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Research: Development of a Decision Support
System With Improved Forecasting Tools
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Highlights of this presentation

Multi-model Ensemble Streamflow Forecasting Framework
* A new framework that provides

— Long lead forecasts i.e., starting from winter

— Ensemble of forecasts that captures uncertainty

— Multi-site ensemble forecast
Application: Gunnison River Basin and Aspinal Unit

* Decision Support Model
— Value of the forecasts

— Results of forecasting operations corresponding to
January 15t and April 15t forecasts
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% Majority of annual runoff is
snowmelt (70%)

* Seasonal (spring) forecast is
critical to optimal basin
management:

— conservation and delivery
to meet irrigation
demands,

— hydropower production
— environmental releases

* Spring streamflow forecast
needed early in winter

Gunnison River Basin: hydrologic characteristics
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Six selected gauges in the Gunnison River Basin

* Drainage area: ~

7930 mi2 »
* Elevation: N_orth Fork Gunnison East Rivelr
4600 - 14530 ft River . . .

Grand Junction

¥ Records:1949-2002

* Used to represent
Integrated hydrologic

variability of the basin
Uncompahgre

River

wuree: Colorade Water Canservatior®oard

Lake Fork River Tomichi River
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Methodology
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Diagnosis
— Principal Component Analysis (PCA) on spring

streamflow at the six locations (leading streamflow
component)

— Climate Diagnosis = identify predictors of the leading
component

* Forecast (of leading component)
— Local Polynomial Method (Multi-model ensemble)
— Back transform - flows at all the six locations
* Forecast Skill Evaluation
— BoxPlots
— Ranked Probability Skill Score (RPSS)
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PCA results

# First PC explained most of
the variance ~ 87%

* Eilgen loadings of the first
are uniform

% Select the first PC, i.e., PC1
spring streamflows for
further analysis

* Correlation between PC1
and average of spring flows
15 0.99
— Red: Average of spring flows
— Black: PC1 spring flows
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Hvdroloqgic variability of the basin is represented by PC1 spring streamflows
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Correlate PC1 spring flows with potential predictors

* Teleconnection indices
e.g., ENSO index, PNA index, PDO index, etc.
* Large scale climate variables

e.g., Pressure anomalies, Sea surface temperatures,
Surface air temperature, Meridional and Zonal winds

# Snow
Snow Water Equivalent (SWE)
* Antecedent soil moisture conditions
— Palmer Drought Severity Index (PDSI)

Correlation of PC1 with teleconnection indices is 0!
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PC1 spring flows correlated with large scale climate variables

Pressure anomalies (GPH) for winter (Nov-Mar)
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1. Identify regions of high correlation
2. Prepare corresponding time series, I.e., area averaged value
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PC1 spring flows correlated with large scale climate variables

Meridional Wind (MW)

Surface Air Temperature (SAT)
= v e o = A"

aun BQw £

170 S0l RO 14000 30K 10 1100 00w sa0 aau

|
%DI.U 1400 1300 1M 110 190 o Bl ] L-1e1] LU T A0 EL Mow ko Mar: 15439 ta Z003: Surface Air Temperature
Mew bo Mar: 15945 to 2003; 7I0mb Merdional Wind Saaaonal Correlation w,/ Apr to Aug FC1 Spring flowa [4%—04] [indax lags by § maontha)
Seazonal Correlation w/ Apr to Aug FC1 Spring flowa [4%—04] [indax lags by 5 mantha)
e T AR s s i m— — S —— 1 L = B
] —0.4 —0.2 [#] 0.2 a4 0.6 " ! ) " ' )

141E 160E 180 160 1400

100 DIN BON DO 0 30 o
Maw ta Mor 1948 te 2003: Surface 55T
N r 1R0E 1&E THE  TRD  ITar  1EGN  15md 14M0 1Ol TEW Tiam 1oam mam o B Seasanal Correlation w/ Apr ta hug PC1 Spring flows (43—04) [index logs by 5 manths)
Mo to Mar: 1945 to 2003 700mb Zonal Wind WCEP /NGAR Eaonalyeis
Seazcnal Correlation w,/ Apr to Aug PC1 Spring flows [42—04] [index lags by 5 rnontha)
1 1 1 1 | [ s~
~0.5 —0.4 —0.2 ] 0.2 7.3 0.6 -0E —04 -0.2 0 0.2 0.4 0.5

