The same method will be applied to obtain the raster image of cumulative evaporation in each river
basin. Considering that evaporation is not measured at meteorological stations and it needs to be
calculated, the model will use the evaporation calculation formula developed for Armenia. This
formula calculates based on precipitation, air temperature, atmospheric pressure, and wind velocity
measured at the given meteorological station.
The flow is the next element of water balance, and includes surface – river, and deep flows.
Surface flow is calculated based on actually measured data from hydrological observation posts in
Advanced Science and Partnerships for Integrated Resources Development Project
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the given river basin. Consequently, the natural surface flow is determined by adding the water use
by sectors and return flows from the upstream of the hydrological observation post, inter-basin
water transfer, change in storage of water in reservoirs, etc.
Surface flow will also be alternatively calculated within the Hydrological Model of DSS by applying
the precipitation-runoff curve number (CN) approach. CN will be generated based on the landcover
classification and soil types of the Ararat Valley. The CN number has a range from 30 to 100: lower
numbers indicate low runoff potential while larger numbers are for increasing runoff potential. The
lower the curve number, the more permeable the soil is. The landcover classification of the Ararat
Valley will be performed based on the high-resolution satellite imagery received through the
GeoCenter of the USAID Global Development Lab.
Deep flow cannot be measured directly and can only be determined by calculation as a difference
of climatic flow (precipitation minus cumulative evaporation) and river flow (Figure 3).

Figure 3. Components of water balance of the Ararat Valley catchment area

The Hydrological Model of DSS will also be used to assess ecological flow at hydrological
observation posts of 6 rivers in the Ararat Valley catchment area as a part of the natural river flow.
Using results of the surface water balance of the 6 river basins, as well as water balance of the
Ararat Valley groundwater basin generated by the Hydrogeological Model (Chapter 3.), the water
supply and demand balance of the Ararat Valley will be simulated by the DSS. The following will
serve as input data for calculation of water supply and demand balance: natural and ecological
flows of the 6 rivers of the Ararat Valley catchment; deep flow in these river basins; dynamic and
static groundwater resources in the Ararat Valley; return flows from water use and drainage water.
Input data will also include: The following will be serve as input data for calculation of water supply
and demand balance: total water abstraction from the Ararat Valley, as of 2016; return flows from
water use, volume of inter-basin water transfer; as well as the value of change in storage of
groundwater resources, obtained from the Hydrogeological Model (Figure 4). Water abstraction
and quantity of surface and groundwater flows from the Ararat Valley are the output data of water
supply and demand balance of the Ararat Valley.
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Figure 4. Components of water supply and demand balance of the Ararat Valley

2.2.

Key Outputs

The following are the key outputs of the Hydrological Model:




Water balances of river basins in the Ararat Valley catchment area;
Water supply and demand balance of the Ararat Valley, including surface and groundwater
resources;
Raster image with values of surface water and groundwater surplus or deficit at any point of
interest of the Ararat Valley (Figure 5).

Figure 5. Key outputs of the Hydrological Model for the Ararat Valley
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CHAPTER 3: HYDROGEOLOCICAL MODEL
The Hydrogeological Model of the decision support tools for the Ararat Valley will be developed in
GIS interface within the ArcGW groundwater basin analysis package and will be based on the
MODFLOW tool developed by USGS. It will also build on the work products to be provided by the
USGS to USAID in 2017.

3.1.

Model Components

The following are the main components of the Hydrogeological Model:








Three-dimensional stratigraphic model of the Ararat Valley groundwater basin;
Groundwater inflow;
Groundwater outflow;
Natural storage/reserve of the groundwater aquifer (total volume);
Recharge of the groundwater basin;
Static groundwater resources (storage of groundwater);
Dynamic groundwater resources (recharge of groundwater) (Figure 6).

