Recent Advances in Complex

Urban Water System Research

Lead Guest Editor: Yizi Shang
Guest Editors: Hailong Li, Ling Shang, Xiaofei Li, Yongping Wei, and Zhiwu

Liu




Recent Advances in Complex Urban Water
System Research



Advances in Civil Engineering

Recent Advances in Complex Urban
Water System Research

Lead Guest Editor: Yizi Shang
Guest Editors: Hailong Li, Ling Shang, Xiaofei Li,
Yongping Wei, and Zhiwu Liu



Copyright © 2022 Hindawi Limited. All rights reserved.

This is a special issue published in “Advances in Civil Engineering.” All articles are open access articles distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.



Chief Editor

Cumaraswamy Vipulanandan, USA

Associate Editors

Chiara Bedon (), Italy

Constantin Chalioris (%), Greece
Ghassan Chehab (), Lebanon
Ottavia Corbi, Italy

Mohamed ElGawady (), USA
Husnain Haider (©), Saudi Arabia
Jian Ji(®), China

Jiang Jin (%), China

Shazim A. Memon (), Kazakhstan
Hossein Moayedi (), Vietnam
Sanjay Nimbalkar, Australia
Giuseppe Oliveto (), Italy
Alessandro Palmeri(), United Kingdom
Arnaud Perrot (%), France

Hugo Rodrigues (%), Portugal
Victor Yepes (), Spain

Xianbo Zhao (), Australia

Academic Editors

José A.F.O. Correia, Portugal

Glenda Abate, Italy

Khalid Abdel-Rahman (i2), Germany
Ali Mardani Aghabaglou, Turkey

José Aguiar (), Portugal

Afaq Ahmad (), Pakistan

Muhammad Riaz Ahmad (%), Hong Kong
Hashim M.N. Al-Madani (), Bahrain
Luigi Aldieri (), Italy

Angelo Aloisio (), Italy

Maria Cruz Alonso, Spain

Filipe Amarante dos Santos (), Portugal
Serji N. Amirkhanian, USA

Eleftherios K. Anastasiou (), Greece
Panagiotis Ch. Anastasopoulos (), USA
Mohamed Moafak Arbili (), Iraq
Farhad Aslani(), Australia

Siva Avudaiappan (), Chile

Ozgur BASKAN (12, Turkey

Adewumi Babafemi, Nigeria

Morteza Bagherpour, Turkey
Qingsheng Bai (), Germany

Nicola Baldo (9, Italy

Daniele Baraldi (), Italy

Eva Barreira (%), Portugal

Emilio Bastidas-Arteaga (), France
Rita Bento, Portugal

Rafael Bergillos (%), Spain
Han-bing Bian (®), China

Xia Bian (), China

Huseyin Bilgin (%), Albania
Giovanni Biondi (), Italy

Hugo C. Biscaia (), Portugal
Rahul Biswas (), India

Edén Bojorquez (), Mexico

Giosue Boscato (1), Italy

Melina Bosco (1)), Italy

Jorge Branco (2), Portugal

Bruno Briseghella(®), China

Brian M. Broderick, Ireland
Emanuele Brunesi(), Italy
Quoc-Bao Bui(l®), Vietnam
Tan-Trung Bui (), France

Nicola Buratti, Italy

Gaochuang Cai, France

Gladis Camarini(), Brazil

Alberto Campisano (1), Italy

Qi Cao, China

Qixin Cao, China

Tacopo Carnacina (), Italy

Alessio Cascardi, Italy

Paolo Castaldo (), Italy

Nicola Cavalagli (), Italy

Liborio Cavaleri(), Italy

Anush Chandrappa (), United Kingdom
Wen-Shao Chang (%), United Kingdom
Muhammad Tariq Amin Chaudhary, Kuwait
Po-Han Chen (), Taiwan

Qian Chen(®), China

Wei Tong Chen (), Taiwan

Qixiu Cheng, Hong Kong

Zhanbo Cheng, United Kingdom
Nicholas Chileshe, Australia
Prinya Chindaprasirt (), Thailand
Corrado Chisari(), United Kingdom
Se Jin Choi (%), Republic of Korea
Heap-Yih Chong(), Australia

S.H. Chu(», USA

Ting-Xiang Chu (), China



https://orcid.org/0000-0003-3875-2817
https://orcid.org/0000-0001-8283-1382
https://orcid.org/0000-0001-5779-3046
https://orcid.org/0000-0001-6928-9875
https://orcid.org/0000-0002-8600-8315
https://orcid.org/0000-0002-7616-2685
https://orcid.org/0000-0001-5898-7387
https://orcid.org/0000-0001-6625-8811
https://orcid.org/0000-0002-5625-1437
https://orcid.org/0000-0002-1318-2988
https://orcid.org/0000-0001-8453-6619
https://orcid.org/0000-0002-7105-4212
https://orcid.org/0000-0003-1373-4540
https://orcid.org/0000-0001-5488-6001
https://orcid.org/0000-0003-0153-5173
https://orcid.org/0000-0002-8385-7258
https://orcid.org/0000-0003-3954-5721
https://orcid.org/0000-0001-9427-4296
https://orcid.org/0000-0002-1251-2316
https://orcid.org/0000-0002-7480-6977
https://orcid.org/0000-0001-9300-6804
https://orcid.org/0000-0002-6190-0139
https://orcid.org/0000-0002-5815-4622
https://orcid.org/0000-0002-5613-7722
https://orcid.org/0000-0002-1555-3308
https://orcid.org/0000-0001-6045-0255
https://orcid.org/0000-0002-0505-6068
https://orcid.org/0000-0002-4289-4298
https://orcid.org/0000-0001-5016-8328
https://orcid.org/0000-0002-9782-940X
https://orcid.org/0000-0002-5627-9763
https://orcid.org/0000-0001-5741-9775
https://orcid.org/0000-0002-1343-5578
https://orcid.org/0000-0002-7370-5218
https://orcid.org/0000-0001-8674-5043
https://orcid.org/0000-0002-6901-625X
https://orcid.org/0000-0002-4126-2117
https://orcid.org/0000-0002-5261-3939
https://orcid.org/0000-0002-4130-062X
https://orcid.org/0000-0002-4791-5123
https://orcid.org/0000-0001-8697-7565
https://orcid.org/0000-0001-6402-1693
https://orcid.org/0000-0001-6537-3084
https://orcid.org/0000-0002-6901-6612
https://orcid.org/0000-0002-3976-0360
https://orcid.org/0000-0002-8002-2298
https://orcid.org/0000-0002-9702-8186
https://orcid.org/0000-0002-9675-0038
https://orcid.org/0000-0002-8279-7230
https://orcid.org/0000-0003-4536-9699
https://orcid.org/0000-0002-8664-8996
https://orcid.org/0000-0001-5567-7180
https://orcid.org/0000-0002-7956-9392
https://orcid.org/0000-0003-1575-4844
https://orcid.org/0000-0002-9036-1912
https://orcid.org/0000-0002-0445-0530
https://orcid.org/0000-0002-2218-001X
https://orcid.org/0000-0003-4025-5414
https://orcid.org/0000-0003-1237-5873
https://orcid.org/0000-0001-9599-034X
https://orcid.org/0000-0003-1062-3626
https://orcid.org/0000-0002-1638-8017
https://orcid.org/0000-0002-2142-3745
https://orcid.org/0000-0002-6080-7530
https://orcid.org/0000-0001-8650-8056
https://orcid.org/0000-0002-4036-623X

Zhaofei Chu(»), China
Wonseok Chung (), Republic of Korea
Donato Ciampa (), Italy

Gian Paolo Cimellaro, Italy
Francesco Colangelo, Italy
Romulus Costache (), Romania
Liviu-Adrian Cotfas (), Romania
Antonio Maria D'Altri, Italy
Bruno Dal Lago (), Italy

Amos Darko (), Hong Kong
Arka Jyoti Das (), India

Dario De Domenico (1), Italy
Gianmarco De Felice (), Italy
Stefano De Miranda (), Italy
Maria T. De Risi(), Italy
Tayfun Dede, Turkey

