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ABSTRACT

The sensitivity of the Columbia River basin reservoir system to two alternative climate scenarios
(+2C and +4C warming) was assessed by using a sequence of deterministic and stochastic
models. Thirty eight years of daily streamflow were simulated for three small index catchments,
for each climate scenario. These sequences were then aggregated to a monthly time step, and
subsequently disaggregated spatially using a space-time stochastic streamflow disaggregation
model to produce monthly incremental streamflow for fourteen large subbasins, which comprise
the total area of the Columbia River basin above the Dalles, OR (219,000 square miles, mean
annual runoff of 190,000 cfs). The monthly stremflows were routed through a simple water
resources system model, in which the existing system of storage reservoirs and run-of-the-river
projects was represented as eighteen aggregate projects. The surrogate operating rule used by the
water resources system model was to release from each of the aggregate projects historical
average monthly outflow for the post 1974 period during which all major resources were in
operation.

Most of the local inflows were moderately to highly sensitive to the +4C warming, and
moderately sensitive to the +2C warming. Among the fourteen subbasins there were several
different patterns of response to the alternative climate scenarios; the most typical effect was to
cause a movement of the snowmelt peak to earlier in the year, and to decrease the magnitude of
the snowmelt peak, on average par. In most cases runoff increased throughout the winter.

In general, the most important hydrologic effect of a warmer climate was to align the target
releases of major reservoirs (inferred from post-development average reservoir releases) more
closely with the unregulated streamflows. Therefore, with respect to the hydropower and flood
control objectives that have dominated operation of the system until recently, performance of the
reservoir system would be enhanced for the warmer climate scenarios. Specifically, the
regulatory capacity of the system was sufficient that at most system nodes, the model was able to
preserve the historical post-development monthly releases, on average, for both the +2C and +4C
climate scenarios. The Upper and Middle Columbia basins in particular appear to be fairly
robust to climate warming, with respect to hydropower and flood protection objectives. At John
Day and the Dalles in the +4C scenario, regulated runoff was somewhat elevated in the winter,
and depressed in the late spring. The +2C scenario had little impact on the regulated runoff at
these nodes. Improved capacity for flood control was indicated by a decrease in the maximum
mean monthly runoff for most subbasins, and by smaller excursions in reservoir contents.
Notwithstanding the generally beneficial effect of the climate-altered hydrographs for flood
control and hydropower, efforts to restore salmon runs in the Columbia River system may well
be negatively impacted by hydrologic changes that would accompany a warmer climate.






Acknowledgments

The research described in this report is based on the Masters Thesis of the first author, and was
funded in part by Pacific Northwest Laboratory. Pacific Northwest Laboratory is operated for
the U.S. Department of Energy by Battelle Memorial Institute under contract DE-AC06-76RLO
1830. The insightful comments of Professors Stephen J. Burges and Richard R. Palmer, who
served on the first author’s advisory committee, are greatly appreciated.

Two other person have provided valuable assistance. Lance Vail of Pacific Northwest
Laboratory contributed in a number if ways. Mr. Vail provided some of the data used in this

- study, including digital elevation models, and reconstructed historical flows for the Columbia
River and its tributaries in digital form. He also provided basin and index catchment site
locations, and assisted in the basin delineations and the development of the water resources
model. Clayton Hanson of the Agricultural Research Service provided meteorological and
streamflow data for the Reynolds Creek Experimental Watershed.






Table of Contents

Page
List Of Tables ..o v
List Of FIGUIES ... .o vi
Chapter 1 Background and Objectives

1.1 ImtroduetiOn . oot e 1
1.2 Natural and anthropogenic influences on climate.............................. 2
'1.2.1 Characteristics of natural climatic variability ..................... T 2
1.2.2 Anthropologic influences on climate ........................... 2

1.3 Evidence of recent climate change and the possible link to greenhouse
BASES .ot 3
1.3.1 Historical climate............ooiiiiiiiii 3
1.3.2 Greenhouse gases and climate change ......................... 3
1.3.3 Projections of anthropogenic warming over the next century................ 4
1.3.4 Anticipated regional climate change ............................... 5
1.3.5 Anticipated regional runoff changes in a warmer climate..................... 6
1.4 Climate change and water reSOUTCES ...............coiiiiiiiiiiiiiiiiii 7
1.4.1 Sizing of reservoirs and estimates of reliable yield ............................. 7

1.4.2 Management of a developed system in the face of climate uncertainty ... 8
1.5 Study ODJECHIVES ..ouiniiii it 9

1.6 SUIMIITIATY ..ottt ettt et e e e e e e e 9

Chapter 2 Relevant Research

2.1 Approaches to climate impacts assessment in Water réSOUrCes ...................... 12
2.1.1 On-line general circulation model expertments .................................. 12
2.1.2 Off-line deterministic hydrologic modeling ................................... 13

2.2 Hydrologic climate sensitivity in rclation to climatic and rcgional factors...... 14



2.2.1 Previous research................... 14
2.2.2 Studies of snowmelt-dominated watersheds......................... 16
2.2.3 Incorporating climate sensitivity of model parameters........................ 17

2.3 Water resources systems and modeled reservoir reliability under climate

CRaAN g . 18
2.4 Climate impact assessment: From catchment scale to basin séale ................. 20
2.5 SUIMMATY ..ottt 21
2.6 Description of the study area................... 22

Chapter 3 Model Description

3.0 Model components and INtEraction ...............coouviiiiuiiiiiiiiiiiiiiiiiiainae, 23
3.0.1 Index catchments ....... ... 25
3.0.2 SuUbDASINS ..ot 26

3.1 The hydrologic model .......... ... 27
3.1.1 Snowmelt model........ e et 27
3.1.2 Soil moisture accounting model (TOPMODEL)................................. 28
3.1.3 Application in elevation band mode ... 31
3.1.4 Potential evapotranspiration ..................ooiiiiiiiiiiiiiiiiii 33
3.1.5 Hydrologic model calibration.......................... 33

3.2 Stochastic model of node and index runoff ... 35

3.3 Adjustment procedure for alternative climate scenarios................................ 39

3.4 Water resources model ... 40
3.4.1 Description of aggregate nodes .............cooeieiiiiiiiiiiiiiii 40
3.4.2 Formulation of the water resources model ...................................... 41

3.5 Digital elevation data and calculation of the topographic index..................... 43

3.6 Meteorological data ....... ... 44

3.7 Model verifiCation. .. ..ottt 45
3.7.1 Calibration and validation of the hydrologic model............................ 45

3.7.1.1 Simulated runoff error ... 45



3.7.1.2 Cross-correlation of simulated and historical runoff .............
3.7.1.3 Selection of index-subbasin groups.............................
3.7.2 Stochastic model validation............................................ .......
3.7.3 Water resources screening model validation....................................

3.7.4 SUMMATY ..ottt

Chapter 4 Results and Discussion

4.0 Introduction ............ PO

4.1 Hydrologic model results for alternative climate scenarios: Index

catchment sIMulations ... ... ...
4.2 Modification of adjustment procedure.................. PSP
4.3 Sensitivity of local inflow to warming ................................
4.3.1 Comparison of local inflow hydrographs for each climate scenario. ...

4.3.2 Comparison of results with and without the mean annual runoff

COTTCCLION L . e
4.4 Water resources model results .............. ...
4.4.1 Reservoir behavior and seasonal pool levels ...................................

4.4.2 Power generation in each climate scenario......................................

4.4.3 Sensitivity of total discharge and power generation from a system-

WIAE PEISPECEIVE . ..\ttt ittt et e et e e

4.5 SUMMATY ..o e
4.6 DISCUSSION L.t e
4.6.1 Normal reservoir operation...................c.oiiiiiiiiiii i

4.6.2 Possible effects of warming on hydropower and consumptive water

USE deMANAS .. oo

4.6.3 Evaluation of the model results in view of historical operation

] 8 1 4 D

4.6.4 ConClUSION ..o i

Chapter 5 Conclusions and Recommendations for Further Research

5.1 SUMMATY L



5.2 COMCIUSIONS ..ottt et ettt e e 118

5.3 LAMIEATIOMIS .. oo oottt e e e ettt e e e e et 120
5.4 Recommendations for further research........................ 121
R T I C S ..o ettt et e e e e 123
Appendix A:  Adjustment Procedure................ooooo 132
Appendix B: Statistics of historical and generated subbasin flows .................... 137

iv



List of Tables

Number

Page

3.1 Index catchment characteristics ..............cooiiiiiiiiiiiiiii i 54
3.2  Description of aggregate Projects .............cooiiiiuiiiiiiiiiiiiiiiii 55
3.3  Subbasin drainage area and mean annual runoff....................... 56
3.4 Computation of snow accumulation or ablation under three diffcrent

35

3.6

3.7

3.8

3.13
4.1

4.2

4.3

4.4

meteorological conditions ........ ..ot 57
TOPMODEL parameters and upper and lower bounds ............................... 58
Abbreviated TOPMODEL parameter set ..............coooiiiiiiiiii i 58
) N (5 ¢ LTI L £ S PP 59
Meteorological StationS..........c..ooiiiiiiii i 60
Calibrated model parameter values.................o 61
Model error -- calibration and validation periods .....................ooiii L. 62
* Annual correlation of observed and simulated data for index catchments...... 63