Nov 28-30, 2006 RFC Short-Term Ensemble Workshop SOUrce: cdc.n0aa.gov 10




Understanding Physical Processes

winter (Nov-Mar) vector wind composites

Wet years Dry years
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PC1 spring flows correlated with April 15t SWE

* deviations from linear ) A
relationship (solid circles) o /
* role of antecedent land 2 X E. I
conditions? S e o gmd
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rRole of antecedent land conditions

Years with high snow and Years with low snow and
‘ proportional low flows proportional high flows
Composite PDSI Anomalies Composite PDSI Anomalies
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Model selection
* Develop a model for each combination of predictors, test model with
historical data, then select the best model
% Several predictor subset models have similar goodness of fit (GCV)
values!
Model PC1 #
4 SAT GPH MW ZW SST PDSI SWE Variables GCV
1 0 0O|0|0|0|0O0|0|0]1 0 1 2 2.03
2 0 Oojo0ojo0o|O0|OjO|1]O0 0 1 2 2.04
4 0 O|0|0|0|O0O|O0O|0]O 0 1 1 2.07
5 0 o|o0o|1|0|0j0|1]O0 0 1 3 2.08
10 0 O|0|0|O0|O0O|O0O|0]O 1 1 2 2.14
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Multimodels

* All models with GCV values less than a fixed threshold (i.e., 1.2 times
the minimum GCV) are selected.

* Eliminate models in which predictors are significantly correlated
amongst each other (i.e. multicollinearity)

Model SAT GPH MW Z\W SST PDSI PCl #. GCV
# SWE Variables
1 O {000 (0]0}0]0]1 0 1 2 2.03
2 o {o0ojoro0of0j0(0]14(0 0 1 2 2.04
4 o (o0ojoyo0(0j0(0|0}|0 0 1 1 2.07
5 o jo0ojor1(0j010]12}0 0 1 3 2.08
10 o |o0ojoyo0(0j0(0|0}|0 1 1 2 2.14
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Predictors for the forecast issued on January 15t & April 18t

* January 1tforecast predictors:

— Pressure anomalies, Winds, Sea Surface Temperatures, Soil
Moisture Conditions

— *“12” different combinations of above predictors
¥ April 1%t forecast predictors

— Winds, Soil Moisture Conditions, SWE

— “6” different combinations of above predictors

) N AT P e
Number | (, | (P | (G| 0t o {Pl}_ (@W- | (SST- | (SST- e
of | P PO PL - PO - e | PO PD - PO - e | me | gov
predieors | N1 [ (GPE- | (GPH-| aw- | aew- | G | @ | (ST | (SST- e
Ny | Np | N | N N | N | N
1 o | 0o | 0 |0 o ool oo ] o] 1|20
7 o | 0 | 0 | 0 o0 |0 |0 o0 o0 | 1] 1 [214
2 0o | o | o | 10 ool oo ] o] 1 |25
2 0 | 0 | o0 [0 1 oo oo o0 1 |22
3 0o | 0o | 0o | 1 ]o0 ool oo | 1] 1 |23
3 o] 0 | 0 | o 1o ol oo | 1] 1 |25
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Generate ensemble of flows from best models for each lead time

Use best models Generate an ensemble of estimated Final ensemble =
(weights are flows (traces) from each model as a | | weighted
function of function of explained and combination of
goodness of fit) unexplained model variance traces

06) T e flow Esti. flow , ,
(06) Esti. flow ; 14, .

