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Case Studies:
Seasonal forecasting




Using constructed analogs to improve the
skill of National Multi-Model Ensemble
March-April-May precipitation forecasts in
equatorial East Africa
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Study area and Data

» National Multi-Model
Ensemble (NMME)

" 6 GCM models at
1 degree resolution

" |[nternational Research
Institute (IRI)
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Flgure 1. Long term mean {climatology: 19E2-2010) Manch—A-
pril-May { MAM) observed precipitation in East Africa The
precipittion dataset wsed iz Climate Hazard Growp InfraBed
Precipitation with Station data (CHIRPS). The land area within e o
black rectangle is the focus domain of this sudy,




Precipitation
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Figure 2. (a) Median of the correlation between MAM observed precipitation aggregated over the focus domain and each of NMME
precipitation forecast superensemble (total 70 members) (b) same as (a) but with GPCP precipitation dataset.

GPCP (Global Precipitation Climatology Project, Adler et al., 2003)
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Surface Sea Temperature (SST)

Correlation period: 1999 to 2010
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Figure 3. (a) Median of the correlation between MAM observed precipitation aggregated over the focus domain and each of NMME SST
forecast superensemble (total 70 members) (b) same as (a) but with NOAA ERRST V3 SST dataset.




Ranked probability skill score

Ranked Probability Skill Score
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Ranked Probability Score (RPS)
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Figure 3. Examples of the monthly probabilistic flow forecasts
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Vulnerability of Infrastructures
to Climate Change in City of
London, Ontario
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Assessment on variability of extreme climate events for the
Upper Thames River basin in Canada

Hyung-1l Eum and Slobodan P. Simonovic*

Depariment of Cil and Envircemental Engineering, University of Western Onsario, London Oniario N6A B9, Canada

Abstract:

Climute change may affect magnitude and frequency of regional extreme events with possibility of serious impacts on the
enisting infrastructure systems. This study investigates how the current spatial and temporal variations of exireme events are

fcted by climate change in the Upper Thames River basin, O

plario, Canada. A weather generalor model is implemented o

‘btain daily time series of three climate variabes for two future climate scenarios. The daily time series are disaggrogated into

bourly o capture charactaisics o e and oy

for five short

durations, 6-,
a0 seasomny & anlyscs are conducted to investigate the tem
cormesponding

45-, and 72-h dus

The
rations. st ach station e extrcied from the generated houly daa

requency
mponl and spats varailey of extrme precipaion evens

et

duration. In addition. this study investigates the impects of increase in temperature using reliahility.
esierce, and vulncmh\my “Th resls Inicao ha the extrem precipitation events anderclmte changs vl ncear earer
than in the pest. In addition, episodes of extremely high temperature may last longer up o 19-7% than under the no-change
limate scenario. This study points out that the revision of the design storms (e.g. 100- or 250-vear retum period) is warranted

for the west and the south east region of the basin. Copyright © 2011
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INTRODUCTION

The fundamental concept used implicitly in water
resources management is stationarity— fluctuation of nat-
ural systems with unchanging vasiability. The stationar-
ity assumption has long been compromised, however,
by human interventions in the river basins. Flood risk,
water supply. and water quality are affected by water
infrastructure, channel modifications, drainage works,
and land-cover and land-use change. Two other (some-
times indistinguishable) challenges to stationarity come
from natural climate changes and low-frequency, inter-
nal variability. Planners have tools to adjust their analyses
for known human disturbances within river basins, and
justifiably or nol, they generally have considered natural
change and variability 1o be sufficiently small to allow
for stationarity-hased water resources management. Some
more recent work states that stationarity is dead in an
era of substantial anthropogenic impacts on the earth’s
climate, which significantly alters the means and the
extremes of precipitation, evapotranspiration, and rates
of discharge of rivers (Milly ef al.. 2008).

