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1. Background




Background

Climate change is intensifying the water cycle, increasing the frequency of
extreme events, and leading to more severe drought in many regions worldwide.
Long-lasting, widespread, and highly-intense severe droughts are expected to
significantly increase in the future, and some regions may even suffer record-
breaking super-droughts.
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Background

» China Ministry of Water Resources realized the lack of accuracy and scientific in
management of drought prevention measures, including inaccurate timing of
decision-making or excessive emergency responses.

> Drought-limited water level (DLWL) is proposed as a key indicator for drought

warning and reservoir operation, hope to be as useful as the flood limit water level.
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Background

> The essence of drought is a water shortage. The core of determining the DLWL in
the optimization and allocation scheduling of water resources under drought
conditions, coupled with the uncertainty of drought development.

Three practical problems Three scientific problems
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2. Methods




Methods

€ The DLWL serves as a symbol of the shift in reservoir operation from normal
operation to emergency.

® Risk hedging: Hedging Large Risks with Small Risks. When the water level in the
reservoir is below the DLWL, a certain degree of restriction is set on the water
supply of each user, thus reserving water in the reservoir for coming drought.

€® Method: scientific and practical

Water demand
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Methods (@

B The graded and staged drought-limited water level

€ To cope with different degrees of drought, the DLWL is set into drought warning water level for

mild drought and drought guaranteed water level for extreme drought.

€ the DLWL in a hydrological year are divided into stages such as flood season, drought period, and
irrigation period.

Water level

Flood limit water level Normal water level

1 drought warning water level

rought guaranteed water level

Dead level

time



Methods

m 4 major categories of drought-limited water level determination methods were
built, solving the problem of applicability of drought-limited water level for
different types of rivers, lakes and reservoirs.

Methods Key points Advantages Limitations

Strong
Graded Considering the requirements applicability,
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2.1 The reverse order recursive algorithm

Main steps

€ Hydrological years are divided into stages such
as flood season, drought period, and agricultural
irrigation period, according to the law of water
use

@ Use inflow in the drought years(P=75%, 95%) as
the design inflow

€ Obtain the water demand for normal years
through investigation

€ Obtain basic water demand for drought years

&€ Calculate the DLWL with a reverse order method

Algorithm for DLWL

Drought staging
<z

Design inflow

N

Water demand in normal years

e

Basic water demand in dry
periods

5

Reverse recursive method




2.1 The reverse order recursive algorithm

€ An empirical water demand adjustment
coefficient is determined according to
the "National Flood Control and
Drought Relief Emergency Plan". The
product of water demand in normal
years and water demand adjustment
coefficient of each industry is used as

the water demand in drought years.

m\Water demand analysis——empirical coefficient
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2.1 The reverse order recursive algorithm

B Reverse order algorithm

€ Assuming that the dead level is reached at the end of the scheduling period, the reverse order

recursive method is used to accumulate the difference between the inflow and water demand

of the reservoir in the drought year month by month to obtain the monthly DLWL

n
Zpjt = f (Z 1Ni,t X a; + Wipsst —
i=

n
Znpe = f (Z 1Ni,t X b + Wigss,t —
i=

Zg =Zp

water storage

Wpit + f,(Zhj,t+1)>

Wpa,e + f,(Zhb,t+1)>

Dead storage
capacity

A

Stacked water
shortages

Water storage in end of session
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2.2 Optimization method for DLWL based on NSGA-1I (&

m\Water demand analysis——optimized coefficient

¢ In order to achieve the most reasonable water Algorithm for DLWL
supply restriction for each user during the drought
period, a multi-objective optimization model for Drought staging
the water demand adjustment coefficient is JT
constructed. Design inflow
¢ Based on the principle of wide and shallow damage, T
the objective function is the average and standard Water demand in normal years
deviation of monthly water shortage rate in =
drought years (P 2 75%); Basic water demand in dry
¢ The low average water shortage rate indicates a periods
weak degree of water shortage; The small standard ]

Ay

deviation of water shortage rate indicates a small -
Reverse recursive method

change in all periods.




2.2 Optimization method for DLWL based on NSGA-Il  {

B Optimization coefficient

(1) Objective function:

(2) Decision variable:

(3) Constraints:

(4) Optimization algorithm:

—————————————————————————————————————————————————————

n n
e The average monthly SR, = ( N, — z W t) /
water shortage rate 1s =1 i=1

minimum
* The SD of the water shortage _ \/ r 1(SRt — §R)
O' =

rate in drought years is
minimum

—————————————————————————————————————————————————————

———————————————————————————————————————————————————————

——————————————————————————————————————————————————————

a. Constraints of water balance

b. Constraints of reservoir water level constraint

c. Constraints of water supply flow constraint

d. Constraints of drought limited water level supply strategy

o - — —

———————————————————————————————————————————————————————

! Multi-objective and non-dominated sorting genetic algorithm (NSGA-II) i



2.3 Drought prevention based on risk prediction and DLWL

m Reservoir operation rules based on DLWL
¢ when the water level is lower than the DLWL, the water demand of each user should

be limited according to the water demand adjustment coefficient.