Sadik O. Degertekin (), Turkey
Camelia Delcea (1), Romania
Cristoforo Demartino, China
Giuseppe Di Filippo (), Italy
Luigi Di Sarno, Italy

Fabio Di Trapani(), Italy
Aboelkasim Diab (), Egypt

Thi My Dung Do, Vietnam
Giulio Dondi (), Italy
Jiangfeng Dong ("), China

Chao Dou (), China

Mario D’Aniello (), Italy
Jingtao Du (), China

Ahmed Elghazouli, United Kingdom
Francesco Fabbrocino (), Italy
Flora Faleschini (), Italy
Dinggiang Fan, Hong Kong
Xueping Fan, China

Qian Fang (%), China

Salar Farahmand-Tabar (), Iran
Ilenia Farina, Italy

Roberto Fedele, Italy
Guang-Liang Feng (), China
Luigi Fenu (), Italy

Tiago Ferreira (), Portugal
Marco Filippo Ferrotto, Italy
Antonio Formisano (1), Italy
Guoyang Fu, Australia

Stefano Galassi(), Italy

Junfeng Gao (), China

Meng Gao (), China
Giovanni Garcea (1), Italy
Enrique Garcia-Macias, Spain

Emilio Garcia-Taengua (), United Kingdom

DongDong Ge(2), USA

Khaled Ghaedi, Malaysia

Khaled Ghaedi (), Malaysia

Gian Felice Giaccu, Italy
Agathoklis Giaralis (), United Kingdom
Ravindran Gobinath, India
Rodrigo Gongalves, Portugal
Peilin Gong((2), China

Belén Gonzalez-Fonteboa (%), Spain
Salvatore Grasso (), Italy

Fan Gu, USA

Erhan Giineyisi (), Turkey

Esra Mete Giineyisi, Turkey
Pingye Guo (), China

Ankit Gupta (), India

Federico Gusella (), Italy

Kemal Haciefendioglu, Turkey
Jianyong Han (), China

Song Han (), China

Asad Hanif ("), Macau

Hadi Hasanzadehshooiili (%), Canada
Mostafa Fahmi Hassanein, Egypt
Amir Ahmad Hedayat (%), Iran
Khandaker Hossain (), Canada
Zahid Hossain (), USA

Chao Hou, China

Biao Hu, China

Jiang Hu(®), China

Xiaodong Hu, China

Lei Huang (), China

Cun Hui (%), China

Bon-Gang Hwang, Singapore

Jijo James (2, India

Abbas Fadhil Jasim (1), Iraq

Ahad Javanmardi (), China
Krishnan Prabhakan Jaya, India
Dong-Sheng Jeng (), Australia
Han-Yong Jeon, Republic of Korea
Pengjiao Jia, China

Shaohua Jiang (%), China


https://orcid.org/0000-0002-8804-9583
https://orcid.org/0000-0002-8071-6820
https://orcid.org/0000-0002-2575-0049
https://orcid.org/0000-0002-6876-8572
https://orcid.org/0000-0002-4192-183X
https://orcid.org/0000-0002-3088-8376
https://orcid.org/0000-0002-7978-6039
https://orcid.org/0000-0001-7838-4735
https://orcid.org/0000-0003-1279-9529
https://orcid.org/0000-0002-0917-0220
https://orcid.org/0000-0002-9624-651X
https://orcid.org/0000-0002-8882-6127
https://orcid.org/0000-0001-8885-6468
https://orcid.org/0000-0003-3589-1969
https://orcid.org/0000-0002-0477-7701
https://orcid.org/0000-0002-7578-0633
https://orcid.org/0000-0003-2843-0099
https://orcid.org/0000-0001-5587-9436
https://orcid.org/0000-0002-0677-968X
https://orcid.org/0000-0003-4258-4481
https://orcid.org/0000-0003-1369-3013
https://orcid.org/0000-0002-5050-1570
https://orcid.org/0000-0001-8712-1048
https://orcid.org/0000-0003-2126-9300
https://orcid.org/0000-0002-8148-9228
https://orcid.org/0000-0002-7520-5452
https://orcid.org/0000-0001-9231-0732
https://orcid.org/0000-0002-1442-1311
https://orcid.org/0000-0001-6454-7927
https://orcid.org/0000-0003-3592-4011
https://orcid.org/0000-0003-2341-8031
https://orcid.org/0000-0003-4476-2296
https://orcid.org/0000-0001-7886-451X
https://orcid.org/0000-0002-0842-3521
https://orcid.org/0000-0003-2847-5932
https://orcid.org/0000-0003-2890-6552
https://orcid.org/0000-0002-3919-1479
https://orcid.org/0000-0002-2952-1171
https://orcid.org/0000-0002-1727-3641
https://orcid.org/0000-0002-8856-2002
https://orcid.org/0000-0001-6902-1676
https://orcid.org/0000-0003-2666-2769
https://orcid.org/0000-0003-4665-4803
https://orcid.org/0000-0003-1789-9502
https://orcid.org/0000-0001-7137-6783
https://orcid.org/%200000-0001-6719-2519
https://orcid.org/0000-0001-5071-4018
https://orcid.org/0000-0002-4318-7712
https://orcid.org/0000-0002-0944-6290
https://orcid.org/0000-0003-2962-7723
https://orcid.org/0000-0002-7686-6957
https://orcid.org/0000-0003-3395-564X
https://orcid.org/0000-0002-7862-7167
https://orcid.org/0000-0001-9991-0087
https://orcid.org/0000-0002-2604-4250
https://orcid.org/0000-0002-1167-8066
https://orcid.org/0000-0002-0259-9681
https://orcid.org/0000-0003-0678-5227
https://orcid.org/0000-0003-0199-0918
https://orcid.org/0000-0001-9646-5205

MOUSTAFA KASSEM (1), Malaysia
Mosbeh Kaloop (5, Egypt

Shankar Karuppannan (%), Ethiopia
John Kechagias (2), Greece
Mohammad Khajehzadeh (), Iran
Afzal Husain Khan (), Saudi Arabia
Mehran Khan (i), Hong Kong

Manoj Khandelwal, Australia

Jin Kook Kim (%), Republic of Korea
Woosuk Kim (%), Republic of Korea
Vaclav Koci(5), Czech Republic

Loke Kok Foong, Vietnam

Hailing Kong (), China

Leonidas Alexandros Kouris (%), Greece
Kyriakos Kourousis (), Ireland
Moacir Kripka (%), Brazil

Anupam Kumar, The Netherlands
Emma La Malfa Ribolla, Czech Republic
Ali Lakirouhani (), Iran

Angus C. C. Lam, China

Thanh Quang Khai Lam (1), Vietnam
Luciano Lamberti, Italy

Andreas Lampropoulos (%), United Kingdom

Raffaele Landolfo, Italy

Massimo Latour (), Italy

Bang Yeon Lee (), Republic of Korea
Eul-Bum Lee (), Republic of Korea
Zhen Lei(), Canada

Leonardo Leonetti (), Italy
Chun-Qing Li(®, Australia
Dongsheng Li(%), China

Gen Li, China

Jiale Li(®), China

Minghui Li, China

Qingchao Li(»), China

Shuang Yang Li(®), China

Sunwei Li(2), Hong Kong

Yajun Li(), China

Shun Liang (), China

Francesco Liguori (1), Italy
Jae-Han Lim (12, Republic of Korea
Jia-Rui Lin (%), China

Kun Lin (), China

Shibin Lin, China

Tzu-Kang Lin (), Taiwan
Yu-Cheng Lin (%), Taiwan

Hexu Liu, USA

Jian Lin Liu(®), China

Xiaoli Liu (), China

Xuemei Liu (), Australia
Zaobao Liu (), China
Zhuang-Zhuang Liu, China
Diego Lopez-Garcia (), Chile
Cristiano Loss (), Canada
Lyan-Ywan Lu (), Taiwan