Index catchment and subbasin groups for the stochastic streamflow

disaggregation model ... e, SR 64

Selected annual cross-correlations of local inflow ...l 65

Comparison of base case and alternative climate scenario results for

index catchment simulations ... 101
Effect of warming on local inflows to each subbasin .............................. 102
Sensitivity of mean annual power generation to warming ......................... 103

Effect of warming on regulated outflow at each water resources model
MO L i 104






List of Figures

Number Page
1.1~ Mean annual global and hemispheric temperature, 1860 to 1988 (After
Wigley, etal. 1989) ... 11
3.1 Models used in the study............................... 66
3.2 Location of index catchments ............................................ 67
3.3 Historical mean monthly runoff for index catchment...................__ 68
3.4 Identification of subbasins ........................................... 69
3.5 Columbia River basin mean monthly discharge: reconstructed natural
hydrograph (at John Day, 1928-1977) and observed (regulated) runoff
(at The Dalles, 1974-1988) ... 70
3.6  Schematic representation of TOPMODEL ................................ 71
3.7  Implementation of the adjustment procedure.............................__.. 72
3.8  Power-storage-discharge relationship for Grand Coulee aggregate node ....... 73
3.9  Water resources screening model routing ... 74
3.10 Fitted and empirical /n(A/tanB) distributions for the Middle Fork Flathead
River basin, bands 1, 3, 6 and 8 ........................................... 75
3.11 Typical daily simulations for each index catchment (one year) ................... 76
3.12  Calibration period results.................................................. 77
3.13  Validation period results ... 78
3.14  Annual cross-correlations of observed index catchment runoff and large
subbasin historical local inflow............................................... 79
3.15 Comparison of historical and modeled discharge at major nodes............... .. 80

vi



4.1

4.2

4.3

4.4

4.6

4.7

4.8

4.9

Comparison of historical and modeled Grand Coulee/Arrow aggregate

reservoir monthly storage, water years 1972-1983. ... 81
Index catchment base case and alternative climate simulated runoff .......... 105
Mean monthly subbasin local inflow for each climate scenario ................. 106

Grand Coulee/Arrow aggregate reservoir storage behavior for each

climate scenario for each climate scenario.......................... 107
Mica Reservoir storage behavior for each climate scenario....................... 108
Libby Reservoir storage behavior for each climate scenario ..................... 109

Modeled regulated inflow, outflow and target discharge for each climate

scenario: Grand Coulee/Arrow and Mica Reservoirs ............................. 110
Aggregated hydroelectric power generation for each climate scenario........ 111
Modeled regulated discharge at major nodes for each climate scenario....... 112

Schematic representation of the sensitivity of regulated inflow and

outflow throughout the network to climatic warming scenarios................. 113
Modeled outflow for each climate scenario at major nodes ...................... 114

Mica Reservoir flood storage reservation diagram (after North Pacific

Division Corps of Engineers, 1972) ... 115

Projected hydropower demand in 2010 for two GCM scenarios, compared

to base case scenario (after Scott, et al., 1993) ... 116

vii



Chapter 1 Background and Objectives

“That climate change is taking place is almost tautological, for climatic change has
been a property of the earth’s atmosphere as long as the earth has had an
atmosphere...” (National Research Council, 1977).

1.1 Introduction

It has long been recognized that persistence in hydrologic time series occurs on
time scales of vears to decades. Failure to account for this non-stationarity can lcad
to undersizing of reservoirs or overestimation of firm yield. A well known cxamplc
of the implications of long-term hydrologic persistence is the allocation of thc
Colorado River; cstimates of the mean flow based on a period of persistent high
flows led to over-allocation of the river (Dracup, 1977). The possibility of
anthropogenic climate change compounds the problems that arise from non-

stationarity of hydrologic time series.

This thesis describes a study undertaken to asscss the potential implications of
climatc changc for the Columbia River basin. The basic premiscs of the study
described hercin are (1) that changes in climate and/or climatic variability arc likely
on a dccadal to century time scale; (2) that the possibility of anthropogenic warming
enhances thc likelihood that climate changc could takc placc at a rclatively rapid
rate; and (3) that such changes will affect hvdrologic proccsses and water resources
system bechavior. Climate change sensitivity studics for watcr resources systems can
be useful for establishing (1) how water rcsources systems are likely to behave under

diffcrent climatic conditions, and (2) what magnitudc of climatc changc and over



what time scale climate change is likely to be of significance to water resourccs

systems planning, development, and operation.

1.2 Natural and anthropogenic influences on climate

1.2.1 Characteristics of natural climatic variability

Natural climatic variability occurs on temporal scales ranging from decades to
hundreds of thousands of years, and spatial scales ranging from local to global
(Stockton, 1977). The possible natural causes of climate change include long term
fluctuations in the ecarth’s orbit; comet collisions, major volcanic cruptions
(Henderson-Sellers and McGuffie, 1987), and changes in biogeochemical processes
that affect atmospheric composition (Sellers, 1991). Transitions from one climate
state to another can occur abruptly (Intergovernmental Panel on Climate Change,
1992), even on decadal time scales. A recent examplc of an abrupt climatc change is
the Little Icc Age (c. 1400 to c. 1700), where the global mean temperaturc was

estimated to be about 1°C cooler than the preceding and subscquent periods.

There is an important distinction to be made between regional and global
climate change. Global mean climate statistics mask the fact the regional climate
variability and/or change can be much larger (Schneider er al., 1990). Palcological
climate indicators render a picture of climatc change from thc warmest period of
interglacials to the coolest period of the great ice ages to be on the order of 5°-10°C
globally (Emiliani, 1972); in contrast, at high latitudes, the range between the

extremes may have been on the order of tens of degrees (Mathcws, 1971).

1.2.2 Anthropologic influences on climate

Climatic variabilitv is a fact of naturc, and it also appcars to bc a fact of
human existence as well. Pcrhaps since humans first became scdentary, they began
to modify the landscape (Sagan et al., 1979), and particularly sincc thc Industrial
Revolution, also thc composition of the atmosphcre. There is physical rcasoning,
and in somc cascs cmpirical cvidence, to support thc hypothesis that large scalc

modification of thc carth’s landscape, such as through dcforcstation (Shukla et al.,



1990), desertification (Balling, 1991) and macroengincering projects (Eagleson,
1986) can, or already ‘has, influenced climate. Inadvertent modification of the
composition of the atmosphere (e.g. as a result of the burning of fossil fuels) appears
to be most potent way that humans influence global climate, according to the
Intergovernmental Panel on Climate Change (IPCC, 1992). Although large scale
modification of the earth’s surface is a source of great concern, much of the debate
about climate change has centered on the warming effect of greenhouse gases

(Mitchell, 1989) and negative feedback mechanisms.

1.3 Evidence of recent climate change and the possible link to greenhouse gases

1.3.1 Historical climate

The earliest instrumental records suitable for describing climate date from the
mid 1800's. Figure 1.1 shows the mean annual gldbal and hemispheric tecmperature
over the last 130 years, as constructed by Wigley er al. (1989). Apart from a slight
cooling from 1930 to 1950, mean global temperaturc has shown an incrcasing trend;
with the change in the mean global temperature over the twenticth century amounting
to about 0.45°C (IPCC, 1992). Over the same period, glacicrs and sca ice have been
receding, sea level has risen, and alpine areas in the Northcrn Hemisphere have been

experiencing reduced seasonal snow accumulation (IPCC, 1992).

1.3.2 Greenhouse gases and climate change

Some of the supporting cvidence that altcration of the land surface and influx
of greenhouse gascs and aerosols could result in climate change comes from general
circulation modcl (GCM) experiments. GCMs arc sclf-consistent, three-dimensional
representations of large scalc atmospheric dynamics, including land-surfacc and in
somc cascs occan-atmosphcre interactions (Henderson-Scllers and McGuffic, 1987).
GCMs incorporate in their atmospheric cncergy budgcts the cffcct of atmospheric
radiative forcing constituents (such as greenhousc gases), so it is possible to usc
such modcls for expcriments to determinc the potential cffects of aitered

concentrations of greenhouse gases on climate.



There is sound scientific evidence that atmospheric concentrations of
greenhouse gases have been increasing since the Industrial Revolution. Atmospheric
carbon dioxide, for instance, appears to have increased by about 25% since 1750
(IPCC, 1992). Notwithstanding the considerable range in the quality of GCM
replications of current climate, GCMs predict that the observed increase in
greenhouse gas concentrations should have caused a global mean tempcrature
increase about twice that observed (Schneider er al., 1990). The overprediction is
attributed to several factors which ecither cannot or have not becn accurately
quantified to date: natural climatic variability, oceanic sequestering of CO2, and
uptake of hcat by the oceans (Dickinson, 1989), as well as many uncertaintics in
model parameters, and an imperfect understanding of some physical processes which
the GCM attempts to model, particularly land surfacc-atmospherc interactions
(Wood, 1992), such as soil moisture state, and cnergy and mass fluxcs. The
representation of atmospheric dynamics in GCMs, is, in most respects, acceptable
(Scllers, 1991); the grcatest uncertaintics have to do with clouds (Harshvardhan,
1991; Chahine, 1992) and snow-ice-albedo feedback (Dickinson, 1989). Therc 1s
strong empirical evidence that acrosols and SO7 (which, after oxidation to H3S03
“and hvdration, bchaves as an acrosol) can modify the radiative propcerties of clouds
in such a way as to mitigate grcenhouse gas radiative forcing (Harshvardhan, 1991;
Charlson 1987), but this may only have a local cffect (Henderson-Sellers and
McGuffie, 1987). Another negative feedback that may be important is the dcpletion
of stratospheric ozone (IPCC, 1992), which influences both long and short-wave

atmospheric radiation fluxes.