The Intergovernmental Panel on Climate Change
(IPCC) has noticed that, by the 20805, there may he
increase in runoff of up to 10-40% in high latitudes and
wel tropical regions, while in medium latitudes and dry
tropical regions, it s likely to see a decrease in nnoff of

* Correspondense tw: Skobodan P. Simonovic, Department of Civil and
Environmental Engincering. Universty of Wesieen Ontario, Londen
Ontaric N6A SBY, Canads, E-mail: smonovic Suwo.ca

Copyright © 2011 John Wiley & Sous, Lid
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up to 30% (IPCC. 2007). It should be noted that more
intense climatic events, e.g. more intense flooding, will

cur, not surprisingly, s the result of climate change.
Allen and Ingram (2002) sugges! that exireme precipita-
tion will increase faster than the mean precipitation due
to global warming that produces a more active hydro-
Iogical cycle (Trenberth e1 al., 2003). Although identi-
fying a clear increasing trend in extreme precipitation
events is difficult to produce, many studies have indi-
caled increase in a high frequency of extreme precipi-
tation events all over the world: the USA (Karl ef al.,
1995), UK (Ekstrom et al., 2005), Canada (Stone et al.,
2000; Cunderlik and Simonovic, 2004; Prodanovic and
Simonovic, 2010), Germany (Hundecha and Bardossy,
2005), India (Goswani ef al., 2006), and South Korea
(Boo et al., 2006) among others.

Changes in magnitude and frequency of extreme
events may have serious impacts on the existing infras-
tructure systems that have been designed using his-
toric data. The main objective of this article is to
(1) provide better understanding of the current spatial
and temporal variations of extreme events in the Upper
Thames River basin and (2) to show how these cur-
rent pattems may be affected by climate change. Recent
extrems rainfall events have exceaded the capacity of the
existing infrastructure systems at many places (Osbom
and Hulme, 2002; Ekstom eral. 2005). In response
to recent incidents of infrastructural failure, the Pub-
lic Infrastructure Engineering Vunerability Commitice
(PIEVC), established by Engineers Canada. has con-
ducted an assessment of the vulnerability of Canadian

APCC
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Technical Note

Engineering Procedure for the Climate Change Flood Risk
Assessment in the Upper Thames River Basin
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Procedure for assessment of climate change

Flood frequency analysis

Rainfall-runoff transformation Floodplain mapping
Hydrologic Model Hydraulic Model
A
[ Input ] Climate Scenarios Risk Assessment
K-NN Weather Generator

Temperature, Precipitation

A 4

L Analysis of Change in Climate Variables }7

Temperature, Timing, Duration, Shifts, Precipitation
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Climate signal from a GCM (CCSRNIES B21)
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Figure 2. Monthly changes in precipitation and temperature for the CCSRNIES B21 GCM scenario
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Hydrologic model

» Input data

" Hourly data from a temporal disaggregation
technique

e Method of fragment (Svanidze, 1977)
» HEC-HMS

NTER

Figure 3.7 Delineation of the Thames River mto sub-watersheds within the City of London Figure 3.8 The HEC-HMS model structure




Frequency analysis

Weather Generator
(Daily data)

Disaggregation
(Hourly data)

Extraction of the annual
extreme precipitation
data for 5-dav window

Simulation of 200-year
flood events by
hydrologic model

Extraction of the annual
peak flow at the points
of interest

Frequency analysis
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Flooding map
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Assessment of variability in
water availability under
climate change




Alberta oil sands
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Athabasca River Basin

» Various topographic and physical characteristics
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Climate data (1)

» Statistical downscaling

= PCIC (http://www.pacificclimate.org)

STATISTICAL DOWI

PRO.

o —
Pescamon

= Over Canada with 10 km resolution

60E 120E 180

Order | WNA ALA CNA ENA GRL
1 | CNRM-CM5-r1 CSIRO-MK3-6-0r1 | CanESM2-r1 MPI-ESM-LR I3 MPI-ESM-LRr3 g -
2 §| CanESM2-r1 HadGEM2-ES-r1 ACCESS1-0-r1 inmcm4-rl inmcm4-ri z
3 § ACCESS1-0-r1 inmcm4-ri inmcm4-ri CNRM-CM5-r1 CanESM2-r1 8
4§ inmcma-rt CanESM2-r1 CSIRO-MK3-6-0-T1 | CSIRO-Mk3-6-0-r1 | CNRM-CM5-11 o
5 | CSIROMK3-60r1 | ACCESS1-0r1 MIROCS 3 HadGEM2-ES 11 ACCESS1-0-r1 »
o
6 | ccsmar2 MIROCS 3 HadGEM2 ES 1 CanESM2-r1 CSIRO-MK3-6-0-r1 s
7 = HadGEM2-CC-r1 MPI-ESM-LR r3 MRI-CGCM3r1 HadGEM2-ESr1 8
8 | MPILESM-LRr3 MRI-CGCM3r1 CNRM-CM5-r1 CCSMA4 12 MIROC5r3
9 | HadGEM2-CC-r1 CCSM4-r2 CCSMA4-r2 MIROCS-r3 HadGEM2-CC-r1 - o 2 &
10 | MRI-CGCM3-r1 CNRM-CM5-r1 GFDL-ESM2G-r1 ACCESS1-0-r1 CCSMA4-r2
11 | GFDL-ESM2G-r1 MPI-ESM-LR-r3 HadGEM2-CCr1 HadGEM2-CCr1 MRI-CGCM3-r1 Trevor et a|. (201 3)
12 | HadGEM2ESr1 GFDLESM2G-r1 MRI-CGCM3-r1 GFDLESM2Gr1 GFDL-ESM2G-r1
Method Diagnostic 1- Sequencing Diagnostic 2 - Distribution Diagnostic 3 - Spatial
Rank Performance Rank Performance Rank Performance
BCCI 1 v 1/2 o 3 X
BCCA 2 v 3 X 2 OK
BCSD 3 X 1/2 o 1 v