¢ The water reserved by each user is stored in the reservoir to avoid serious irreparable

water shortage damage during subsequent drought periods.

Storage capacity
Water Su p p |y ru Ies Normal water level Normal supply
WS(l, t) — N(l, t) ) Zt > Zhj,t
. . D ht ing limit water level
WS(l’ t) — N(l’ t) X ai, Zh] . > Zt > Zhb . rought waring limit water leve
) ) ’ ’ First level restricted supply
WS(U t) — N(l' t) X bi; Zt < Zhb,t Drought guaranteed limit water level

Second level restricted supply
Dead water level

No supply

>




2.3 Drought prevention based on risk prediction and DLWL

»» Drought Risk Assessment Techniques

m Based on the analysis of drought risk impact pathways, the DLWL is integrated into the early
warning index, taking into account the inherent uncertainty of risk. A comprehensive Drought
Risk Assessment Techniques System is proposed, which comprises diagnostic analysis, damage
assessment, resistance assessment, and risk characterization.
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2.3 Drought prevention based on risk prediction and DLWL

% Drought scheduling model technology of river, lake and reservoir

m Utilizing the DLWL as the initial condition for drought scheduling, a technical system consisting
of "monitoring-forecasting-evaluation” is established.

m Based on the theory of hierarchical allocation, hedging, and critical control of drought-resistant
water sources, the model technology known as "target analysis - hierarchical scheduling - real-
time coupled with forecast information" has been developed.
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2.3 Drought prevention based on risk prediction and DLWL

»» Drought prevention and dispatch decision technology system
s The DLWL is used to connect all aspects of drought prevention, and the drought prevention
dispatching system of "monitoring and forecasting - program generation - benefit evaluation
and intelligent decision-making" is established to realize the integrated decision support of
"massive plan pre-storage, automatic response matching, intelligent optimization and
recommendation”

o . Initiating‘ source Exploitation & Optimize scheduling&
Monitoring & Warning  response Drought simulation Recommended solutions

s Monitoring and forecastlng Defense decision simulation * Evaluation of benefit
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3. Applications




Application

m The methods have been adopted by China Ministry of Water Resources
and applied to the determination of DLWL of 1278 stations in 2022
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3.1 Case study

o (] 7K | 7K FEL R A BT 2T e

China Institute of Water Resources and Hydropower Research

€ Geographical position: The Fenhe Reservoir is

located in the upstream of the main stream of the
Fenhe River, in Shanxi province, with a storage
capacity of 226 million m3, the Fenhe Second
Reservoir is located downstream of Fenhe
Reservoir, with a storage capacity of 47.5 million
m3,

€ According to historical records, the Fenhe River

Badin experienced over 300 droughts between the
15th and 20th centuries; In the second half of the
20th century, there were 41 years of drought in the
whole watershed, with frequent occurrences of
continuous drought.

~ Fenhe
- Reservoir

Fenhe
Second

Reservoir
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3 ° 1 Ca Se St u dy China Institute of Water Resources and Hydropower Research

m Water resource system network —

?)ome.:stic water from Fen River
in Taiyuan * (260 million m?)
(120 million m?)
¢ The order of water supply objects are:
domestic, ecological, industrial and andloatage P —— | Industrtal water
L. . (20 million m®) (10 million m’)
Irrlgatlon; Incoming water
. between reservoirs
€ The main water users are downstream of Evaporation (67 million m?)
and leakage <
the Fenhe Second Reservoir, The total (37 miltion nr’) y Evaporation
Fenhe Second Reservoir »| and leakage
. . - 66 million m*
water consumption is about 435 million m3 @ mmon m
Industry in first Barrage
(7 million m?) . 3
Agriculture in first Barrage | Fenhe First Barrage
(5 million m%) Drainage
r (158 million m?3)

Fenhe First Barrage Fenhe Sencond Barrage
Irrigation District T

Industry(20 million m?) Fenhe Thrid Barrage
Agriculture(110million m?)

F 3

F 3

A 4

Ecosystem water
demand in Fenhe River
(40 million m?)