1.3.3 Projections of anthropogenic warming over the next century.

The accumulation of atmospheric greenhouse gases is likely to continue. Based
on doublcd CO; cxperiments with many diffcrent GCMs, the IPCC (1992) concluded
that thec mecan global temperature incrcasc corresponding to a doubling of

atmospheric CO3 will bc approximately 1.5°C to 4.5°C, and that grccnhousc gas



radiative forcing would likely double by late in the next century. By 2040 the
consensus approach used by the IPCC (1992) suggests that the greenhouse effect will
increase the mean global temperature by about 0.5°C to 1.5°C relative to what it
would be otherwise. These IPCC scenarios do not include consideration of all the
recognized likely negative feedback mechanisms, including those due to aerosols and
stratospheric ozone. The superposition of natural variability, feedback effects, and
the greenhouse effect could lead to an absolute change in global temperature which

lies outside the predicted ranges.

1.3.4 Anticipated regional climate change

For water resources planning, regional climate scenarios, not global warming
scenarios, arc pertinent, and these caﬁ be considerably more variablc than the global
climate scenarios. It is likely that warming wiil be greatest at the high latitudes, and
the lcast near the equator (IPCC, 1990). In this respect, palecoclimatalogic studies
that indicatc that this has been the pattern in cpochal scale climate change arc
consistent with the GCM simulations; the physical mcchanisms that explain this
spatial pattern are the ice-albedo feedback, and the greater atmospheric stability

poleward.

On a global basis it can be expected that a general warming will lcad to an
intensification of the hydrologic cycle (Office of Technology Assessment, 1993;
Schneider, 1991). The moisture carrying capacity of air increases as it warms. On
average then, it is likely that evapotranspiration, and thercfore also precipitation will
increase. GCMs predict that the mid-continental areas of the North Amcrica and
Eurasia will experience reduced summer soil moisture, particularly in thc central

regions of the continents (Dickinson, 1989).

Onc question into which GCM results providc only modest insight is the
regional distribution of precipitation changes. Other than a gencral indication of
globally incrcased average precipitation, there is littlc consensus as to the rcgional

change in precipitation that would accompany global warming. This unccrtainty in



even the direction of likely precipitation change increases greatly the difficulty of

complete hydrological intcrpretations of climate change.

1.3.5 Anticipated regional runoff changes in a warmer climate

The state of validation of GCMs and lack of consistency of 2xC0O» GCM
experiments is such that it is premature to draw any quantitative conclusions about
the regional hydrologic consequences of warming. Miller and Russell (1992) used a
GCM to simulate runoff for the large basins of the world under 1x and 2xCO»
scenarios; however the 1xCOj simulations reproduce historical runoff poorly (Kuhl
and Miller, 1992). At least it can be said that droughts will not nccessarily increase,
since the probability of droughts depends not only on temperature but also on the
mean, variance, and persistence of precipitation, as well as its seasonality and the
pattern of storms, and on evapotranspiration. No decfinite conclusions can be made
at this point about the regional hydrologic consequences of a warmer climate; both
average annual runoff and inter-annual and seasonal variability of runoff could

cither increase or decrease, as could the frequency of severe droughts and floods.

The consequences of climate change are more predictable in snowmelt-driven,
as opposed to rainfall-driven systems. Snow accumulation and snowmelt sensitivity
is mainly rclated to changes in temperature rathcr than changes in precipitation
(Gleick, 1987; Lettenmaier and Gan, 1990). Therefore it appears likely that the
Columbia River basin, which derives most of its runoff from snowmelt, would be
hydrologically sensitive to climate change. Investigations of the sensitivity of
snowmelt-dominated catchments are consistent in their results (Gleick, 1987;
Lettenmaier and Gan, 1990, Lettenmaier et al., 1993; Saelthun et al., 1990;
Kaczmarek and Krasuski, 1991; Bultot ef al., 1991; Shiklomanov and Lins, 1991).
Ignoring ccrtain complicating factors, the result of a general warming in snowmelt-
dominated catchments is that average snow water cquivalent decrcases, the snowpack
mclts carlicr, winter runoff incrcases (in somc cascs substantiallv), summcr soil

moisturc decrcascs, and annual runoff may incrcasc or decrcasc slightly. Dracup and



Kendall (1990) argue that a change in seasonality of runoff in snowmelt-affected

watersheds is likely to decrease the magnitude of floods of a given return period.

1.4 Climate change and water resources

The possibility of anthropogenic climate change adds to thc concern that
warming could continue. The relevant point, though, is that on a rcgional scale,
natural variability alone or in conjunction with anthropogenic climatic forcing could
have serious implications for various sectors, not the least of which is water
resources. For water resources, the implications of climate change for runoff
characteristics, design, and management of a dcveloped system, are thrce scparate
but related issues. The possible implications of climatic warming for runoff in the
Columbia River were discussed in the previous section. Now the implications of

climatic variability in general for design and planning will be considered.

1.4.1 Sizing of reservoirs and estimates of reliable yield

From the point of view of design, the issue of climatic variability is an
important one. Long term persistence seems to be characteristic of hvdrologic time
scrics (Hurst, 1950), and this is often considered to be evidence of short term (i.c.
decadal or shorter) climate change. There is no question that shortcr and longer term
“climate change” is a feature of hydrologic time series, and that it takes place on a
temporal scale relecvant to design of reservoirs and storage rcliability (Lcttenmaier
and Burges, 1978) within certain limits (sce Klemes, 1981), and that estimates of
firm yield of reservoirs are also sensitive to long term hydrologic persistence (Wallis
and O’Conncll, 1973). It is less clear whether climatic variability is as relevant to
the opcration and long term management of cxisting watcr rcsources systems as it is
to design. This question is particularly pertinent to highly developed basins such as
thc Columbia River basin, where adaptation to climate change is less likely to take
thc form of major structural additions (i.e. addition of new rescrvoirs) as changes in

opcrational strategics.



1.4.2 Management of a developed system in the face of climate uncertainty

The ideal situation for a water resources system is a stable supply, and/or an
ample supply to demand ratio. Climate change may affect both supply and demand.
As storage increases relative to mean annual flow, water resources system become
more robust with respect to variations in runoff (Lettenmaicr er al., 1993).
Therefore developed basins are likely to be less sensitive to climate change than
unregulatéd catchments (IPCC, 1992). As Rogers (1991) points out, there are many
factors that affect water resources planning decisions, including demographics
(especially population growth), economics, politics, and water rights. Therefore, one
point of view is that climate change may not be an overriding issue or concern,

except perhaps in the sizing of reservoirs (sce also Stakhiv, 1993).

On the other hand, as was already pointed out, in snowmelt-dominated basins
such as the Columbia, climate change is expected to result in a strong change in the
seasonality of runoff, to which a system designed primarily to reshape the scasonal
hydrograph (as opposed to storing water from one year to the next) may be quite
sensitive. - The results of Lettenmaier et al. (1993) for the snowmelt-dominated
American River (a tributary to the Columbia River) with +2°C and +4°C alternative
climate scenarios, showed that hydroelectric power revenues could be greatly
enhanced in the winter, but that water supply demand often could not be met in the

warmer climates.

There is a strong rationale for investigating the sensitivity of the Columbia
River water resources system. Despite the many sources of uncertainty about futurc
runoff, the hvdrologic rcsponse to warmer climates is predictable in a gencral scnse.
The kind of changes expected in the Columbia River basin in a warmer climate will
certainly alter the bechavior of the system and influence operation, and there is
unlikely to be any major additions to total storage. A sensitivity analysis is valuable
in that it will help to characterize the thresholds of scnsitivity, and place climate

unccrtainty and its potcntial consequences in the overall context of futurc stresscs on
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the system, including growth and increasing priority on cnvironmental quality, as

affected by system operation.

1.5 Study objectives

This thesisb describes a study of the potential implications of climate change for
the Columbia River basin. For the purposes of this study, the projects of the water
resources system are aggregated to fourteen nodes (see Section 3.4.1). Accordingly,
the basin is divided into fourteen subbasins, each of which corresponds to one of the
water resources nodes. The incremental flow to each node is the runoff produced in

the corresponding subbasin.

The objectives of this study are 1) to investigate how the hydrology of the two
major hydrologic regimes of the basin (semi-humid and semi-arid) changes under
alternative climate scenarios, and 2) to evaluate the sensitivity of the watcr resources
of the Columbia River basin to climate change, with emphasis on hydroclectric power
production. These objectives will be fulfilled by a combination of dcterministic
precipitation-runoff modeling of small index catchments, stochastic disaggregation of
the index catchment flow to major tributaries of the Columbia and Snake Rivers, and

routing through a simplified model of the reservoir system.