Trevor et al. (2013)
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http://www.pacificclimate.org/

Climate data (2)

> CMIP5
" 6 GCMs x 2 SDMs x 2 RCPs = 24 scenarios

Model . L RCP/ .
Rbbreviation Modelling Center Statistical do;v;:/::almg method Primary reference
s

Centre National de Recherches

CNRM-CM5.1 Voldoire et al. (2013
Meteorologiques and Cerfacs I ( )

CanESM?2 Canadian Centre for Climate Modelling
. Arora et al. (2011)
and Analysis
e Centre for Australian Weather and Climate
Marsland et al. (2013
Research RCP4.5& RCPBS/ ( )
Institute of Numerical Mathematics of the BCCI & BCSD
INMCM4 _ ) Volodin et al. (2010)
Russian Academy of Sciences
Commonwealth Scientific and Industrial
CSIRO-Mk3.6.0
Research Organisation Jeffrey et al. (2013)

National Center for Atmospheric Research
(NCAR)

CCSM4

Gent et al. (2011)
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Indicators of Hydrologic Alterations (IHAs)

Hydrologic regime Examples of hydrologic in | Examples of ecological
J < < WRIs and IHAs - v : . - <
component fluence influence

Water resources indicators (WRIs)

. o Annual water balance, Availability and suitability
Magnitude and Annual volume (m?3), center of timing ‘ o _ ‘
6 magnitude and timing of of habitat for aquatic

timing of annual flow (water year), median » '
seasonal conditions organisms
seasonal flow
Magnitude and Annual mean 1-day minimum and . Magnitude of annual flood Duration of stressful
duration maximum (m3/s) and drought conditions conditions
o o Spawning cues for fish;
Day of each annual 1-day minimum an Timing of annual flood and S
) 2 . compatibility with life
d maximum drought conditions )
cycles of organisms
Magnitude and Timing and amount of spring freshet 5 Timing and magnitude of
timing initiation rapid melting

I Tota 12
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easonal changes in PPT & TEM

Difference from the reference period (1981-2010)
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Hydrologic model

Variable Infiltration Capacity (VIC)
Macroscale Hydrologic Model

Grid Cell Vegstation Coverage
Call Enarav and Moistira Fluxas a—_.

» Variable Infiltration Capacity (VIC)
= 1/16 (~7km) spatial resolution
> DEM

= Canadian Digital Elevation D
e 3arcsecond (= 90 m ) spatial

> Land cover

= 1 km resolution — circa 200C
Sustainable Development, E

» Monthly Leaf Area Index (LA
= Canada-wide 1-km 10-day SPOT 4 2
» Soil parameters — 3 layers
= Soil Landscapes of Canada (SLC) ver

@ Sandy clay loam e
@  Silty clay loam ;s;
¢ Clay loam
@ Silty clay
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Hydrologic alteration factor (HAF)

> HAF

= (Projected frequency - Reference frequency) /
Reference frequency
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Optimal operating policies
under the uncertainty in
streamflow

HYDROLOGICAL PROCESSE:
Hydrol, Process. 24, 25852899 (2010)
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The value of updating ensemble streamflow prediction in
reservoir operations

Hyung-1l Eum® and Young-Oh Kim**

* Department of Chil and Envimamental Engincering.
C

2 Department of Cévil and

'niversify of Western Ontario. London, Owtario, Canada N6A SB9
irovmental Engineering, Secul Natiowal University, 599 Gwanakro, Gwanak-gu, Seoul 151.742, Korea

Abstract:

This study proposes 3 new moathly ensemble sireamflow prediction (ESP) forecasting system that can update the ESP in
the middie of 2 month to reflect the meteorological and hydrological vasiations during that month. The reservoir operating
policies derived from a sampling stochastic dynamic programming mﬂdcl using ESP' scenarios updated three Gmes a month

were applied to the Geum River basin 1o measuse the value of updaied

381 for 21 years with 100 initial storage combinations.