Figure 6. Components of the Hydrogeological Model

The following are the sequential steps of running the components of the Hydrogeological Model:
1. Develop a three-dimensional model of the Ararat Valley groundwater basin, based on
hydrogeological data (data on well stratigraphy, geological structure and age of rocks). The
model is aimed at determining groundwater aquifer layers, as well as their volume and water
storage. The ASPIRED Project team expects receiving input products for this step from the
USGS in spring-summer of 2017.
2. Obtain the values of deep flow into the groundwater basin, based on precipitation and water
use data, and, as a result, identify the water quantity flowing into the groundwater basin;
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3. Determine natural storage of the groundwater aquifers;
4. Determine static (storage of groundwater) and dynamic (recharge of groundwater) water
resources in the groundwater basin;
5. Develop water balance of the Ararat Valley groundwater basin with the calculated values of the
Hydrological Model of the DSS (precipitation, cumulative evaporation, river flow, deep flow);
6. Assess the change in storage of groundwater resources in the Ararat Valley, based on the
water balance data obtained as a result of determining cumulative water abstraction and return
flows in the Ararat Valley;
7. Calculate water supply and demand balance of the Ararat Valley based on hydrological and
hydrogeological components, and, as a result, calculate water deficit or surplus in the
groundwater basin.
3.2.

Principles of Operation

The Hydrogeological Model is operated on the basis of a three-dimensional stratigraphic model of
the Ararat Valley groundwater basin, which will be developed in an open-source and GIS-based
ArcGW package by using MODFLOW tool.
The three-dimensional stratigraphic model of the basin will be based on well inventory data of
the Ararat Valley, including the geographic coordinates of the wells, altitude above sea level,
stratigraphy (rock structure, thickness, and depth), and geological structure of rocks. These data
will serve to develop two-dimensional cross-sections of the Ararat Valley groundwater basin, which
will then be followed by development of a three-dimensional stratigraphic model of the Ararat
Valley groundwater basin, through ArcGW package, applying the interpolation method.
The work products to be provided by the USGS in spring-summer of 2017 will be used.
Groundwater inflow serves as an input component in the Hydrogeological Model. It is the value of
deep flow calculated within the Hydrological Model of DSS.
Groundwater outflow in water balance of the Ararat Valley groundwater basin is the value of
underground/deep outflow from the groundwater basin. It is calculated in the Hydrogeological
Model as one of the components of water balance of the Ararat Valley.
Natural storage of aquifer (m3) is the volume of water in aquifer in natural conditions,
accumulated under the influence of gravitational force. It is calculated as follows: first, the threedimensional stratigraphic model is applied to identify water-bearing and weak water-bearing layers.
Afterwards, the storage/volume of each layer is determined by hydrogeological elements and
coefficients (thickness of the layer, rock type and porosity, water permeability coefficient, yield,
groundwater storage coefficient and hydraulic conductivity). As the next step, rock porosity is
determined, i.e. total volume of all pores, cracks and voids in unit volume of rock. Natural storage
of the groundwater aquifer is the calculated total volume of porosity of the layers. It will be
calculated for the Ararat Valley by applying MODFLOW tool in the Hydrogeological Model.
Recharge of the groundwater basin (m3) is the deep inflow, plus the underground flow generated
from surface and groundwater abstraction, and surface water through infiltration.
Static (storage of groundwater) and dynamic (recharge of groundwater) groundwater
resources: total water resources of the groundwater basin are divided into static and dynamic.
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Static groundwater resources (m3) are the water resources in groundwater aquifers that have not
been used yet, i.e. no water is abstracted from that aquifer. These resources are considered to be
national and strategic reserves. Dynamic (rechargeable) groundwater resources (m3/s) are useable
or operational resources that are recharged. The volume of dynamic groundwater resources
depends on annual precipitation and deep inflow in the groundwater basin. The static and dynamic
groundwater resources will be calculated for the Ararat Valley by applying MODFLOW tool in the
Hydrogeological Model.

3.3.

Key Outputs

Water balance of the Ararat Valley and changes in storage of groundwater reserves in the Ararat
Valley are the key outputs of the Hydrogeological Model.
Water balance of the Ararat Valley groundwater basin is the difference of water inflow and
outflow of the Ararat Valley groundwater basin. The water inflow component comprises the water
flow from precipitation, deep and surface inflow. The water outflow component includes cumulative
evaporation, and surface and underground outflows (Figure 6). The balance will be calculated by
MODFLOW tool using calculated values of the components described in the previous section.