3.2 water allocation without DLWL

B Average and standard deviation of water shortage rate during drought years

- the average monthly water shortage rate in a drought year (P>75%) is 32%, The
fluctuation of water shortage rate is significant

- the water shortage rates for domestic and irrigation are 25% and 53% respectively.

Average and standard deviation of monthly water shortage rate in drought
years (P > 75%) under no-drought-limit water level

Water shortage _ Upstream  Downstream , Total water
domestic Ecology _ _ Agriculture :
rate industry industry consumption
Average 25.1% 36.6% 55.7% 56.2% 52.7% 31.6%
Standard
o 0.288 0.380 0.495 0.491 0.268 0.283
deviation




3.2 water allocation without DLWL

B Number of months with severe water shortage

« Without DLWL, The situation of water shortage is relatively serious, with more severe water

shortage months.
« There were 81, 126, 46, 130, and 32 months with severe water shortage in domestic, upstream

industry, ecology, downstream industry, and agriculture , respectively.

Number of severe water shortage months for each user and
their proportion in all months under no-drought-limit level

Number of severe : 150
Threshold of water Proportion of all
shortage months 126 130
shortage rate months
(number) o 120

en

domestic 30% 81 12% g
S% 9| s

Ecology 80% 46 7% - 6o

. o 3
Upstream industry 50% 126 19% 5 % 60 | i
Downstream qé 2 32

, 50% 130 19% g2 ¥r

industry £
=

Agriculture 80% 32 5% z 0
Live Ecology Upstream  Downstream Agriculture  Total water
Total water 50% 69 10% industry industry consumption
(% (9
consumption




3.3 Determination and application of DLWL

mDLWL based on empirical water supply coefficient

Water adjustment coefficient for each user in drought years

Upstream Downstream

¢ Referring to the " National Flood Control Users domestic Ecology o Agriculiure
. industry industry
and Drought Relief Emergency Response ,
" . Drought warning 0.95 0.7 0.9 09 07
Plan “, the water demand adjustment water volume ' ' ' ' '
coefficients of each user are set for DLWL. Drought guarantced - s . . s
¢ the DLWL(storage) of Fenhe Reservoir and water volume ' ' ' ' '
Fenhe Second Reservoir can be obtained o0y (e ORI AT A T TR
with reverse order algorithm based on 28000 |
{1 8000
empirical coefficient 2000
¢ When the total water volume of two e ] o000 &
16000 | — —h— ::;’

LI K (T m?)

reservoirs is lower than the DLWL, the water . o . \_\‘\_ | w000

demand of each user is limited by the water w000
demand adjustment coefficient. woo |

2000

3] 1
T T

6

Aty
Drought-limited water level determination

based on the reverse order recursive algorithm



3.3 Determination and application of DLWL

¢ Based on the optimization algorithm, the

optimized coefficients of water demand for
each user are determined, and the optimized
monthly drought-limited water storage is
obtained with the reverse order recursive

algorithm.
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mDLWL based on optimized water supply coefficient

Water adjustment coefficient for each user in drought
years based on NSGA-II optimization

Upstream Downstream _
. Agriculture
industry

Live Ecology

Users

industry

Drought warning o o0 ¢ 0.74 0.74 0.29
water volume
Drought
guaranteed water  0.72 0.43 0.59 0.59 0.29
volume

Drought-limited water level based on optimization of NSGA-II
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3.3 Determination and application of DLWL

mDetermination of drought limit water level

€ For the convenience of management, envelope lines are taken to obtain the DLWL for each stage.
€ DLWL are divided in 4 parts: June-October, November-February of the following year, March, and

April-May.

[ ] [ ] ° °
Empirical DLWL Optimized DLWL
ESS75% 40K EZRO50% /K e GLEE G HE 00 oS 75% 00K EEE05% ik == LEONSGAN (L —.— NS GA-TI
32000 10000 32000 10000
28000 ® I 28000
4 3000 1 soo0
24000 F 24000 w I
82000 3 6000 :é LIl I_I—- 6000 E
E' 16000 | I ?: ? 16000 _:‘;"
= % = ! ] 2
= 12000 | — ] 000y = 12000 L4 4000 3
|
8000 | 8000 E \\.,
2000 N §? 1 2000
4000 } s %/
N VARSI % 2 WY
0 : : : L . : 0 . A 0
6 7 8 9 10 11 12 1 2




3.3 Determination and application of DLWL

m Effect of DLWL- Water shortage rate during drought years

¢ With the empirical DLWL, compared to the situation without drought-limited water level, the ave
rage and standard deviation of the water shortage rate during the drought year have decreased,
with the average water shortage rate decreasing from 31.1% to 30.9% and the standard deviatio
n decreasing from 0.283 to 0.212.