Esti. flow ,
| Esti. flow ,
Model2 — U flow 5, Esti. flow |,
(0.3) » llll- llllllllll Esti. fIOW 1,f

T Estiflow, g Esti. flow
/ Esti

Esti. flow ,,
Esti. flow ,

OD T Edi flow 100 E/it" flow .,
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Model forecasts

Multimodel ensemble spring streamflows are forecasted for
each year, in cross-validate mode, at different lead times,
l.e., on the 15t of each month from December through
April, at all six locations simultaneously
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BoxPlots show probability distribution of ensemble forecast

Actual spring streamflows )

---------- > 95t percentile

1000
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:
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e
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2 ¢

.......... > 5 percentile

Forecasted spring streamflows = {896,795.65, 936, 1056, 891.76,...... }
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Evaluate forecast skill

Ranked Probability Skill Score (RPSS) is percent of
Improvement over the reference forecast e.g., climatology
— Categorical skill score
— Three categories are defined

[ i RPS(forecast)
LZ; nZ_; nz RPS(climatology)

RPSS = 0, as good as climatoloqy
RPSS = 1, high skill — much better than climatology
RPSS < 0, forecast worse than climatology

Nov 28-30, 2006 RFC Short-Term Ensemble Workshop
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Model validation for Tomichi River (1949-2002)
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Model validation for Tomichi River (dry years)
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Model validation for Tomichi River (wet years)
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Climate indices + Soil moisture
Climate indices + Soil moisture + SWE

Forecast skill of spring flows at different lead times
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Apply forecast models (same predictors) to reservoir
Inflow

Crystal Blue Mesa

. Taylor Park
Morrow Point y

Records: 1977-2005

Grand Jungtion

Aspinall Unit

@ Inflow locations required by decision model (28 years of data is availablen
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Correlation

January 15t Forecast
Multimodel: 0.621
CBRFC forecast: 0.434

April 15t Forecast
Multimode : 0.743
CBRFC forecast: 0.860

Blue Mesa reservoir forecasted inflows (unregulated)

% Multimodel e Actual e CBRFC

3 | January 1st .
o™ -
=27 [ ] = E;]Eéa + A1 7T LT ] Lo+
= 4 ¥ T i HE L PG
S ¢ il PSR
=I - e _,__:_ 0
- | . 1
= I | I I T T I T T I T T I I T T
1991 1993 1995 1997 1999 2001 2003 2005
Year
S_April1s_:t .
o i
] E _'__I__T__l_ B
.84 0 _BETEH < ==
%] ¢ T T TH.8r ;T
—éE E o *T_._E 'Tu$
el T+ E il == R
1 - BH “g/tT
— e, _i_l_
= - I I I I I I I I I I I I I I I I
1991 1993 1995 1997 1999 2001 2003 2005

Year

Nov 28-30, 2006 RFC Short-Term Ensemble Workshop 26




Summary

* Climate indices improve skill of long lead forecasts of spring flows
starting from December 1%t

* Probabilistic forecast quantifies uncertainty

* Flexible technique to issue forecast at different lead times and at
multiple locations

*  April 1% forecast can be further refined
* Improved objective criterion

* Role of vegetation feedback, cloud cover, melt patterns, topography
and shading factors

Regonda, S.K., B. Rajagopalan, M. Clark, and E. Zagona, A Multi-model Ensemble Forecast
Framework: Application to Spring Seasonal Flows in the Gunnison River Basin , Water
Resources Research, 42,WW09404,2006.
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decision model
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RiverWare model as an example for decision support system
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forecast (dry year)

True decision variables
Forecasted (50t Percentile)
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forecast (dry year)

True decision variables
Forecasted (50t Percentile)
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PDF plots of spring season decision variables at Blue
Mesa, 1981 (dry year)
Forecasted  ------ Climatology
January 1st forecast April 15t forecast
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PDF plots of spring season decision variables at Blue
Mesa, 1985 (wet year)

Forecasted  ------ Climatology
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Summary (decision support model)

¥ Skill in streamflow ensembles translated to ensembles of
decision variables

# Substantial long-lead skills in the decision variables
obtained.

* Nonlinearity in the skills of inflows and decision variables
observed.

Regonda, S.K. (2006), Intra-annual to Inter-decadal Variability in the
Upper Colorado Hydroclimatology: Diagnosis, Forecasting, and
Implications for Water Resources Management, Ph.D. thesis,
University of Colorado at Boulder, Colorado.
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