1.6 Summary

Chapter 1 laid out the prospect of climate change and climatic variability, and
its relationship to water resources. Modcl based sensitivity studies for individual
basins can provide some insight into the vulncrability of hvdrologic systems to
climatic change. On-linc and off-line GCM-couplcd modcling approaches have been
uscd for hydrologic studies, but yet there is not a strong basis for bclicving that
GCM-linked studies have any predictive ability. In Chapter Two, thc most common
non-GCM-bascd approaches for water resources studies are reviewed, as well as
results for water resources system and catchment scalc studics of sensitivity to

climate changc. Both decvcloped water resources and catchment scale studies are
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considered, with an emphasis in the latter case on snowmelt-dominated catchments,
sincc most of the runoff generated in the Columbia River basin is duc to spring

snowmelt.
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Figure 1.1 Mean annual global and hemispheric temperature, 1860 to 1988 (After
Wigley, et al. 1989).



Chapter 2 Relevant Research

2.1 Approaches to climate impacts assessment in water resources

2.1.1 On-line general circulation model experiments

In principle, studics of the water resources cffects of climatc change can be
performed by imbedding algorithms that simulate reservoir systcm performance
within coupled land-atmosphere models, such as GCMs. A promising research
directionv is the use of finer scale nested mesoscale models (Giorgi and Mearns,
1991), which interact with the coarse scale GCM model, in one-way or two way
fashion. Unfortunately, the hydrologic length scale of interest (on the order of tens
to hundreds of kilometers for the subbasins of the Columbia River) is much smaller

than the length scale of a GCM or even a mesoscale model.

It is due to this scale incompatibility that off-linc approaches to climate
assessment have been preferred. In off line assessments, GCMs provide
meteorologic forcings to a hydrologic model, but no attempt is made to model surface
energy fluxes (e.g. evaporation) to maintain consistency between the scale of the
GCM and the hydrologic model. Another reason is the crude representation of land
surface heterogeneities (especially topography) and consequently the space-time
structure of r'Jrecipitation and other surface meteorological variables in GCMs.

These properties and processes are critical to accurate on-line simulation of runoff.
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2.1.2 Off-line deterministic hydrologic modeling

For the reasons indicated, virtually all studies of water resources impacts of
climate change have used off-line hydrologic modeling. Schwarz (1977) and others
have used stochastic modeling and Monte Carlo analysis, but this kind of approach
can not make direct use of regional climate scenarios. Deterministic hydrologic
modeling for climate change studies is typically performed as follows. First, one or
more regional climate change scenarios are formulated based on GCM results or
other methods, such as direct specification of proportional or additive change (c.g. a
given percentage change in precipitation, or a given shift in temperature). Second,
the climate scenario is applied to a time series of metecorologic events. .Third, the
adjusted meteorological series are then used as forcing data for a hydrologic model,
and runoff is simulated for each scenario. If water resources system performance is
also being studicd, then the simulated runoff is routed through a modcl of the water

resources svstem, such as a rescrvoir simulation model.

The most common way to form the alternative climate scenario is to apply some
prescribed change to the historical temperature and precipitation series. This has
been called the ratio and difference method (Lettenmaier e al/., 1994). The ratio and
difference method has also been used with GCM results (Lettenmaier and Gan, 1990;
Kite, 1993). In this case, the normal procedure is to take the ratio (for precipitation)
or the difference (for temperature) between. the 1x and 2xCO; runs, and apply this to
the corresponding historical meteorological series. The result is taken as the 2xCO»
scenario, and the historical meteorological series as the rcference case. The
rationale behind this approach comes from the assumption that thc modcl biases in
the two GCM runs cancel out when the difference is computed. The disadvantage of
thc ratio and diffcrence mcthod is that it prescrves the historical scquencing of
storms and tcmpcraturc anomalics (Lettcnmaicr er al., 1994). The principal
advantage ovcr other most other methods (statistical procedurcs, on-linc

¢xpceriments) is the casc of implcmentation.
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A major disadvantage of prescribed change scenarios is that such scenarios are
not self-consistent. Given the uncertainty in GCM simulations, it is questionable
whether the alternative, off-line decoupled incorporation of scasonal GCMs results
into a hydrologic model by the ratio and difference method is justifiable. In a study
of the hydrologic sensitivity to climate change of the Sacramento-San Joaquin, CA
river basin, Gleick (1987) used both GCM-derived and prescribed change scenarios
for precipitation (P) and temperature (T). He found that the results with the GCM
and the prescribed change scenarios were consistent, despite the fact that the GCM
scenarios incorporated seasonally varying changes. Given that GCMs cannot at
present produce results that could be regarded as regional climate forccasts, it scems
more justifiable to perform climate sensitivity studics in a sensitivity analysis

framcwork, through use of prescribed change scenarios.

2.2 Hydrologic climate sensitivity in relation to climatic and regional factors

2.2.1 Previous research

A numbcrkof climate change studies have made use of Langbcin’s (1949) well-
known isotherms for regression of annual runoff for 22 basins in the United Statcs on
precipitation (Stockton and Bogess, 1979; Revelle and Waggoner, 1983; Idso and
Brazel, 1984; Wigley and Jones, 1985), and are frequently cited as empirical
evidence that annual runoff in arid climates is more sensitive to precipitation changes
than to changes in temperature or evaporation. These studies necessarily cvaluate
climate impacts on an annual basis. Idso and Brazel (1984) took into consideration
evapotranspiration changes, and found or{ly modest decrcases in runoff for a given
change in precipitation, in contrast to the results of Revelle and Waggoner (1983).
It is questionable whether Langbien’s (1949) empirical rcgressions should be applied
to individual basins (Karl and Ricbsame, 1989); thcse studics do not takc into
considcration seasonal and sub-seasonal variability in precipitation, soil moisture,
~and PET (Wigley and Jones, 1985), and are of limited uscfulness in application to

water resources studies (Nemec and Schaake, 1982).
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One of the earliest water resources climate change impact assessments based on
deterministic modeling was that of Nemec and Schaake (1982). They applied the
Sacramento Model (Burnash et al., 1973), a deterministic conceptual hydrologic
model, on a daily time step to study the sensitivity of an arid catchment (Pease River
at Vernon, Texas; 9034 km?) and a humid catchment (Leaf River near Collins, MS;
1949 km®) to changes in precipitation and runoff. In the humid basin, a 25 percent
increase in preéipitation and a +1C increase in temperature resulted in a 60 percent
increase in runoff; the same change in precipitation and temperature in the arid
catchment resulted in a 180 percent increase in runoff. In their study, runoff was
more sensitive to changes in precipitation than to changes in evapotranspiration
(temperature). As in the empirical studies mentioned, the model of runoff for the
arid basin was more sensitive to changes in precipitation and ET than the humid
basin. The Sacramento model was also used by Nash and Gleick (1991) to model the
arid Colorado River basin response to climate change sccnarios. The responsc of
runoff to warming was significantly weaker than predicted by Revelle and Waggoner

(1983).

Highland areas dominated by snowmelt or mixed rain-and-snow show a
different pattern of sensitivity than that indicated for catchments in arid regions. In
their study of the Colorado River basin, Nash and Gleick (1991) found that annual
runoff in snow-affected subregions were less sensitive to changes in precipitation
than were rainfall-dominated regions of that basin. On an annual basis, small
increases in runoff in snow-affected areas appears to be a typical finding (Saclthun

et al., 1990; Lettenmaier and Gan, 1990; Lettenmaicr et al., 1993).

Croley (1990) evaluated the potcntial changes in the hvdrology of the Great
Lakes basin (770,000 km?®) for three GCM-derived climatc scenarios (ratio and
diffcrence method) with a conceptual hydrologic model of basin groundwater and
surface watcr inputs to the lakes, and overlake moisture flux (precipitation and

cvaporation). The precipitation changes for the thrce sccnarios ranged from +1
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percent to +6 percent. The overall effect of the scenarios was to reduce total annual
net moisture supply (overlake precipitation plus surface runoff minus overlake
cvaporation) for all but one of the six Laurentian Great. Lakes. Warming was also
predicted to affect water temperature cycles and scasonal turnover of lake water.
The seasonality of runoff was affected because snowmelt-associated runoff is

important in this basin.

McCabe and Ayers (1989) used a water balance model to study the potential
effects of climate change on soil moisture and runoff in the Delaware River basin.
Two subbasins were studied, one of which is snowmelt affected. The snowmelt-
dominated portion of the basin responded to warming as in other studies. They
concluded that to offset the effect of a +2C and +4C warming, increases in

precipitation of 5 percent and 15 percent, respectively, would be needed.

2.2.2 Studies of snowmelt-dominated watersheds

A number of studies have focused on the hydrologic response of snowmelt-
dominated watersheds to global warming. Among these are four studies of
mountainous watersheds of western North America: Gleick (1987), who studied the
Sacramento-San Joaquin; Lettenmaier and Gan (1990), who also studied the
Sacramento-San Joaquin; Lettenmaier et al. (1993), who studied the American River
catchment; and Kite (1993), who studied the Kootenay River basin, BC. Gleick uscd
a regional water balance model, while the other studies used conceptual soil moisturc
accounting models, but the results of all these studies are similar. The dominant
influence was an increase in temperature, which resulted in movement of the seasonal
peak runoff from spring or carly summer toward early spring or winter. Other
studies of changes in seasonality of runoff in snowmelt-affectcd watersheds give
similar results (Saclthun et al., 1990; Kaczmarck and Krasuski, 1991; Bultot et al.,
1991; Shiklomanov and Lins, 1991). Saclthun er al. (1990) pcrformed hydrologic
. scnsitivity studies for catchments in Norway, and noted incrcascs in the frequency of

floods in autumn and winter. Using a full-cnergy balance snowmelt modcl, Tsuang
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and Dracup (1991) obtained a similar result in response to a multi-parameter climate
change scenario, in a one year simulation for an alpine catchment in the Sierra
Nevada Mountains in California. The scenario included warmer temperatures and
assumptions about direct and indirect effects of CO; on the incoming all-wave
radiation. The simulation also indicated winter flash flooding and a shorter duration

snowmelt peak, in addition to earlier onset and cessation of ablation.