Jin Luo(®), USA

Yanbin Luo (), China

Jianjun Ma (), China

Junwei Ma (), China
Tian-Shou Ma, China
Zhongguo John Ma(»), USA
Maria Macchiaroli, Italy
Domenico Magisano, Italy
Reza Mahinroosta , Australia
Yann Malecot (), France
Prabhat Kumar Mandal (), India
John Mander, USA

Iman Mansouri, Iran

André Dias Martins, Portugal
Domagoj Matesan (2}, Croatia
Jose Matos, Portugal

Vasant Matsagar (%), India
Claudio Mazzotti (), Italy
Ahmed Mebarki (), France
Gang Mei(»), China

Kasim Mermerdas, Turkey
Giovanni Minafo (), Italy
Masoomeh Mirrashid @9, Iran
Abbas Mohajerani(), Australia
Fadzli Mohamed Nazri ("), Malaysia
Fabrizio Mollaioli (), Italy
Rosario Montuori (), Italy

H. Naderpour (), Iran

Hassan Nasir (2), Pakistan
Hossein Nassiraei (), Iran
Satheeskumar Navaratnam (), Australia
Ignacio J. Navarro(:), Spain
Ashish Kumar Nayak (%), India
Behzad Nematollahi ("), Australia



https://orcid.org/0000-0003-2707-685X
https://orcid.org/0000-0002-8449-8883
https://orcid.org/0000-0001-5014-7885
https://orcid.org/0000-0002-5768-4285
https://orcid.org/0000-0002-4577-6836
https://orcid.org/0000-0001-8883-9019
https://orcid.org/0000-0003-2898-1827
https://orcid.org/0000-0001-6857-7824
https://orcid.org/0000-0003-2775-2459
https://orcid.org/0000-0002-6110-1214
https://orcid.org/0000-0002-0015-9906
https://orcid.org/0000-0002-4859-7382
https://orcid.org/0000-0003-0861-4931
https://orcid.org/0000-0002-1997-3414
https://orcid.org/0000-0001-5449-8420
https://orcid.org/0009-0004-2796-3170
https://orcid.org/0000-0002-0905-8263
https://orcid.org/0000-0001-9597-9503
https://orcid.org/0000-0002-7823-8663
https://orcid.org/0000-0001-8885-1798
https://orcid.org/0000-0002-0826-9763
https://orcid.org/0000-0001-5801-434X
https://orcid.org/0000-0001-5567-633X
https://orcid.org/0000-0001-8143-4449
https://orcid.org/0000-0001-8213-4755
https://orcid.org/0000-0001-7373-4046
https://orcid.org/0000-0002-2371-5039
https://orcid.org/0000-0001-5267-7396
https://orcid.org/0000-0002-5863-5821
https://orcid.org/0000-0002-2320-5936
https://orcid.org/0000-0002-2850-1160
https://orcid.org/0000-0001-7395-9886
https://orcid.org/0000-0003-2195-8675
https://orcid.org/0000-0002-3550-9443
https://orcid.org/0000-0002-2618-3832
https://orcid.org/0000-0001-6062-1325
https://orcid.org/0000-0002-7445-3518
https://orcid.org/0000-0002-6029-8721
https://orcid.org/0000-0001-6400-8608
https://orcid.org/0000-0002-2047-5463
https://orcid.org/0000-0001-6859-0009
https://orcid.org/0000-0002-2361-7498
https://orcid.org/0000-0003-1728-2860
https://orcid.org/0000-0002-7634-7380
https://orcid.org/0000-0002-0541-4208
https://orcid.org/0000-0002-2885-5620
https://orcid.org/0000-0001-8408-2821
https://orcid.org/0000-0001-8246-7605
https://orcid.org/0000-0001-7477-1818
https://orcid.org/0000-0003-3329-0385
https://orcid.org/0000-0002-8497-224X
https://orcid.org/0000-0002-7600-0520
https://orcid.org/0000-0002-5314-4687
https://orcid.org/0000-0002-3361-2594
https://orcid.org/0000-0003-0026-5423
https://orcid.org/0000-0003-1331-9080
https://orcid.org/0000-0002-2751-8585
https://orcid.org/0000-0001-9495-9535
https://orcid.org/0000-0002-0712-0705
https://orcid.org/0000-0002-1828-1459
https://orcid.org/0000-0002-6323-5419
https://orcid.org/0000-0002-4179-7816
https://orcid.org/0000-0002-3544-1944
https://orcid.org/0000-0002-8987-4657
https://orcid.org/0000-0001-7772-4531
https://orcid.org/0000-0002-6539-1626
https://orcid.org/0000-0002-3211-7065
https://orcid.org/0000-0003-2422-4589

Chayut Ngamkhanong (), Thailand
Trung Ngo, Australia

Tengfei Nian, China

Mehdi Nikoo (), Canada

Youjun Ning (), China

Olugbenga Timo Oladinrin (), United
Kingdom

Oladimeji Benedict Olalusi, South Africa
Timothy O. Olawumi(»), Hong Kong
Alejandro Orfila (), Spain

Maurizio Orlando (), Italy

Siti Aminah Osman, Malaysia

Walid Oueslati (), Tunisia

SUVASH PAUL (), Bangladesh
John-Paris Pantouvakis (), Greece
Fabrizio Paolacci(), Italy
Giuseppina Pappalardo (), Italy
Fulvio Parisi(?), Italy

Dimitrios G. Pavlou (), Norway
Daniele Pellegrini (i), Italy
Gatheeshgar Perampalam (1), United
Kingdom

Daniele Perrone (%), Italy

Giuseppe Piccardo (), Italy

Vagelis Plevris (), Qatar

Andrea Pranno (), Italy

Adolfo Preciado (2), Mexico
Chongchong Qi (), China

Yu Qian, USA

Ying Qin (%), China

Giuseppe Quaranta (], Italy
Krishanu ROY (i), New Zealand
Vlastimir Radonjanin, Serbia

Carlo Rainieri (), Italy

Rahul V. Ralegaonkar, India

Raizal Saifulnaz Muhammad Rashid,
Malaysia

Alessandro Rasulo (), Italy
Chonghong Ren(?), China
Qing-Xin Ren, China

Dimitris Rizos (2}, USA

Geoffrey W. Rodgers (), New Zealand
Pier Paolo Rossi, Italy

Nicola Ruggieri (), Italy

JUNLONG SHANG, Singapore

Nikhil Saboo, India

Anna Saetta, Italy

Juan Sagaseta (1), United Kingdom
Timo Saksala, Finland

Mostafa Salari, Canada

Ginevra Salerno (), Italy

Evangelos J. Sapountzakis (©), Greece
Vassilis Sarhosis (%), United Kingdom
Navaratnarajah Sathiparan (i), Sri Lanka
Fabrizio Scozzese (), Italy

Halil Sezen (), USA

Payam Shafigh (), Malaysia

M. Shahria Alam, Canada

Yi Shan, China

Hussein Sharaf, Iraq

Mostafa Sharifzadeh, Australia
Sanjay Kumar Shukla, Australia
Amir Si Larbi (), France