‘The results clearly demonstrate that updating the ESP scemario nnmm: the accuracy of the forecasts and consequently their
operational benefit. This stndy also proves tha the accuracy of the ESP scenario, particularly when high Rows occur, has 3
considerable effect on the reservoir operations. Copyright © 2010 Joha Wiley & Sons, Lad.

xiey womns  ensemble streamflow prediction; sampling stochastic dynamic programming; forecast accuracy; reservair
openti

tinas
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INTRODUCTION

Use of flow forecast information in reservodr operations
is one of the most traditional topics in the area of water
resources planning and management (Yeh ef al., 1982).
Many studies have proposed how the flow forecast infor-
mation and its uncentainty could be employed in opt-
mization and simulation models for waler resources sys-
tems (Klemes, 1977; Stedinger ef al., 1984; Georgakakos,
198% Kim and Palmer. 1 © Yao and Georgakakos.
2001; Chicw et al., 2003).

The Aow forecast information given is deterministic,
scenario-based or probabalistic. Deterministic forecast is
a traditional cheice because it is casy to obtain and ufi-
lize but does not include the forecast wncertainty. On
the other hand, the probahilistic forecast can consider
the forecast uncertainty (Stedinger ef al., 1984) but few
listic ‘flow” forecasts are available in practice.
hased forecasts may o for such weak
s of the deterministic and probabilistic forecasts.
However, using the observed or synthetic flow scenar-
s in water resources planning and management is not a

rescarch topic in meteorology and hydrology. A spe-
cial issue of the Journal of Hydrology {Georgakakos and
Krrysriofowicz, 2001) has documented new methods and
experiences. At the National Centers for Environmental
Prediction, cnsemble approach has been applicd opera-
tionally for short- and medium-range weather forecasting
and for climate forecasting (Traction and Kalnay, 1993;
Toth and Kalnay, 1993). Ensemble streamiflow prediction
{ESP) currcntly serves as a key component of the 21st
Century Advanced Hydrologic Prediction Service for the
National Weather Service (NWS) of the USA (Schaake
et al., 2004). More than 50 articles discussing cnsemble
forecasting were presented ai the 2004 Spring Meeting
and the 2005 Fall Meeting of the American Geophysical
Union (Fortin ef al., 2004; Schaake e al., 2004; Schake
and Bradley, 2005).

In spite of its popularity in operational hydrology,
few applications have incorporated hydrological ensem-
ble forceasts into waker resources planning and manage-
ment. Yao and Georgakakos (2001} have used monthly
ensemble forecasts to assess the future climate change
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Introduction

Reservoir operators must constantly decide what quantity of
water to release and what to store. Decisions are complicated by
the uncertainties associated with future flows and future demands.
Procedures are required to provide appropriate assessments when
objectives conflict (Loucks and Sigvaldason 1982). Highly accu-
rate forecasts may be umnecessary during periods of normal flows
but provide significant benefits when there is the potential for
‘water shorages.

Ome method for mitigating the potential negative impacts dur-
ing droughts is the use of curtailments. Curtailments entail pro-
viding less water than is demanded today, to prevent more
significant shortfalls of water in the future. Curtailments are
implemented with the help of hedging rules; rules that define the
degree to which water demands will be met (Maass 1063). The
effects of hedging rules have been investigated by many research-
ers. Klemes (1977) found that the operating policy converges to
the standard operating policy (SOP) when hydrologic or eco-
nomic uncertainty increases. However, Stedinger (1978) noted
that Klemes {1977) had used inappropriate ohjective functions in
his study. Hashimoto et al. (1982) showed that although the SOP
is the optimal operating policy when the loss function is linear,
hedging rules are more appropriate when the function is noalin-
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«ear. Previous studies have suggested that hedging rules can reduce
the risk of large water shortages in a single period but can induce
more frequent small water shortages (Moy et al. 1986). They
therefore employed hedging with a multiohjective function that
simultaneously considers reliability, resiliency, and Hl]l'n.m"l]l“‘
using mined integer ing in a chance c ined pro-
gram formulation. However, the results agreed with those of the
previous studies: there is an inevitable trade-off between reliabil-
ity and vulnerability.