Lettenmaier and Gan (1990) modeled the responses of four different catchments
within the snow-affected Sacramento-San Joaquin Basin to temperature and
precipitation change scenarios. Warmer climate scenarios had the effect of reducing
peak runoff in the most heavily snowmelit-dominated catchment, and increasing peak
runoff in the others. Their results showed clearly that even within a region of
relatively uniform climate, the responses of different catchments situated over
different elevation ranges can be expected to differ, particularly if seasonal snow
accumulation is characteristic of the hydrology. These results, which are explaincd
by the dependence of temperature on elevation, and the strong orographic cffects on
precipitation in mountainous areas, indicate that the hydrologic responsc of a
snowmelt-affccted catchment to a change in mean seasonal tempcraturc (and
variability of temperature) depends on the current climate. In high elevation or
contincntal watersheds, the hydrologic effect of warming may be somewhat modcst,
while in coastal catchments where winter precipitation presently occurs in a mixturc
of rain and snow, transition to a rainfall-dominated hydrology may occur for smaller

incrcmental increcases in temperature.

2.2.3 Incorporating climate sensitivity of model parameters

In most previous studies, hydrologic model paramecters have been assumed to be
invariant with climate change, an assumption that may not be justifiable. Among the
four studies cited, only Kite (1993) varied model parameters to take into account
changes in runoff dynamics that might accompany climate change. In particular, the

modcl represents several classes of ground cover or vegctation type. Snowmelt rate



18

and potential evaporation were specified for each of three vegetation types:
grassland, forest, and bare (alpine zone). The distribution of these vegetation
classes was assumed to change as the climate warmed in a manner consistent with
reported observed changes in the Alps. For example, in response to doubled CO3,
the grassland-forest transitional zone was assumed to migrate upward, such that
basin-wide the distribution of vegetation was assumed to change from 98 percent
forest (historical case) to 20 percent forest and 80 percent grassiand.  This
assumption was based on other studies which suggested that vegetation zonal
threshold elevations will migrate upward as mean atmospheric temperature increascs.
The evapotranspiration calculation explicitly took into consideration stomatal
resistance, which was assumed to vary with the CO; scenario. (It is known that
stomatal resistance increases when plants are exposed to increased atmosphcric
concentrations of CO; (Roger et al., 1983). Stomatal resistance influences
transpiration in plants, and therefore increased CO3 rhay influence runoff responsc
indirectly through its effect on stomatal resistance, in a&dition to effects on weather

and climate.)

2.3 Water resources systems and modeled reservoir reliability under climate
change

Relatively few water resources modeling studies have analyzed the impacts of
climate change on water resources system behavior and management. Among these
are studies by Lettenmaier and Sheer (1991), Lettenmaier er al. (1993); Miller and
Brock (1989), Urbiztondo et al. (1991), and Fiering and Rogers (1989). Urbiztondo
et al. (1991) modeled the hydrologic sensitivity of the Zambezi River of the Sahel, '
Africa, and the hydroelectric power production of a large dam on the Zambezi River,
for 2xCO> climate scenarios of four different GCMs, relative to the current climatc.
The four GCMs used projected both increases and decreases in runoff. However,

hydropower was not significantly affected under any of the scenarios.
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in evapotranspiration could have serious consequences for reliable yield, and that the
relation between percent changes in precipitation and changes in storage required to

reliably provide a given yield was highly non-linear.

Lettenmaier ef al. (1993) found that warmer climates led to increased storage
and release failures for two hypothetical reservoirs on the American River in
Washington, which is snowmelt-dominated. The hypothetical reservoirs had
capacities equal to 0.25 and 0.5 of the mean annual flow. Under the warmer climate
scenarios (+2C and +4C, no change in precipitation) runoff was shifted to earlier in
the year; water deliveries where degraded, but hydropower revenue increased’. Their
results suggest that hydropower revenue under warmer climate scenarios is more
sensitive to reservoir capacity than to operating policy. Fiering and Rogers (1989)
also modeled the operation of hypothetical reservoirs, and found that reliability was
not very sensitive to changes in runoff if storage cabacity exceced 50 percent of mean

annual flow.

Lettenmaier and Sheer (1991) modeled the state and federal reservoir systems
of the Sacramento-San Joaquin Basin, using synthetic monthly streamflow sequences
for several climate scenarios (Lettenmaier and Gan, 1990). The water rcsources
model simulated the actual system operating rules. Annual runoff incrcased in
response to GCM-derived 2xC0O; - 1xCO, difference scenarios (Lettcnmaicr and
Gan, 1990); water supply deliveries were impaired in the state-operated but not in
the federally-operated system. The reservoirs of the state-owned water resources
system are small compared to annual runoff, and water demand exceeds supply,
whereas in the federal system supply exceeds demand. The authors concluded that
changes in dcmand would overshadow changes in reliability duc to climate changes
ovcr the next century. Furthermore, it was concluded that increascd winter flood risk
would result in a greatcr need to operate reservoirs for flood control, rather than for

conscrvation.
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2.4 Climate impact assessment: From catchment scale to basin scale

GCMs, regional scale water balance models, and hydrologic models could all
be applied to basin scale studies of water resources systems requiring multivariate
streamflow sequences. All three approaches have significant shortcomings. The
results of Kuhl and Miller (1992) reveal the shortcomings of GCM paramctcrizations
with respect to streamflow prediction. They selected the 33 largest basins of the
world, together comprising the total land surface of the globe. With an 8 degree
latitude by 10 degree longitude resolution GCM, they performed on-line simulations
of historical runoff (1xCO; scenario) for each basin. Although the model was
calibrated to preserve the mean annual global runoff, mean annual runoff was
overestimated for most basins. The model generated excessive precipitation and
gvapotranspiration. Modeled snowmelt runoff generally preceded the observed peak
by about onec month. The poor results were attributed to deficicncies in the GCM
parameterizdtion of atmospheric parameterization and/or represcntation of the land
surface, rather than to scale incompatibility, since many of the basins in the study

overlay multiple GCM grid cells.

One of the difficulties with using hydrologic simulation models is that they are
difficult to apply to catchments at scales of thousands to tens of thousands of square
kilometers. The complications at this scale are, first, the absence of streamflow data
for calibration and validation that are free of water management effects; second, lack
of accurate areal estimates of precipitation and snowpack; and third, questions as to
whether the conceptualization and/or physical representations used in the models are

appropriate at such large scales.

Gleick (1986, 1987) advocates the use of monthly water balance models on the
basis that in most applications the available data do not support the use of finer
scale models. This approach has the shortcoming that it precludes assessment of
climate accompanied changes, such as increased rain-on-snow cvents and/or change
in storm intcnsity, that are cvidenced at shorter time scales. Glecick (1987) used a

regional watcr balance modcl to study the hydrologic scnsitivity to climatc change
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within the Sacramento-San Joaquin River Basin in California. In order to
differentiate snowmelt and non-snowmelt-dominated regimes, the water balance
model was calibrated independently for several large subbasins, and took into

account orographic precipitation, and the dependence of temperature on elevation.

Lettenmaier and Gan (1990) described an approach for linking catchment scale
hydrologic simulations to a large scale basin through the use of a stochastic transfer
scheme, and applied the method to the Sacramento San Joaquin Valley. First, a
conceptual hydrologic model (the Sacramento model) was used to simulate (for each

3

climate scenario) daily runoff of a few small “index” catchments. The index
catchment streamflows were then aggregated to a monthly time step, and a stochastic
streamflow disaggregation model was used to disaggregate the index catchment
streamflow to much larger subbasins. The same disaggregation model was used to
generated synthetic streamﬁow for each subbasin and each climate scenario. Finally,
as described in a related paper (Lettenmaier and Sheer, 1991), the subbasin

sequences were routed through a water resources model to simulate reservoirs and

diversions.

2.5 Summary

Hydrologic models have been used to assess the potential impacts of climatc
change on water resources, both on the catchment and the regional scale. Such
studies tvpically use GCM-derived climate change scenarios or prescribed change
scenarios. The climatic variables that are modified are usually limited to
tcmperature and precipitation. Few studies have addressed the issuc of the dircet and
indirect influcnce of transitional and long term climate change on model paramcters.
Regional scale studies present certain difficulties for hydrologic modeling. One way
in which hyvdrologic models have been applied to l'arge scale water resources
modcling is through the use of a stochastic transfcr scheme. With this method
(Lecttenmaicr and Gan, 1990), runoff for multiple small scalc catchments is simulated

with a dctcrministic hydrologic modcl, and then stochastically disaggregated to
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obtain subbasin flows. The generated subbasin flows are then routed through a
water resources system model. This is the approach that will be used in the study of

the Columbia River basin, described herein.

2.6 Description of the study area

The Columbia River basin is the second largest basin in the United States, after
the Mississippi, encompassing 219,000 square miles above The Dalles, Oregon with
a mean annual runoff of 190,860 cfs (1928-1977). The basin extends into Canada,
and encompasses most of Washington and Idaho, and parts of Oregon, Montana, and
Wyoming. The water resources system consists of more than 200 federal, state, and
private reservoirs and run-of-the-river projects. Major reservoirs serve multipurpose

functions, including irrigation, flood control, recreation, navigation, and fisheries.