Okan Sirin (%), Qatar

Piotr Smarzewski (), Poland
Francesca Sollecito (), Italy

Rui Song (), China

Tian-Yi Song, Australia

Flavio Stochino (), Italy

Mayank Sukhija (), USA

Piti Sukontasukkul (), Thailand
Jianping Sun, Singapore

Xiao Sun (), China

T. Tafsirojjaman (), Australia

Fujiao Tang (), China

Patrick W.C. Tang (), Australia

Zhi Cheng Tang(}»), China
Weerachart Tangchirapat (), Thailand
Xiaxin Tao, China

Piergiorgio Tataranni (), Italy
Elisabete Teixeira (), Portugal

Jorge Ivan Tobon (2), Colombia
Jing-Zhong Tong, China

Francesco Trentadue (), Italy
Antonello Troncone, Italy

Majbah Uddin @), USA

Tariq Umar (), United Kingdom
Muahmmad Usman, United Kingdom
Muhammad Usman (), Pakistan
Mucteba Uysal (), Turkey


https://orcid.org/0000-0003-1321-9952
https://orcid.org/0000-0002-1765-1382
https://orcid.org/0000-0003-3511-7324
https://orcid.org/0000-0003-3555-2430
https://orcid.org/0000-0003-3380-4702
https://orcid.org/0000-0002-1016-8726
https://orcid.org/0000-0003-3277-3852
https://orcid.org/0000-0003-4267-6677
https://orcid.org/0000-0001-9997-2077
https://orcid.org/0000-0001-6584-8166
https://orcid.org/0000-0003-2724-4809
https://orcid.org/0000-0002-9793-1885
https://orcid.org/0000-0002-1374-0732
https://orcid.org/0000-0002-9522-583X
https://orcid.org/0000-0002-3416-771X
https://orcid.org/0000-0002-6595-998X
https://orcid.org/0000-0001-9080-2215
https://orcid.org/0000-0002-8983-8138
https://orcid.org/0000-0002-7377-781X
https://orcid.org/0000-0002-6925-2949
https://orcid.org/0000-0002-5430-2034
https://orcid.org/0000-0001-5189-1614
https://orcid.org/0000-0002-8541-5461
https://orcid.org/0000-0001-8295-0912
https://orcid.org/0000-0002-8086-3070
https://orcid.org/0000-0003-4854-0850
https://orcid.org/0000-0003-4911-1812
https://orcid.org/0000-0002-4266-0424
https://orcid.org/0000-0001-5764-7911
https://orcid.org/0000-0003-3907-0308
https://orcid.org/0000-0002-5675-1511
https://orcid.org/0000-0001-9714-3304
https://orcid.org/0000-0003-1926-8093
https://orcid.org/0000-0002-1677-3070
https://orcid.org/0000-0002-5748-7679
https://orcid.org/0000-0001-8570-0580
https://orcid.org/0000-0002-7378-1763
https://orcid.org/0000-0002-0907-5557
https://orcid.org/0000-0002-8576-3984
https://orcid.org/0000-0002-4532-7512
https://orcid.org/0000-0002-5124-1061
https://orcid.org/0000-0002-3230-4813
https://orcid.org/0000-0002-4699-5248
https://orcid.org/0000-0002-5439-5760
https://orcid.org/0000-0002-0786-9070
https://orcid.org/0000-0002-7062-1406
https://orcid.org/0000-0002-9580-7063
https://orcid.org/0000-0001-5059-0158
https://orcid.org/0000-0002-4801-6744
https://orcid.org/0000-0003-1713-3523
https://orcid.org/0000-0002-9305-116X
https://orcid.org/0000-0001-7554-0253
https://orcid.org/0000-0002-4917-1367
https://orcid.org/0000-0001-9358-1374
https://orcid.org/0000-0003-1435-0733
https://orcid.org/0000-0002-1451-1309
https://orcid.org/0000-0002-7028-8885
https://orcid.org/0000-0001-9925-3881
https://orcid.org/0000-0002-1197-8181
https://orcid.org/0000-0003-2262-6429
https://orcid.org/0000-0002-6827-9904

Ilaria Venanzi (), Italy
Castorina S. Vieira (%), Portugal
Valeria Vignali(?), Italy
Claudia Vitone (), Italy

Liwei WEN (), China
Chunfeng Wan (), China
Hua-Ping Wan, China

Roman Wan-Wendner (i5), Austria
Chaohui Wang(»), China

Hao Wang (2, USA

Shiming Wang (), China
Wayne Yu Wang (), United Kingdom
Wen-Da Wang, China

Xing Wang (), China

Xiuling Wang (), China
Zhenjun Wang (), China
Xin-Jiang Wei (), China

Tao Wen (2), China

Weiping Wen (2), China

Lei Weng(»), China

Chao Wu(2), United Kingdom
Jiangyu Wu, China

Wangjie Wu (2), China
Wenbing Wu (), China
Zhixing Xiao, China

Gang Xu, China

Jian Xu (), China

Panpan (), China

Rongchao Xu (), China

HE YONGLIANG, China
Michael Yam, Hong Kong
Hailu Yang ("), China

Xu-Xu Yang (), China

Hui Yao (), China

Xinyu Ye(), China

Zhoujing Ye , China

Giirol Yildirim (®), Turkey
Dawei Yin (), China

Doo-Yeol Yoo (s, Republic of Korea
Zhanping You (), USA

Afshar A. Yousefi(i»), Iran
Xinbao Yu(®, USA

Dongdong Yuan (), China
Geun Y. Yun (), Republic of Korea

Hyun-Do Yun (), Republic of Korea
Cemal YIGIT (9, Turkey

Paolo Zampieri, Italy

Giulio Zani(»), Italy

Mariano Angelo Zanini (), Italy
Zhixiong Zeng (1), Hong Kong
Mustafa Zeybek, Turkey
Henglong Zhang(®), China
Jiupeng Zhang, China

Tingting Zhang(»), China
Zengping Zhang, China

Zetian Zhang(»), China
Zhigang Zhang (2, China
Zhipeng Zhao (), Japan

Jun Zhao (), China

Annan Zhou ("), Australia
Jia-wen Zhou (), China
Hai-Tao Zhu (), China

Peng Zhu (), China

Quan]Jie Zhu (), China

Wenjun Zhu (), China

Marco Zucca, Italy

Haoran Zuo, Australia

Junqing Zuo (), China

Robert Cerny (), Czech Republic
Siileyman Ipek (9, Turkey



https://orcid.org/0000-0003-3858-9407
https://orcid.org/0000-0001-6328-4504
https://orcid.org/0000-0003-2143-9488
https://orcid.org/0000-0001-6529-4167
https://orcid.org/0000-0001-9323-3927
https://orcid.org/0000-0002-4236-6428
https://orcid.org/0000-0003-3616-5694
https://orcid.org/0000-0001-8975-0745
https://orcid.org/0000-0001-8666-6900
https://orcid.org/0000-0002-6956-0423
https://orcid.org/0000-0003-4375-303X
https://orcid.org/0000-0001-8044-0118
https://orcid.org/0000-0003-4690-1341
https://orcid.org/0000-0001-5445-775X
https://orcid.org/0000-0003-3384-2434
https://orcid.org/0000-0002-4588-3586
https://orcid.org/0000-0001-9354-344X
https://orcid.org/0000-0002-2981-5110
https://orcid.org/0000-0001-8258-3227
https://orcid.org/0000-0002-2694-6211
https://orcid.org/0000-0001-5473-1560
https://orcid.org/0000-0003-1728-9536
https://orcid.org/0000-0002-5932-1429
https://orcid.org/0000-0002-1542-5162
https://orcid.org/%200000-0002-3188-2013
https://orcid.org/0000-0003-1349-0881
https://orcid.org/0000-0001-8735-5207
https://orcid.org/0000-0002-4787-451X
https://orcid.org/0000-0003-1899-5379
https://orcid.org/0000-0002-8846-2001
https://orcid.org/0000-0003-2814-5482
https://orcid.org/0000-0002-9103-6599
https://orcid.org/0000-0002-1840-1887
https://orcid.org/0000-0002-5681-0390
https://orcid.org/0000-0002-7192-6711
https://orcid.org/0000-0002-9868-8776
https://orcid.org/0000-0003-4998-1543
https://orcid.org/0000-0002-1942-7667
https://orcid.org/0000-0001-9794-7820
https://orcid.org/0000-0001-9326-802X
https://orcid.org/0000-0003-4255-8267
https://orcid.org/0000-0002-8538-6381
https://orcid.org/0000-0002-1431-6327
https://orcid.org/0000-0002-7182-2787
https://orcid.org/0000-0002-7934-3027
https://orcid.org/0000-0002-6324-5895
https://orcid.org/0000-0001-6413-345X
https://orcid.org/0000-0001-5209-5169
https://orcid.org/0000-0002-6817-1071
https://orcid.org/0000-0002-5490-4473
https://orcid.org/0000-0002-8610-119X
https://orcid.org/0000-0003-3735-0744
https://orcid.org/0000-0002-3537-8228
https://orcid.org/0000-0002-5497-9854
https://orcid.org/0000-0002-0955-2886
https://orcid.org/0000-0001-8891-949X