¢ With the optimized DLWL, the total water shortage rate further decreased from 30.9% to 29.7%,
and the standard deviation further decreased from 0.212 to 0.198. The average and fluctuation a
mplitude of water shortage rate further decreased.

Average and standard deviation of monthly water shortage rate in drought years (P > 75%)

Drought-limited water : : Downstream : Total water
Water shortage rate domestic Ecology Upstream industry Agriculture

level industry consumption
No-drought-limited water Averages 25.1% 36.6% 55.7% 56.2% 52.7% 31.6%
level Standard deviation 0.288 0.380 0.495 0.491 0.268 0.283
Drought-limited water Averages 25.0% 55.6% 51.5% 31.0% 41.1% 30.9%
level based on the reverse
order recursive algorithm Standard deviation 0.218 0.265 0.494 0.283 0.202 0.212
Drought-limited water Averages 24.1% 45.5% 41.2% 40.6% 43.6% 29.7%

level based on
optimization of NSGA-II Standard deviation 0.176 0.242 0.295 0.287 0.24 0.198




3.3 Determination and application of DLWL &

m Effect of DLWL — Number of months with severe water shortage

€ with the empirical DLWL, the number of severe water shortage months for domestic, upstream industry,
ecology, downstream industry, and agriculture decreased from 81, 126, 46, 130, and 32 to 40, 40, 16, 34, and
14, respectively, and the number of severe water shortage months for total water consumption decreased
from 69 to 36.

€ with the optimized DLWL, the number of severe water shortage months for domestic, upstream industry,
ecology, downstream industry, and agriculture further decreased to 28, 29, 14, 29, and 12, and the number of
severe water shortage months for total water use decreased from 36 to 26.

Number of months of severe water shortage for each user and percentage of all months

H No-drought-limited water level(number)

# Drought-limited water level based on the reverse order recursive algorithm(number)

Thl‘eShOId Of Drought'limited Watel' level . . B Drought-limited water level based on optimization of NSGA-II(number)
- Drought-limited water level
water No-drought-limited | based on the reverse order - 150
. based on optimization of 130
shortage |water level(number) recursive 3 126
. NSGA-II(number) S}
rate algorithm(number) 5
domestic 30% 81 40 28 Tl
Ecology 80% 46 16 14 o
“E 60 |
Upstream industry 50% 126 40 29 £ w0 46 0
g 28 29 * 29 32 * 2
Downstream g "
) 50% 130 34 29 Z ' e
industry
Agriculture 80% 32 14. 12 0 Live Ecology Upstream industry ~ Downstream industry Agriculture C’g;)llsaul n:&;allizrn
Total water
. 50% 69 36 26
consumption




3.3 Determination and application of DLWL &

m Effect of DLWL - Typical drought years

€ Overall, the average monthly water shortage and the number of months with severe water shortage have
significantly decreased with DLWL. Moreover, the optimized level leads to a better drought resistance effect.

€ with the empirical DLWL, the maximum water shortage rate decreased from 77% to 64% in 2004; in 2006, the
maximum water shortage rate decreased from 76% to 60%.

¢ with the optimized DLWL, the maximum water shortage rate further decreased from 64% to 48% in 2004; In

2006, in only 3 months, the water shortage rate was greater than 40%.

Number of severe water shortage months in

—LEBRAKEL —ETHFREERRRARL ——3E TNSGA-IME L R R K AL .
100% RR e T ERLE the hydrological year 2004-2006
0 t' 1 Months with a water shortage
% L eration rule :
5% p rate exceeding 50%
2.50% | No-drought-limited water level 17
=
25% | With Empirical DLWL 15
0% : : - - - - - - : : -
2004.6 2004.9 2004.12 20053 2005.6 20059 2005.12 2006.3 2006.6 20069 2006.12 2007.3 with the optimized DLWL 5

i [a]




4. Conclusions




Conclusions

. In China, drought limited water level index system 1s proposed for drought
warning and reservoir operation.

. Four major categories of drought-limited water level determination methods
were built, solving the problem of applicability of drought-limited water
level for different types of rivers, lakes and reservoirs.

. The reverse order recursion algorithm for DLWL of reservoirs 1s proposed,
with empirical water supply coefficient, this method 1s easy to use. The
optimization method i1s proposed to avoid the uncertainty in the empirical
coefficient, and It can give more reasonable water supply restriction.

After setting the drought-limited water level, the drought resistance
scheduling effect during drought years can be improved significantly.
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