The Canadian portion of the basin comprises about 20 percent of the total
drainage area, and contributes about 30 percent of the mean annual runoff. Much of
the southern basin is semi-arid lowland. Precipitation fhroughout the basin is highly
seasonal, with most storms occurring in winter. Average annual precipitation ranges
from 10 inches per year in the lowlands to over 100 inches on some west-facing
mountain slopes where strong orographic lifting of moist air masses occurs as they
pass over mountainous tcrrain. Most of the runoff is produced in the spring duc to
melting of the snowpack of the eastern slopes of the Cascades and the Rocky

Mountains, west of the Continental Divide.



Chapter 3 Modei Description

3.0 Model components and interaction

This chapter describes the functional elements of the chain of models used to
assess possible implications of climate change on the Columbia River reservoir
system. This study follows the general approach described by Lettenmaier and Gan
(1990), in which detailed streamflow simulations at a small numbef of index
catchments were coupled with a ‘stochastic streamflow disaggregation model to
produce streamflow simulations at the nodes of a water resources system model. The
elements of the model chain, as shown in Figure 3.1, are 1) a hydrologic model, 2) a

stochastic disaggregation model, and 3) a water resources screening model.

The hydrologic model is a deterministic representation of the runoff response of
a catchment to meteorological inputs. Because the hydrologic model simulates
streamflow as a function of meteorological time series, it provides the means for
inferring the effects of altered surface meteorological conditions on streamflow. The
hydrologic model used in this study consists of the National Weather Service snow
accumulation and ablation model (Anderson, 1973), coupled with a Penman type
potential evapotranspiration -algorithm, and an elevation band version of
TOPMODEL, a semi-distributed soil moisture accounting model (Beven and Kirkby,
1979). The hydrologic model was applied to five small index catchments with

drainage arcas ranging from 204 to 2925 sq. km.

A stochastic disaggregation model (Stedinger and Grygier, 1990) was used to
extrapolate the results of the index catchment simulations to the scale of large
subbasins of the Columbia River drainage (of sizes ranging from 2400 to 190,000

-

km?) while prescrving ccrtain statistical properties and relationships (e.g. cross-
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correlations between flows in different subbasins at the monthly time step) of the
historical streamflow records for the large subbasins. In most applications of
stochastic streamflow simulation, the objective is to generate many streamflow
sequences (e.g. hundreds), each of which constitutes a realization of the underlying
parent streamflow population, whose properties are estimated from the historical
streamflow series. This approach is commonly referred to as a Monte Carlo
analysis. In this study the application is somewhat different in the sensc that the
synthetic streamflows are conditioned on the index sequence simulated streamflow,
which is taken to be a particular realization of the underlying strecamflow gencrating
process. Nonetheless, it will be shown that the stochastic disaggregation technique

is still applicable.

Ease of implementation is the primary motivation for using the stochastic
model to bridge the gap in scales between the index catchments and the water
resources system nodes. In theory, the entire Columbia River basin could have been
deterministically modeled. However, this would have been a prohibitively time
consuming undertaking. The stochastic disaggregation model parameters are
estimated using historical streamflow records at a monthly time step. Thus, the
combined use of deterministic and stochastic modeling provides a means for
evaluating the physical effects of climate change on the hydrologic system, without
exhaustive deterministic modeling at the scale of a large basin such as the Columbia

River.

The water resources screening model is a simple fill and spill representation of
eighteen equivalent run-of-the-river and storage projects that represent conceptually
the real system of over one hundred reservoirs. In practice, reservoir operation is
based on firm and secondary demands for watcr and hydroelectric power, current
state of the system (e.g. reservoir energy content and flood control storage
reservation), historic streamflow statistics, and daily and seasonal runoff forecasts,

which in turn are based primarily on observations of snowpack water storage. The
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simple screening model used in this study has no forecasting algorithm, but instead
uses a monthly target discharge (constant from year to year) which is a surrogate for
the combined effects of all water demands. No attempt was made to optimize the

operation under the alternative climate scenarios.

The target discharge was formed from observed streamflows in the period 1974
to 1989, which is subsequent to completion of Mica, the last major dam to be built in
the Columbia River basin. A more realistic operating policy would seek to maximize
some function of hydropower demand, subject to constraints on flood control storage
reservation, minimum releases, and pool levels. The use of the target discharge
approach was selected, however, because it incorporates the effects of actual system
operations in the past, provides a simple way to approximate historical operation,
and avoids the need to adapt or create a reservoir system model for the Columbia

River basin which is beyond the scope of this research.

3.0.1 Index catchments

Five index catchments were selected to represe.nt the climatic and hydrologic
diversity of the basin. Their locations are shown in Figure 3.2. The catchments
range in size from 204 km? to 2925 km?. All have long-term stream gage rccords,
and are minimally affected by upstream storage and rcgulation. The North Fork of
the American River, WA (AR) represents the east slopes of the Cascadecs. The
Salmo River, British Columbia (SR) represents the Canadian headwaters of the
Columbia. The Middle Fork Flathead River, MT (MF) represents the western slopes
of the Rocky Mountains. Reynolds Creek, ID (RC) was selected to represent the
central and lower Snake River basin. Finally, Camas Creek, OR (CC) was sclccted

to represent the south central portion of the basin.

The historical mean monthly runoff for each catchment is shown in Figure 3.3.
For the American River, Middle Fork Flathead River, and Salmo River catchments,
snowmelt runoff is concentrated in May and June, whercas pcak runoff occurs in

March and April at Camas Creck, and March through May at Recynolds Creek.
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Salmo River and the Middle Fork Flathead River have less winter runoff than
American River, with the Middle Fork Flathead River having the least runoff in that
period, and the most strongly defined snowmelt peak. Table 3.1 summarizes the
characteristics of the five index catchments. Apart from Reynolds Creek, the
limiting simulation period was at the Middle Fork Flathead River (1951 - 1988).
The Reynolds Creek climate record allowed simulation only for the years 1964 to
1988. The record extension procedure MOVE2 (Hirsch, 1982) was used to extend
the simulated records at Reynolds Creek to the period 1951 to 1988 for which there

were concurrent hydrologic and meteorological data at the other four sites.

3.0.2 Subbasins

The fourteen large subbasins are shown in Figure 3.4. A subbasin is defined as
the local contributing area to a water resources model node, i.e. that area which
produces the incremental flow to any given water resources model node. Table 3.2
identifies thc'correspondence between tributaries or river reaches shown in Figure
3.4, and names of the water resources model nodes. The model nodes will refer both
to subbasin local inflows, as well as to the aggregation of storage and run-of-the-

river projects associated with each water resources node.

Both simulated runoff for the index catchments (base case climate) and the
naturalized streamflow for each subbasin are required for estimation of the
stochastic model parameters. Naturalized streamflows, which are the runoff that
would have occurred if the system projects had not been in place, have been prepared
by the Depletions Task Force of the Columbia River Water Management Group
(1983), for water years 1929 - 1977, by correcting observed streamflow for
diversions, changes in storage at projects, and for estimated reservoir evaporation,
Local inflows to each control point were computed by difference. It is these local
inflows that the stochastic model simulates. (The adjective historical, where used in

refecrence to the subbasins, will refer to these reconstructed natural local inflows.)
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The drainage areas and the historical (reconstructed) local inflows for each
water resources model node are given in Table 3.3. Most subbasin local inflows are
strongly dominated by snowmelt, except for subbasins in the southern region,
including John Day, Roundbutte, Long Lake, and Brownlee. These four sites
together account for about 23% of the total runoff at The Dalles. Figure 3.5 shows
that the total, unregulated runoff at The Dalles, obtained by summing the 14 mean

monthly local inflows, is mostly due to snowmelt.

For the purpose of streamflow disaggregation, each subbasin was associated
with the one index catchment to which the local inflow was most highly correlated on
an annual basis. Presentation of the selected subbasin-index associations and the

annual cross-correlations is deferred to Section 3.7.1.2.

3.1 The hydrologic model

3.1.1 Snowmelt model

The snowmelt model is the temperature index model of Anderson (1973). It is
an approximate energy balance method, in which the form and temperature of
precipitation and the components of the snowpack energy budget are indexed to-
surface air temperature. The model uses a 6-hourly computational time step to
represent the diurnal cycle. The only data requirements are precipitation and surface
air temperature. The model continuously accounts for the snowpack heat content,
surface layer temperature, meit in the surface layer, and liquid water content. The
rain-plus-melt output of the snowmelt model (sum of rain on bare ground and

snowpack outflow) becomes the input to the soil moisture accounting model.

| The model differentiates three conditions, as described in Table 3.4. The.
primary distinction is between rain and non-rain conditions, where snowfall
constitutes a non-rain event. Under rainy conditions, change in the snowpack heat
content is based on a simplified energy budget. In non-rain periods thc snowpack

heat flux is based on a linear function of the temperature difference T, -Tg, where Ty
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is the temperature of the surface snow layer. Different coefficients are used for melt

and non-melt periods, and these vary with Julian day.