Contents

Estimation of Current Water Use over the Complex Topography of the Nile Basin Headwaters: The
Case of Ghba Subbasin, Ethiopia

Mehari Gebreyohannes Hiben (), Admasu Gebeyehu Awoke, and Abraha Adugna Ashenafi

Research Article (14 pages), Article ID 7852100, Volume 2022 (2022)


https://orcid.org/0000-0003-3222-6285

Hindawi

Advances in Civil Engineering

Volume 2022, Article ID 7852100, 14 pages
https://doi.org/10.1155/2022/7852100

Research Article

@ Hindawi

Estimation of Current Water Use over the Complex
Topography of the Nile Basin Headwaters: The

Case of Ghba Subbasin, Ethiopia

Mehari Gebreyohannes Hiben 12 Admasu Gebeyehu Awoke,’

and Abraha Adugna Ashenafi’

!School of Civil and Environmental Engineering, Addis Ababa University, Addis Ababa Institute of Technology (AAiT),

Addis Ababa, Ethiopia

MG Water Resources Consultancy Firm, Mekelle, Tigray, Ethiopia

*Ministry of Water and Energy, Addis Ababa, Ethiopia

Correspondence should be addressed to Mehari Gebreyohannes Hiben; hiben123@gmail.com

Received 26 April 2022; Revised 3 July 2022; Accepted 11 July 2022; Published 8 August 2022

Academic Editor: Yizi Shang

Copyright © 2022 Mehari Gebreyohannes Hiben et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is

properly cited.

Quantifying the available and useable water is critical work in any water resource study and design project. However, it is
challenging to provide a robust and accurate estimation of water use and distribution for better water resource management and
planning. This study aims to estimate the water use by different sectors, including water supply and irrigation sectors, by adopting
estimated demand and supply water quantity. The current total population of the subbasin has been estimated to be 1.21 million.
Thus, in the subbasin, current water use is estimated as follows: domestic and nondomestic water use in the rural area is 3.5 Mm?>/
year and 0.174 Mm®/year, respectively. The domestic water use of the towns is 12.77 Mm®/year. The industrial water use of the
urban areas is 21.2 Mm3/year, whereas the commercial, public, and institutional water use are 1.87 Mm3/year. The real loss for all
the water supply uses is 7.8 Mm?>/year. Thus, the total current water supply uses are about 47.225 Mm?>/year. From the existing
irrigation schemes, about 10,254.8 ha areas are irrigated by both smallholders and different investors, growing vegetables, cereals,
and fruit trees. The annual irrigation water requirements of these schemes are computed to be 151.55 Mm®. Livestock water
demand of the subbasin was assessed and estimated based on the population and consumption rates of the species. Currently, the
subbasin has a total livestock population of 1,527,835, and the water demand of which is estimated at 5.3 Mm® per annum. Hence,
the total current water use estimate of the subbasin is 204.1 Mm”.

1. Introduction

The rapid growth of the population is causing an alarming
demand increase in freshwater resources (e.g., lakes, rivers)
of the world [1-3]. Continuously people who are living in
different states or even within the same boundary are cre-
ating conflicts over water that they withdraw from common
sources, often and even decades pass by, but such water
disputes are not resolved [4, 5]. Water use is often metered in
all other sectors except in the agricultural sector. In this
paper, we examined a case study of current water use

estimates in the Ghba subbasin using geographical infor-
mation system (GIS) and collected data. Several studies, e.g.,
[6-8], have applied the same techniques for the estimation of
agricultural water use using GIS and collected data.
Before the assessment, the study briefly reviewed FDRE
Constitution [9], Water Resources Management Policy [10],
Water Resources Management Proclamation [10], Water
Resources Management Regulations [10], Nile Basin Ini-
tiative Reports [11], Central Statistical Agency Reports
forecasted the population of Ethiopia from 2014 to 2017 [12],
and another related strategic document of water resource
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management policy (WRMP) prepared and ratified by the
Ministry of Water and Energy. The subject of water allo-
cation planning and its sustainable use is directly addressed
in the objective of WRMP of the country, which states: “. ..
to enhance and promote all national efforts towards the
efficient, equitable and optimum utilization of the available
water resources of the country for significant socioeconomic
development on a sustainable basis” [10].

Currently, in the study area, many investors and local
farmers are using different sizes of pumps upstream of the
river for irrigation purposes. This water abstraction is
done without knowing their current water use, which
sometimes creates a violent water conflict. Thus, the
economic water scarcity in the subbasin is threatening the
livelihoods of smallholder farmers, investment activities,
and unique biodiversity resources. This situation has
made the need for wise water management, which in-
cludes demand planning and water allocation plans, more
urgent than ever. Therefore, the motto of this manuscript
is to initiate and create a platform to assess the current
water use with simple and more reliable techniques while
dealing with the study and design of any irrigation and
water supply projects.

The study presented in this paper is designed mainly for
the civil engineers engaged in the study and design of water
supply and irrigation projects. Also, it helps policymakers to
understand how the water resource system in a specific
subbasin/catchment is behaving. Therefore, the main ob-
jectives of this study are to estimate the water uses for water
supply (domestic, nondomestic, Commercial, Public, and
Institutional Water Uses), irrigated agriculture (all water
supplied for irrigation farms and horticultural production,
as well as water used to irrigate public and private plots), and
the livestock water uses including the smallholders and
investment enterprises.

2. Materials and Methods

2.1. Description of the Study Ssubbasin. The Ghba subbasin is
positioned in northern Ethiopia and covers from 38°38’ to
39°48 Eastern longitudes and 13°14’ to 14’16’ northern
latitudes (Figure 1). The total area of the Ghba subbasin is
about 5125km? and comprises the Tigray regional state’s
capital city Mekelle. It forms the headwaters of the Upper
Tekeze River basin, one of the major tributaries of the Nile
River [13]. The landscape is characterized by highlands and
hills in the north and north-eastern and highlands in the
central part of the catchment [14]. The central highlands are
divided by numerous rivers that flow towards the south-
western part of the subbasin and joins the main Tekeze River
at Chemey [15]. The altitude varies from 3,300 meter above
seas level (m.a.s.l.) at Mugulat Mountains near Adigrat town
to 930 m.a.s.l. At the subbasin outlet [16]. The mean ele-
vation of the catchment is 2144 m, with a standard deviation
of 361 m indicating that the topography is very rugged [15].

Water demand datasets of water supply, irrigated agri-
culture, and livestock are required for the estimation of
current water use analyses. These numerical analyses directly
depend on the quality and length of the time series data [17].

Advances in Civil Engineering

Therefore, sufficient exertion was given to verify the accu-
racy of the dataset. These datasets and methods are sum-
marized in the following sections, and the overall method of
current water use estimation is structured in Figure 2.

2.2. Hydrometeorology and Socioeconomic Data. The na-
tional growth and transformation plan- IT (GTP-II), national
growth and transformation plan- I (GTP-I), One WASH
national program (2013-2020), universal access program
(UAP), urban water supply design criteria [18], guidelines
for drinking-water quality [19], the millennium develop-
ment goals (2000-2015), and the sustainable development
goals (2015 to date and beyond) by the United Nations [20]
were reviewed for the current water use assessment and
demand projection purposes.

The Ghba subbasin is known for its high socioeconomic
development in the Tigray National Regional state [21]. The
size of the population in the subbasin is increasing so
alarmingly because of emerging new cities and the expansion
of industries, livestock, and modern irrigated agriculture
[22]. The population water intake is taking a significant share
of the water resources that are either from the river, runoff,
deep well, and/or shallow well. Therefore, computing their
demand under current and future condition is vital to es-
timate the overall water supply sector water requirements
[17].

Generally, there is uncertainty about the actual domestic
water use dataset collected from the Woreda and regional
stakeholders of the subbasin area [23]. Thus, to reduce the
level of data uncertainty, water consumption of the urban
and rural settlements was estimated based on per capita
water uses recommended by GTP-II [24, 25] and population
size and indexed by the water supply coverage rate reported
by the region [26]. According to the GTP-II plan, rural
settlements in Ethiopia will enjoy 25 litters of per capita
domestic water consumption by 2020 [27]. Thus, this
minimum threshold value is adopted and factorized with the
reported water supply coverage of the areas to estimate the
actual domestic water consumption. Similarly, as per the
GTP-IL, e.g., [27, 28] water supply service level standard, it is
required to provide safe water in urban areas in accordance
with the category of towns set in line with the population size
(Table 1).