Figure 6. Components of water balance of the Ararat Valley groundwater basin

The change in storage of groundwater reserves in the Ararat Valley is determined by changes
in water levels of groundwater aquifers (an increase or decrease). Such water level changes occur
due to groundwater abstraction. The storage of groundwater resources cannot change in natural
conditions (in absence of water abstraction).
Water abstracted in the Ararat Valley groundwater basin by wells is currently used for drinkinghousehold, irrigation, industrial purposes and fish farming. It results in a significant change in
storage of groundwater resources. The value of this change is determined by the difference of
quantity of groundwater inflow, groundwater outflow and total water abstraction in the groundwater
basin. This difference will be calculated by applying MODFLOW tool, using calculated values of
parameters as described in the previous section.
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3.4.

Linkages of the Hydrogeological Model with the Hydrological Model

Hydrological and Hydrogeological models will operate as stand-alone tools. However, the models
will be spatially compatible in the GIS environment. Two models are interlinked through the
groundwater reserves storage in the Ararat Valley and water supply and demand balance
component.
The linkages between the Hydrogeological Model and Hydrological Model are bi-directional and
expressed by the following data flows:
1. The values of surface and groundwater flows as part of water balances of six river basins,
obtained in the Hydrological Model of DSS, serve as input data in the Hydrogeological Model to
simulate water balance of the Ararat Valley groundwater basin.
2. Water balance of the Ararat Valley groundwater basin, obtained in the Hydrogeological Model,
serves as one of input data in the Hydrological Model of DSS to calculate the water supply and
demand balance of the Ararat Valley (Figure 7).

Figure 7. Linkages between the two models
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CHAPTER 4: PROCESS OF DEVELOPING THE DECISION SUPPORT TOOLS

Process of developing the decision support tools for the Ararat Valley can be presented as a
sequence of the following key steps:









Collecting tabular and spatial data for testing the Hydrological Model of DSS for six river basins
in the Ararat Valley catchment area, in relevant formats.
Calibrating and testing the Hydrological Model of the DSS for Akhuryan, Metsamor, Qasakh,
Hrazdan, Azat and Vedi river basins.
Training of the trainers for use of MODFLOW/ArcGW package. A training program is planned
to be conducted by USGS for the ASPIRED project specialists, preliminary in spring 2017.
Collecting tabular and spatial data for the Hydrogeological Model with MODFLOW/ArcGW
package, in relevant formats;
Designing, calibrating and testing the Hydrogeological Model with MODFLOW/ArcGW package
for the Ararat Valley;
Constructing linkages between the Hydrological Model of DSS and MODFLOW/ArcGW
Hydrogeological Model within GIS environment;
Preparing a User Manual of the decision support tools for the Ararat Valley;
Conducting training courses for representatives of stakeholder institutions on the use of DST
for the Ararat Valley.

To increase the chance of success of integrating the Hydrological and Hydrogeological models in
the decision-making processes, the ASPIRED Project team will design and implement a more
aggressive on-the-job training program for nominated representatives of key stakeholders. They
will be participating in the processes of developing and testing the decision support tools for the
Ararat Valley in 2016-2018.
The representatives of the key stakeholders, including the technical staff of the WRMA and BMOs,
State Environmental Inspectorate of the RA MNP, representatives of academia (such as the
Acopian Center for the Environment of the American University of Armenia, the International
Center for Agribusiness Research and Education (ICARE) and its ATC, etc.) will work with the
Project team on the following processes:





General data organization –tabular, spatial, vector and raster data;
Structure of a model – command menu, data input window, components of the model, etc.;
Calibrating a model with available and generated data for the Ararat Valley catchment
area – input data, testing and debugging model components; key outputs; etc.
Summary of outputs – establishing linkages between models; data import/export; generation
of reports, etc.

It is believed that this “learning-by-doing” approach is more effective amongst the capacity building
tools and may increase chances of having the usage of the technical tools integrated into the
decision-making process of the key stakeholder agencies.
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