3.1.2 Soil moisture accounting model (TOPMODEL)

The soil moisture accounting model is TOPMODEL (Beven and Kirkby, 1979).
A key assumption in the most common implementation of TOPMODEL is that
precipitation, or, in this case, rain-plus-meit (RPM), is spatially uniform (see for
example Ambroise, 1993). A major difference in this work is that the model is
applied in an elevation band format, so that RPM is assumed uniform only within an
elevation band. The model is otherwise similar to the version described by
Brettmann (1991), who applied it to the American River, WA. The model will first
be described as applied to a single basin. Section 3.1.3 describes the application in
the elevation band mode. The model parameters and their upper and lower bounds
are given in Table 3.5. The upper and lower bounds arc those used by Brettmann

(1991) for application to the American River.

TOPMODEL accounts for spatial variability in runoff generation, subsurface
contribution to streamflow, and soil moisture on the basis of a topographic index,
which is defined as /n(a/tanp), where a is the area of the catchment draining a given
contour segment of length C orthogonal to the flow direction, and tanp is the local
slope. In practice the topographic index is computed from digital elevation data; the
pixel width along a contour and the local slope are computed for rectangular grid
cells (pixels) of size Ax by Ay. Pixels with the same wetness index are assumed by

TOPMODEL to be hydrologically similar.

Wolock (1988) showed that the topographic classes index distribution can be
reasonably well fit by a gamma distribution. In some past applications of
TOPMODEL, the parameters of the fitted topographic index distribution have been
calibrated to improve simulated runoff error. In this application a gamma distribution

is fit but the parameters are not calibrated. The fitted distribution is discretized into
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15 classes (see Section 3.5), and the model is applied to each class of pixels, rather

than to each pixel.

The assumptions on which the subsurface flow model of TOPMODEL is based,
and a derivation of the model, may be found in Brettmann (1991). TOPMODEL was
derived from Darcy’s Law with the Boussinesq assumption (local hydraulic gradient
equal to the local topographic slope) for steady state, spatially uniform vertical flux
and steady-state horizontal flux conditions. The derivation of TOPMODEL provides
two physically-based equations. One equation gives the basin-average base flow
QBy, at time ¢, as a function of the basin-average topographic index (A). The other
equation gives the time-varying distributed saturation deficit S; ; as a function of the
local topographic index TL; at time ¢, where i could represent a particular pixel, but
in this application represents a single topographic class. Both state variables are
functions of S,, the time varying basin average saturation dcficit at time . Sy is

computed through a mass balance according to the following equation:
— - I
S:=8m+QB,-> QUZ, G
i=1

where I=15 is the number of discrete classes of the topographic index distribution,
and QUZ is the local drainage from the upper zone to the ground water store (S; and
QB;. as previously defined). Baseflow increases, and upper zone drainage dccreases,

the basin average saturation deficit.

The equation for basin average baseflow, obtained by intcgrating the steady

state local subsurface flow equation over all topographic classes is

- =S Ly -
QB, = TMAX exp(SZM) {A [ exp (12, A) dA} .
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where TMAX is maximum transmissivity, SZM is the soil characteristic parameter,
TL,; and A are the local and basin average topographic indices, respectively, and dA;
is the area in topographic class i. The local saturation deficit S, s is computed for
each topographic class i in each time step t according to the following equation:

S, , =S, +SZM (A-TLi) (3.3)

L)

The variable contributing areas are associated with those classes for which §; ¢
is less than or equal to zero. Areas with large values of the topographic index - i.e.
with large contributing areas and moderate local slopes - will become saturated first.
The extent of the saturated area expands and contracts as the basin average
saturation deficit increases and decreases. This modeled behavior has been found to
be in accord with field observations in gentle grade, shallow soil catchments, where
variable source area runoff production is observed (Beven and Kirkby, 1979; Beven
et al., 1984). Of perhaps greater reclevance to the present study is the report by
Hornberger er al. (1985), in which they describe an application of the model to a
steep, subsurface flow-dominated forested catchment of 5.2 square kilometers in
Virginia. The authors concluded that the model simulated runoff reasonably well,

and believed it to describe adequately the runoff mechanism active in that catchment.

The version of TOPMODEL used here includes a lumped parameter conceptual
model for saturation overland flow, infiltration, evapotranspirative losses, and
routing through the vadose zone similar to that used by Wolock (1988). The
conceptual model is shown schematically in Figure 3.6. The vadose zone is
represented as a fixed capacity root zone and a variable capacity upper zone. The
local saturation deficit determines the (variable) storage capacity of the upper zone.
Precipitation is reduced by potential evapotranspiration (PET). If PET is not
satisfiéd by precipitation, then the computed actual evapotranspiration (AET) is
taken from the root zone. A fraction of the precipitation (RIP) falls on riparian area
and is routed dircctly to the channel. The remaining precipitation cither infiltrates,

or if the soil column is saturated, is routed as overland flow (QOF). The root zone
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must be fillcd to capacity before any drainage to the upper zonme occurs, unless
PMAC is greater than zero. The parameter PMAC, which is supposed to simulate
the effect of macropores, gives the fraction of moisture in the root zone that drains
within each time step to the upper zone. The remaining fraction of moisture in the
upper zone (1-PMAC) drains at a rate equal to the saturated hydraulic conductivity
(KSAT) times the fractional storage in the upper zone (ratio of moisture content to

capacity).

At cach time step, baseflow QB,; (Eq. 3.2) and groundwater recharge (i.c.
drainage from the upper zone, QUZ,) are calculated, and the basin-wide average
saturation deficit is updated by mass balance (Eq. 3.1). To determine the amount of
exfiltration, infiltration, or saturation overland flow occurring in each pixel, the
local saturation deficit S;;, which is a function of the local topographic index and
the time-varying basin average saturation deficit, is evaluated (Eq. 3.3). QB; and S;
are computed for the basin as a whole. All other model fluxes and storages -
including root and upper zone storage, AET, QOF, and QUZ - are computed for cach
time step on a distributed basis (for each topographic class, in this application).
Input daily RPM, (output of the snowmelt model) is trcated as spatially uniform.
The watersheds are small cnohgh that routing time in the channel network is assumed
to be less than thc computational time stcp (one day), so no channcl routing

algorithm is included.

3.1.3 Application in elevation band mode

To account for the ambicnt temperaturc lapse rate and for orographic cffccts on
prccipitation, the snowmclt modcl is applied in an clcvation band mode. Each
catchment was subdivided into cight clevation bands of cqual arca. In cffect cach
clevation band is modeled as a separatc hydrologic unit; conscquently a pscudo-
precipitation sequence is produced for cach elevation band. A different zonal factor
ZPX for cach clevation band scales the station precipitation data. ZPX is assumecd

to incrcasc with clcvation, but is taken to be about 1.0 at the clevation of the
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metcorological station. The station temperature is adjusted according to the median
zonal elevation and a specified lapse rate which is treated as a model parameter. An
ambient lapse rate of -6.0°C degrees per vertical km was assumed; this is
approximately the pseudo-adiabatic lapse rate at 0°C and at a pressure height of 850

millibars. All other snowmelt model parameters are invariant with elevation.

The TOPMODEL parameter PXADJ (precipitation adjustment factor) is
applied uniformly to RPM from each elevation band.  The effective zonal
precipitation factor for each band k is equal to the product of the TOPMODEL
parameter PXADJ and the snowmelt model ZPX;. The mean areal precipitation

depth (Ipasin) given in Table 3.1 is based on the calibrated model parameters:

K
I, = IM*PXADJ*—IIEZZPX,‘

basin
k=1

where K=8 is the number of elevation bands.

TOPMODEL is also applied in an elevation band mode. Discretization of the
distributed wetness index (as described in Section 3.5) was performed scparately for
cach elevation band, resulting in fifteen topographic classes for cach band. The
RPM input diffcrs for cach of the eight bands, but, within each band, is trcated as
| spatially uniform. The simulated base flow and overland flow from cach band is

summed to obtain the simulated streamflow hydrograph for the entire catchment

Qum = D2 [0B, + 2 QOF, 1.

i=l

Model parameters arc calibrated to minimize the objective function, and therefore all
of the model paramecters (except the topographic index) arc uniform across the

clevation bands.
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3.1.4 Potential evapotranspiration

Potential evapotranspiration (PET) was estimated according to the Penman
cquation (Shuttleworth, 1993). Apart from dew point temperature (Tq), which is
needed for computation of the vapor pressure deficit, most of the meteorological
input data required for the Penman calculation can be computed from air temperature
(Ta) (see for example Chapter 5 in Bras, 1990). To estimate T4, the empirically-
based method of Bristow and Campbell (1984) was used, whereby Ty, Ta, and
atmospheric transmissivity are inferred from Tpin and Thax. With this method PET

is easily computed for the alternative climate scenarios.

3.1.5 Hydrologic model calibration

The calibration period at each site was five years. The parameters of the
snowmelt model and the soil moisture model were adjusted to minimize the objective
function for years two through five of the calibration period; the first year of the
simulation was used to minimize the influence of the initial storage values. The
objective function used was the sum of the squared difference between simulated and
observed daily runoff (SSEgz). Snow-cover data were not used to calibrate the
snowmelt model parameters. For each site a calibration period was selected for
which the last four annual hydrographs displayed a range of characteristics, such the
timing of the onset of the snowmelt season, the duration of the runoff period,
flashiness of runoff response, and the occurrence of both high and low flow years,

and which would therefore be most likely to exercise all aspects of the model.