During the field assessment, large numbers of industries
of all categories were identified in the subbasin. However,
data on the actual water consumption rates of all the
identified industries still had some uncertainties [29]. To
reduce the level of uncertainties, good data values were
adopted and factorized with the capacity of the industry, e.g.,
[24, 30].

The water uses of facilities, such as schools, hospitals,
hotels, and small commercial enterprises, and also public
service water use centers were assesed. This depends on
the extent and development of the institutional and
commercial base and varies with the domestic water use
[31, 32]. As this water use data could not be available, the
values are also estimated as a function of the domestic
water use.
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TaBLE 1: Urban categories according to GTP-IL
City level Population size Per capita water use target at the end of GTP-II, I/c/d
1 >1,000,000 100
2 100,000-1,000,000 80
3 50,000-100,000 60
4 20,000-50,000 50
5 <20,000 40

Source: GTP-II plan, strategic document for water sector development.

Long-term data from selected meteorology stations
representing the climatic conditions of identified major
agroecology of the Ghba subbasin was collected from the
Ethiopian national metrological services agency [33] and
compiled to get the long-term annual, monthly average
data of rainfall, temperature, wind speed, sunshine hours,
and relative humidity. The agricultural water demand as-
sessment of the subbasin has considered major agro-
ecological zone distribution that has a direct influence on
the variability of irrigation water utilization and crop water
requirements. Out of the identified 32 subagroecological
zones of the country [34], two of them are found in this
subbasin (Figure 1), and about 15 meteorology stations of
different classes are being located in the subbasin, and its
periphery used as the climate data source for water re-
quirement analysis after screening 11 stations in the basin
were considered for further analyses considering the data
quality, length, and agroecology conditions. The two major
and subagroecology of the subbasin as reported by MOA
[34] are Tepid to cool submoist mid-highlands (SM2), Hot
to warm submoist lowlands (SM1), Tepid to cool submoist
plains and mountains and plateau (MS2-5), and Hot to
warm submoist river gorges (MS1-4), respectively
(Figure 1).

Here, the estimation of ETo was the first step to cal-
culate the crop water requirement based on temperature,
humidity, wind speed, and sunshine hours of the respective
area [35, 36]. The monthly ETo data was used for the
computation and establishment of monthly crop evapo-
transpiration (ETc) [37]. The Penman-Monteith method
[38], which is the most common and recommendable
method, was used in estimating ET,, and is adopted in the
demand analysis (Table 2). The overall estimation method
of irrigation water requirement estimate is characterized in
Figure 3.

The monthly water requirements of the recommended
crops were then computed after fixing the evapotranspira-
tion of the target area and identifying the crop coeflicients of
the existing irrigated crops [39, 40]. Appropriate crop co-
efficient (Kc) values for each growth stage were selected and
applied [41, 42]. Accordingly, an overall average of 40%
irrigation efficiency was used for all current irrigated areas
after averaging the different efficiency used in the Woredas
[26].

The annual crop water consumption of surface and other
high-tech irrigation schemes operating in the subbasin was
assessed by gathering data from respective irrigation users’
offices, investors, and our measurement data for the selected
projects from 2019 up to 2020. Then, the gross irrigation use

and the requirement were estimated based on the computed
net irrigation requirements and irrigation efficiency
depending on the purpose of the computation [43, 44].

2.3. Agronomy Data. Crop coeflicient and length of growing
period (LGP) are the required inputs to estimate the irri-
gation water requirement of proposed crops. To calculate the
water requirement of the individual crop, appropriate crop
coefficients Kc have been used, which represent the rela-
tionship between the reference crop water requirement and
evapotranspiration ETo, this being x Kc=ET crop.

Accordingly, the crop coefficients were referred from
different research works of literature and adopted with a
monthly weighted value of them for each crop and their
growth stages.

In the case of crop LGP, the required data were collected
from the field for dominant crop varieties and also referred
to different agronomy guidelines [45]. In the following
Table 3, the crop coeflicient and length of the growing period
for each of the considered crops are presented. Hence,
according to many researchers, e.g., [46-48], the equations
recommended by FAO [45] to compute current irrigation
requirements are summarized from equation (1) through
equation (3) as follows:

where
CWR = ETc = ETo = Kc, (1)
NIWR = CWR * A, mm/period, (2)
NIWR
GIWR = . (3)
EP

ETc = Crop evapotranspiration (mm/day).

ETo = Reference crop evapotranspiration (mm/day).
Kc =Crop coeflicient (fraction).

CWR = Crop Water Requirement.

NIWR = Net Irrigation Water Requirement.
GIWR = Gross Irrigation Water Requirement.

E, =Overall Irrigation efficiency, including the con-
veyance, distribution, and field application efficiencies.

Acrop=Area coverage in a season (ha).

2.4. Domestic Water Use Data. Table 4 summarizes the
current water supply capacity data for the Ghba subbasin
collected from different water utility offices. Mainly the
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TaBLE 2: Computed evapotranspiration of different agroecologies of the subbasin.

Station name Lat’ Long’ Alt. (m) Mean annual ETo (mm) SAEZ MAEZ
Mekelle 13.45 39.53 2,260 1,744 SM2-5 SM2
Adigrat 14.00 39.27 2,470 1,755 SM2-5 SM2
Adigudem 13.16 39.13 2,100 1,796 SM2-5 SM2
E/hamus 14.18 39.56 2,700 1,544 SM2-5 SM2
Hawzen 13.98 39.43 2,255 1,886 SM2-5 SM2
Illala 13.52 39.50 2,000 1,752 SM2-5 SM2
H/Selam 13.65 39.17 2,630 1,573 SM2-5 SM2
AbiAdi 13.62 39.02 1,850 1,987 SM2-5 SM2
Samre 13.13 39.13 1,920 1,867 SM2-5 SM2
Dengolat 13.19 39.21 1,950 1,643 SM2-5 SM2
Wukro 13.79 39.60 1,995 1,749 SM2-5 SM2

Source metrological stations Source FAO, Agricultural data bases

l —
1 \
Source metrological stations
F1GURE 3: Flowchart showing procedures in the estimation of irrigation water requirement.
TaBLE 3: Crop coefficient and length of the growing period used for CWR computation.
Kc LGP, in days

Crop . . . .

Initial Dev. Mid Late Initial Dev. Mid Late Total
Cabbage 0.5 0.75 1 0.95 20 30 35 25 110
Onion 0.5 0.75 1.05 0.85 20 35 40 25 120
Pepper 0.35 0.7 1.05 0.9 25 35 40 20 120
Tomato 0.45 0.75 1.15 0.9 20 30 40 20 110
Carrot 0.7 0.85 1.05 0.95 15 30 30 15 90
Kale 0.7 0.7 1 0.95 30 60 60 30 180
Papaya 0.9 1 1.1 0.9 60 80 90 60 290
Potato 0.45 0.75 1.15 0.9 25 30 45 30 130
Sugarcane 0.45 0.85 1.15 0.75 30 60 180 95 365
Beet root 0.45 0.8 1.12 0.95 15 25 30 20 90

Source: FAO irrigation and drainage P 56; MOA, 2018 SSIGL irrigation agronomy guideline.
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TaBLE 4: Current water supply capacities of Woreda s and towns in the subbasin.
Existing water supply capacity (m>/month)

S/IN Zone Woreda Supply Source Town Supply Source
1 Eastern Atsbi Wenberta 76,361 GW, river Abi Adi 35,483 GW

2 Central Degua Temben 89,508 GW, river Agbe 12,424 GW

3 Southern Enderta 73,098 GW, river Hagereselam 28,291 GW

4 Eastern Ganta Afeshum 53,590 GW, river Mekelle 760,668 GW, SW
5 Eastern Hawzen 75,422 GW, river Quiha 33,420 GW

6 Southern Hintalo Wejerat 94,885 GW, river May Makden 10,939 GW

7 Eastern Kelete Awelallo 53,613 GW, river Agulai 21,650 GW

8 Central Kola Temben 72,354 GW, river Wukro 69,725 GW

9 Eastern Saesie Tsaedaemba 69,959 GW, river Hayki Meshal 15,395 GW
10 Southern Saharti Samre 60,242 GW, river Atsbi 25,054 GW
11 Central Tanqua Abergele 45,189 GW, river Sinkata 24,504 GW
12 Edaga Hamus 26,719 GW

Total 764,220 1,064,272

sources are groundwater (GW) followed by surface water
(SW).