Bayarit and Unal (1990) investizgated the relationship between
the above performance criteria using a two-point hedging rule to
show the importance of the start and end points. Shih and ReVelle
(1994, 1995) developed a multiphase hedzing rule with a discrete
curtailment ratio which cormesponds to the available water calou-
lated from the current storage and projected inflow. Those two-
point and multiphase hedging rules have since been combined
with state-of-the-art schemes such as penetic algorithms (Oliveira
and Loucks 1997) and neural network algorithms (Meelakantan
and Pundarikanthan 1999) or with economic theory (Draper and
Lund 2004; Westphal et al. 3007) to obtain more efficient starting
and ending points a5 well as a curtailment ratio. Tu et al. {2003)
applied discrete hedging rules based on rule curves to multireser-
woir systems. They explored hedging rules with mixed-integer
quadratic programming to address changes in the reservoir sys-
tem.

A hedging rule can be developed simply by determining a
rationing (or curtailment) ratio that defines the amount of the
reduction in the corrent release. The previous studies typically
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Figure 1. Modified ESP procedure (October 2001)
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Impacts of ESP accuracy on reservoir operation

Tahla T Ac,coraciac F EFRDOIT BECXD1 and EEXDY 20w DDE
Table 1. Summary of 2100 simulation runs (yearly average)

Optimization models Water shortage Deviation from the Energy
ending target storage production
Amount Achievement Number of (10° m™) (GWh)
(10° m®) ratio® violations
DDP/Perf 204 100-0 1-1 12-2 2109
SSDP/ESP21 20-9 06-2 1.2 16-1 187-1
SSDP/ESP1I 21-1 04.1 1.2 16-3 188-6
SSDP/ESPOI 21-3 02.8 1.2 16-4 189.1
SSDP/Hist 21-9 88.2 1.2 16-7 1926
DDP/Ave 334 0.0 1-8 39.3 2019
(A DP model — DDP/Ave)iDDP/Perf — DDP/Ave) = 100.
Number of the 125/1892 151/189 174/189
well-forecasted
months

The number in parentheses represents improvement of the ESP forecast
over ESPOI in RPS.

2 189 months = 21 scenarios x 9 months.
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Reservoir operation results

Table IV. Runoff and forecasting accuracies in RPS for two representative years

Years October November December January February March  Apnl May June  Average
87-88*  Runoff (m’/s) 87-1 153-9 66-5 56-9 42-8 703 596 29-7 284 66-14
RPS 0-259 0-086 0-405 0-339 0-627 0258 0339 0361 0467 0-349
04-95>  Runoff (m'/s) 181-6 554 49-6 64-8 496 64-3 75-8 46-5 300 68-62
RPS 1-355 0-364 0-297 0-276 0-330 0327 0379 0407 0544 0-475
I Well-forecasted year.
P Poorly forecasted year.
Table V. Simulation results of SSDP/ESPOI1 for two representative years
Years Total runoff Water shortage Deviation from the Hédr*.:]-]—):)ower
(m?/s) ending target (GWh/year)
Total Number of storage
amount violations (106 |]13,|"}-'f:ar)
(10° mjfyﬂar}
19871988 595-22 57-57 2:45 0-59 152-30
19941995 617-55 71-99 3-10 72-97 148-91
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Regional applications with
seasonal forecasts

APEC Climate Center (APCC)




Bicol Rice Disease (BiRD) Project -Dr. KH Kim

» Application of rice disease models for season
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APN Project “Toward a Fire and Haze Early
Warning System for Southeast Asia”- Dr. JP Cho
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Drought index forecasting (Dr. JY Lee)

» Drought forecasting driven by remote sensing
and long-range forecast data for ungauged areas
using machine learning algorithms
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Summary

» Seasonal forecasting
= Constructed Analogs

» Water resources management under climate change
" Flooding map
* Hydrologic projections in Alberta, Canada
» Applications of seasonal forecastings
= Reservoir operations
= Agricultural project — Rice pest model
" Fire early warning system
" Drought forecasting
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