2.5. Existing Irrigation Area. As summarized in Table 5 data
of existing irrigation areas in hectarage (ha) were collected
from all stakeholders who are working on the development
of irrigation infrastructure in the sun basin.

3. Results and Discussion

Thus, the urban categories in accordance with the pop-
ulation size and proposed service levels collected from the
Woredas and the current water supply coverage are mapped
in Figure 4. Figure 4 contains two pieces of information;
category means according to the policy of the country based
on the consumption rates, towns are categorized under
categories 1, 2, 3, 4, and 5. Thus, the map tells which city is
categorized where. The second information is about the
coverage of water supply in the study area and is described in
percentages range. Hence, there are different methods of
mapping; our choice of mapping was by district level, i.e.,
mixing of those areas in the range of the expressed
percentage.

3.1. Nondomestic and Industrial Water Use Estimate.
Thus, as the major industries located in the subbasin have
recorded water consumption data, other water uses were also
estimated indirectly based on the data from similar indus-
trial water use. Apparently, for planning purposes, a reliable
Industrial Water Demand indicator was assessed and found
to be more than 100% of Domestic Water Demand in large
and medium towns and 20% to 60% of Domestic Water
Demand in small towns [49]. This current industrial water
use estimate is summarized in Table 6.

These water uses are categorized here as nondomestic
and include all water consumption other than domestic in
the case of rural areas. The nondomestic water uses for the
rural areas were also estimated based on the domestic water
use, which is assessed to be 5% [50, 51]. Accordingly, current
commercial, public, and institutional water use of both

TaBLE 5: Collected data of existing irrigated areas in the subbasin.

Irrigation coverage in each Woreda inscribed by the subbasin
Area (ha) Coverage (%)

S/N Zone name Woreda name

1 Eastern Atsbi Wenberta 264.73 0.47
2 Central Degua Temben 627.60 0.78
3 Southern Enderta 4,558.61 4.82
4 Eastern Ganta Afeshum 168.68 1.43
5 Eastern Hawzen 205.26 1.05
6 Southern  Hintalo Wejirat 215.72 1.33
7 Eastern Kelete Awelallo 2,660.85 3.06
8 Central Kola Temben 150.00 0.57
9 Eastern  Saesie Tsaedaemba  698.63 1.55
10 Southern Saharti Samre 127.91 0.43
11 Central Tanqua Abergele  576.84 1.22
Total 10,254.82 2.00

urban and rural areas in the subbasin are summarized in
Table 7.

The loss of water from the existing water supply schemes
is included in the estimation of the total water use. In
principle, the magnitude of the loss of water depends on
different factors that include age and length of distribution
pipe, operating pressure, number of connections, and
maintenance services given to the system. As the actual value
of loss could not be quantified, often it is reported as a
percent of the total demand, and its value varies from 5 to
30% [51].

In the current study, real water loss percentages that
varied from 10 to 30% were adopted according to our data
measurements, and water utility offices with the size of
population and time as proposed by current assessment and
previous studies [52, 53] are used for estimation of current
water loss. Apparently, real water loss estimated for the rural
and urban settlements of the Ghba subbasin is summarized
in Table 8.

3.2. Agricultural Water Use Estimate

3.2.1. Irrigation. Maximum effort was made to verify the
collected data of irrigable land delineated by GPS in each
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TaBLE 6: Current industrial water uses of the urban areas in the subbasin.
Existing water supply use (m*/month)
SIN Industry Town Use Source
1 Velocity textile Mekelle 230,668 GW
2 Mekele steel industry Mekelle 16,383 GW
3 Ma garment Quha 19,961 GW
4 Mekele industry zone Mekelle 320,667 GW, SW
5 Quiha Textile Quha 117,371 GW
6 Semayata marble Wukro 12,969 GW
7 Sheba lazer Wukro 26,013 GW
8 Mesfin industrial Mekelle 43,800 GW
9 Selam steel factory Mekelle 17,271 GW
10 Wukro car assembly Wukro 14,565 GW
11 Dera water bottling Atsbi 16,581 GW
12 A summary of more than 100 small industries Mekelle 929,600 GW, SW
Total 1,765,849

Woreda. Continuous consultation and assessment were
made with the Woreda offices and Tigray Water Resource
Bureau during the field survey. Thus, the total irrigated area
for the production year 2021 was mapped in GIS (Figure 5)
from the GPS database and verified via Google Earth and
physical measurements, and then estimated at around
10,254.8 ha. From the previous assessments and inventory
conducted on the irrigated area size mainly by Tigray Water
Resource Bureau (TWRB) in 2015 and 2016, the total irri-
gated areas were 8,725.98 ha and 9,0170.76 ha, respectively.
There has been an increment in the irrigated area since the

inventory, but the data from Woredas somehow looked
exaggerated as compared to the major finding of this study
and also when compared to the then TWRB inventory as-
suming increment due to additional areas developed, though
not able to get the specific/actual additional areas since then.

Common rainfed agriculture in the basin includes Teff,
wheat, barley, maize, sorghum, and pulses. However, irri-
gated agriculture at the household level and agricultural
investment have also increased significantly in recent years
[15, 54]. During the mapping process, those areas less than
or equal to 10 hectares were summed up. Furthermore, the
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TaBLE 7: Current commercial, public, and institutional water use of the rural and urban areas of the subbasin.
Existing water supply use (m*/month)
S/IN Zone Woreda Use Source Town Use Source
1 Eastern Atsbi Wenberta 1,891 GW, river Abi Adi 1,774 GW
2 Central Degua Temben 3,469 GW, river Agbe 621 GW
3 Southern Enderta 2,348 GW, river Hagereselam 1,415 GW
4 Eastern Ganta Afeshum 574 GW, river Mekelle 115,953 GW, SW
5 Eastern Hawzen 869 GW, river Quiha 8,538 GW
6 Southern Hintalo Wejerat 398 GW, river May Makden 547 GW
7 Eastern Kelete Awelallo 2,301 GW, river Agulai 1,082 GW
8 Central Kola Temben 690 GW, river Wukro 6,164 GW
9 Eastern Saesie Tsaedaemba 1,364 GW, river Hayki Meshal 770 GW
10 Southern Saharti Samre 228 GW, river Atsbi 2,082 GW
11 Central Tanqua Abergele 329 GW, river Sinkata 1,225 GW
12 Edaga Hamus 1,336 GW
Total 14,460 141,506
TaBLE 8: Estimated current real water loss of urban and rural areas in the Ghba subbasin.
Existing water supply lose (m*/month)
S/N Zone Woreda Loss Source Town Loss Source
1 Eastern Atsbi Wenberta 7,146 GW, river Abi Adi 53,585 GW
2 Central Degua Temben 13,113 GW, river Agbe 5,886 GW
3 Southern Enderta 8,876 GW, river Hagereselam 9,933 GW
4 Eastern Ganta Afeshum 2,170 GW, river Mekelle 239,457 GW, SW
5 Eastern Hawzen 3,283 GW, river Quiha 31,866 GW
6 Southern Hintalo Wejerat 1,506 GW, river May makden 4,891 GW
7 Eastern Kelete Awelallo 8,696 GW, river Agulai 9,749 GW
8 Central Kola Temben 2,608 GW, river Wukro 23,938 GW
9 Eastern Saesie Tsaedaemba 5,154 GW, river Hayki meshal 6,687 GW
10 Southern Saharti Samre 863 GW, river Atsbi 8,340 GW
11 Central Tanqua Abergele 1,244 GW, river Sinkata 8,462 GW
12 Edaga Hamus 191,531 GW
Total 54,660 594,325

total number, average, minimum, and maximum size of the
subbasin population and the percentage distribution of each
Woreda population are also mapped in Figure 5.

The mean daily ETo for all the different AEZs in the
study area ranges from 4.08 mm to 5.33 mm. The irrigation
water demand was estimated for three separate irrigation
cycles; the first-round irrigation starts from October to the
end of January, the second round of irrigation from early
February to the end of May, and supplemental irrigation
from June to the end of September.

The current estimated irrigation water demand is
summarized in Table 9. Accordingly, the current annual
irrigation water demand is found to be 151.51 Mm™ The
demand reaches its peak in December (30.87 Mm?) and
January (31.11 Mm?), while the lowest demand is in June
(1.13 Mm”), also summarized in Figure 6. Thus, the average
water demand per ha is 14,778.44 m’. In estimating the
current gross irrigation water demand, the analysis con-
sidered the weighted average irrigation efficiency of the
current irrigation system data, which is estimated at 40%.
Details of existing water consumption on monthly bases are
summarized in Figure 6. And also, Figure 7 summarizes the
analytical annual output GIS map of ETo, and both current
NIWR and GIWR per hectare, or the duty for irrigation

water requirement per hectare spatial distribution of the
subbasin computed from monthly ETo and agroecological
zoning of the subbasin.

3.2.2. Livestock. The current livestock water demand for the
subbasin was computed based on the population and av-
erage livestock water intake rate per head per day. As
mentioned in the previous section, the number of livestock is
available from stakeholders, and the average water intake
rate values for each species were adopted from this study
[55]. The adopted consumption unit rates are presented in
Table 10.

According to the study, the total annual current livestock
water requirement of the subbasin is estimated at 5.25 Mm”.
As presented in Table 11, the highest consumption demand
goes to the cattle group, which accounts for about 69% of the
total livestock demand. The share of annual water re-
quirement for sheep is 11%, donkeys 10%, goats 5%, bee-
hives 3%, and poultry 2%.

3.3. Overall Water Use Estimate. Finally, after estimating
each current water use at the Woreda level both for rural and
urban areas of different sectors, the total current water use
estimate of the subbasin is 204.1 Mm? and is summarized in
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FIGURE 5: Existing irrigated area and population size distribution in the subbasin at each Woreda.

TaBLE 9: Current estimated irrigation water demand of the subbasin.

Irrigation cycles Area (ha) Irrigation water requirement (Mm®)
First-round irrigation 10,254.80 96.52

Second-round irrigation 7,715.91 47.99

Supplemental Irrigation 2,420.29 7.04

Total 20,391.00 151.55

Table 12, and the estimated current water use GIS map of the
subbasin is quantified in raster calculator by IDW method
shown in Figure 8. This result shows high stress or water

abstraction is in the central part of the subbasin where the
capital city of the Regional Government of Tigray is lying,
and, of course, almost all industries exist in concentration
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TaBLE 10: Livestock water use rate in liters per head per day (Richard 1995).

11

Average water demand (lit/h/d)

SN Livestock
Normal weather Hot weather
1 Cattle 25 30
2 Sheep 5 5
3 Goats 5 5
4 Horses 12 20
5 Mules 12 20
6 Donkeys 12 20
4 Camels 30 20
8 Poultry 0.22 0.4
9 Beehives 11 11
TaBLE 11: Current total livestock population and water demand of the subbasin.
Current annual water use in m>/year

S/IN Livestock Population Use
1 Beehives 43,265 171,331
2 Poultry 604,665 87,072
3 Sheep 334,304 601,747
4 Cattle 333,269 3,599,303
5 Camel 1,655 17,877
6 Mules 527 3,796
7 Donkey 71,786 516,862
8 Goat 138,087 248,557
9 Horse 277 1,992

Total 5,248,535

TasLE 12: Summery of all current water use in the subbasin in Mm”.

Woreda Domestic Nondomestic Industry Loss Irrigation Livestock Sum
Atsbi Wenberta 0.75 0.05 — 0.19 3.91 0.69 5.59
Degua Temben 117 0.06 — 0.28 9.27 0.95 11.73
Enderta 10.09 1.52 20.35 3.36 67.37 0.50 103.19
Ganta Afeshum 0.75 0.04 — 0.49 2.49 0.14 3.92
Hawzen 0.21 0.01 — 0.04 3.03 0.24 3.53
Hintalo Wejirat 0.10 0.00 — 0.02 3.19 0.09 3.39
Kelete Awelallo 1.96 0.13 0.84 2.87 39.32 1.06 46.19
Kola Temben 0.74 0.04 — 0.67 2.22 0.31 3.98
Saesie Tsaedaemba 0.33 0.02 — 0.06 10.32 0.55 11.28
Saharti Samre 0.05 0.00 — 0.01 1.89 0.16 2.11
Tanqua Abergele 0.08 0.00 — 0.01 8.52 0.56 9.19
Total 16.24 1.87 21.1907 8.00 151.55 5.24 204.10
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F1Gure 8: Current total water use/abstraction of the subbasin by sector and spatial.

within this area. Furthermore, the population density in the
area is also increasing alarmingly from time to time.
Thus.

4. Conclusion and Recommendation

This study estimates the current use of water both for water
supply and agriculture purposes. The estimate shows that the
current domestic and nondomestic water use of the rural
area of the subbasin is 3.5 Mm®/year and 0.174 Mm’/year,
respectively. At the same time, the domestic water use of the
towns in the Ghba sSubbasin is estimated to be 12.77 Mm®/
year. The industrial water use of the urban areas is estimated
to be 21.2 Mmalyear, whereas the commercial, public, and
institutional water use is 1.87 Mm’/year. The estimated real
loss for all the water supply uses is 7.8 Mm*/year.

The current irrigation water consumption of the above-
mentioned groups of irrigation water users was estimated
independently, considering their water management effi-
ciency and distribution. The existing irrigated land in 2019/
20 was estimated for the first and second rounds under a full
irrigation system. The first round, which extends from
October to January of the cropping year of 2020/21, has an
estimated irrigated land of 10,254.8 ha, while the case of the
second-round irrigation period, which extends from Feb-
ruary to the end of May, has the area coverage of 7,715.91 ha.
In addition, the supplementary irrigation activities, which
were mainly experienced in the highland part of the sub-
basin, had an estimated area coverage of 2,420.29 ha. Based
on the estimated irrigated areas of different seasons, the
irrigation water consumption for different cropping patterns
was estimated using the Penman-Monteith method and

empirical formula for ETo, crop water requirement, and
irrigation water requirements. Accordingly, the estimated
results for smallholders and investors irrigation water
consumption in the subbasin is around 151.55Mm® per
annum.

Livestock husbandry is the second most important ag-
ricultural water user sector in the subbasin. As mentioned
earlier, the water used for livestock production simply de-
pends on the current livestock population and rate of
consumption for each species. Accordingly, the current
(2020/21) total livestock and poultry population of the
subbasin is estimated to be about 923, 170, and 604,665,
respectively. Accordingly, their corresponding annual water
consumption is 5.3 Mm”.

These methods of current water use estimation are
curtail preliminary working input data that have to be in-
corporated in any study and design of water resource
projects. Thus, they help to reduce the level of uncertainty of
efficient water use distribution in the study area, violent
water conflict, optimum utilization of water resource
projects, and so on.

The method of these current water uses estimations
considered in this study may not be absolute as validation of
these products in different study periods and conditions
could result in different estimates. Assessment and inter-
polation of the data collection and estimation method over
complex terrains may also introduce uncertainties and
therefore limits the validity of the result. However, con-
sidering the current data availability, the result of this study
provides a basis for the utilization of water allocation plans
for the current and future scenarios over the complex to-
pography of the Ghba subbasin. It will be a useful reference
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for future related studies of current water use estimation
techniques that will help improve water allocation plans.
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