The snowmelt model parameter values, other than the zonal precipitation
factors, were based on ranges suggested by Anderson (1973). The zonal
precipitation factors were selected such that rainfall as a function of elevation had a
negative second derivative, and mean annual runoff could be preserved in the
TOPMODEL simulation. For the snowmelt model paramecters most likely to
influence the timing of runoff, only the ZPX; had a strong influence. Therefore the

snowmelt model calibration consisted primarily of choosing the precipitation-

-
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elevation relationship to improve the timing of the onset and cessation of ablation,
and such that the rain-plus-melt input to TOPMODEL would require little further

adjustment (i.c. corresponding to PXADIJ of 1.0).

Following calibration of TOPMODEL to minimize the objective function,
PXADJ was always adjusted such that the average annual runoff bias was close to
zero. The best parameter set as indicated by the lowest objective function value was
identified after this adjustment of PXADJ. This adjustment did not necessarily
minimize the objective function, which was sometimes improved by allowing a
modest bias in predicted mean annual runoff. The snow model precipitation factors
were modified and the TOPMODEL parameters recalibrated if PXADJ deviated by

more than about 0.15 from 1.0.

During manual calibration it was found that several of the parameters could be
eliminated from the model without affecting the model behavior. Specifically, it was
found that in the five index catchments, the upper zone always drained completely in
each time step unless KSAT was less than about 0.01 m/day; however KSAT below
this threshold resulted in inferior simulations. Apart from this, the parameters
KSAT and F appear only once in the model, as the ratio KSAT/F, which is equal to
maximum transmissivity TMAX (Brettmann, 1991). Rather than calibrating both
KSAT and F, TMAX was introduced as a calibration parameter, thereby reducing the
number of parameters by one. Another parameter was eliminated by replacing
ZROOT and THFC with SROOT = ZROOT*THFC, sincc thesc two paramctcrs
appear only once as a product. Model performance was insensitive to PMAC and
RIP, within physically reasonable ranges, so thesc two parametcrs wcre also
climinated. (Incidentally, this model is almost identical to thc reduccd paramecter
model dcscribed by Hornberger et al. (1985), except that the paramcter RIP was

rctained, and their model included a channel routing parameter SUBV.)

The calibration is greatly simplified by reducing by four the numbcer of

paramcters to be calibrated. Since PXADJ is adjusted mainly to climinatc bias
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(rather than to minimize the objective function), the main parameters to be calibrated
in the reduced set are SZM, TMAX, and SROOT. The abbreviated set of parameters
is given in Table 3.6. The upper and lower bounds were derived from the parameter

bounds given in Table 3.5, as per the relationship between the two parameter sets.

Two different approaches to calibration were taken. One approach consisted of
a manual calibration followed by automatic optimization using the Nelder-Mead
algorithm (1965). The second approach was a fully automated search procedure
which utilized the Nelder-Mead algorithm, but which used a strategy that reflected
the experience gained in the manual search procedure. Based on the observation that
the dominant parameter appeared to be SZM, and secondarily ZROOT and TMAX,
an automated search strategy was devised that subdivides the allowable range for
SZM. For each sub-range of SZM, the three parameters (ZROOT, TMAX and SZM)
are randomly initialized and then optimized, after which PXADJ is optimized. This
is repeated several times for each sub-range, starting with new random initial values
for SZM, TMAX, and ZROOT, but reverting to the original value spccificd for
PXADJ. This procedure, which explores every sub-range of SZM, is rcpeated for
several values of PXADJ over a narrow range (generally 0.85 to 1.15). It is not the
purpose here to demonstrate that this is the most effective scarch strategy, but to
indicate that this emerged as an effective approach based on the author’s expericnce

in calibrating the modcl for several catchments.

When the calibrated models were used to simulate runoff for the period of
record, in every case there was a small bias in the mean annual runoff. Therefore the
parameter PXADJ was adjusted to eliminate this bias. The stochastic model makes
use of the streamflow at the index catchments as simulated with this adjustment to

PXADIJ.

3.2 Stochastic model of node and index runoff

A two stage approach of a spatial disaggregation followed by a temporal

disaggregation similar to that performed by Tennessce Valley Authority (1993) was
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used. First the index site annual runoff was spatially disaggregated to the large
subbasins. Next the simulated annual runoff for each index catchment (IC) and the
local inflow to each large subbasin (LSB) was temporally disaggregated to obtain
seasonal runoff (in this case monthly). Rather than generating the index site
sequences, as would be the case in a streamflow synthesis application, the
simulations for the alternative and base case index site simulations were taken as
known sequences in the generation step. In this way the generated sequences were
conditioned on the index simulation sequences. Two realizations for each subbasin

were generated.

The stochastic disaggregation model was performed using SPIGOT (Stedinger
and Grygier, 1990), a FORTRAN implementation of the simplified space-time model
of Stedinger er al. (1985). SPIGOT provides a choice of models that employ a
contemporancous disaggregation procedure and explicitly model only a limited
number of correlation statistics. Specifically, the correlation between monthly and
annual flows, the lag-1 monthly auto-correlations, and the lag-0 cross-correlations
are preserved in the models used. In general the models operate on a transform of
the raw data (e.g. lognormal) that is assumed to be normally distributed. Several of
the models in SPIGOT also make use of an adjustment procedure to force the
transformed monthly flows to sum to a specified (generated or othcrwise) annual

flow.

A key concern for this study, in addition to preserving the mean and variance
of flows at each subbasin, is to model the cross-correlation of flows between all the
subbasins at the monthly and annual level, and the persistence of annual and seasonal
flows. Grygier and Stedinger (1988) showed that the condensed models and
disaggregation schemes provided in SPIGOT were as successful as more complex
models in preserving such statistics, and in forcing the generated monthly flows to

sum to the specified annual flows.
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SPIGOT was modified by Grygier (1992) to allow inclusion of “index” flows in
the generation step (after estimation of the model). The first stage uses SPIGOT’s
spatial disaggregation (SPA) module and the second uses the annual-to-multivariate-
monthly (AMM) module. This is the only practical model sequence that can be
devised with the current version of SPIGOT and that permits the use of index flows,
as required for this study. SPIGOT refers to the site flows which are disaggregated
as basin flows, and the resulting flows as key flows. A basin (index catchment) and

its dependent key sites (LSB) are referred to collectively as a group.

Both the SPA and AMM are applied as separate models for each group,
allowing the inclusion of the simulated IC runoff sequences as index flows, as
required in this application. Unfortunately this configuration does not explicitly
preserve the inter-group cross-correlations. However, there remains the possibility

that theyv could preserved implicitly because of the cross-correlated IC simulations.

With both models, each group is modeled separately. The matrix equation for
the two models arc as follows. The spatial disaggregation model is non-recursive,
with ecach annual key site flow (Y,, year n and site k) being generated from the

independent index site annual flow (Z,). In year n, the model equation is

Y,= A+BZ,+I1E, (3.4)

where

Y., Kx1 Vector of transformed flows for cach key site, in year ,, where K
number of sites in the group.

A Kx1 The kth element of this matrix is [pe - ( 1-B. s )] which preserve:
mcan of the transformed flow p, for sitc &, and where P, is ai
clement of B.

B KxK Diagonal matrix of Y, and Z, lag-0 corrclations

Z, scalar Transformed annual basin site (i.e. IC) flow in year n

I KxK Upper diagonal coefficient matrix

E, Kx1 Indcpendent and normally distributed innova_tions with mean zc1
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The model preserves the mean, variance, and other parameters of the marginal
distribution of transformed annual flows, as well as the covariances of the

transformed flows between each basin and key and between each key within a gi'oup'.

Given the basin annual flow for the basin, the AMM generates monthly flows at
each key site and, unless monthly index flows are provided, also for the basin. The
model preserves 1) the mean, variance, and other parameters of the monthly marginal
distribution of transformed flows; 2) the lag-1 monthly and the monthly-annual
autocorrelations for the transformed flows; 3) total flow in cach year; and 4) the lag-

0 seasonal cross-correlation. In year n, season 1, the model is

Yu = A+CZ,+ ILE, (3.5
and for seasons 2 through 12
Yo = At + B Ypp) + CZy + DA + THE, (3.6)
where
Y. (K+1)x1 Vector of transformed flows for each basin (k=1)and key site
(k=2,K+1),
in year n, month ¢, where K+1 is the number of sites in the grol
(including the IC).
B, (K+1)x(K+1) Diagonal matrix, preserves lag-1 monthly autocorrelations forr
C, (K+Dx(K+1) Diagonal matrix of Y,, and Z,, lag-0 cross correlations for 1
D, (K+1)x1 Diagonal coefficient matrix
A (K+1)x1 Surrogate flow (weighted sum of year » flows from month 1 to1
D)
11, (K+1)x(K+1) Upper diagonal coefficient matrix, preserves the key-key lag-0 :

cross-correlations

Site-site cross-corrclations are modeled through the IT matrix. D, A, forces:
the summed scasonal transformed flow (from season 1 to scason f-1) to be
approximatcly equal to the transformed annual flow in the same year. Any
discrepancy after inverse transforming (e.g. exponentiating if a 2-parameter

lognormal transformed flow) is corrected for by proportion.
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When seasonal index flows are provided by the user (or generated in a previous
step), then the consequence is that the innovation (the first element of the vector
Ep, 1) for the basin (k=1) is known by difference. This forces the generated key site

seasonal flows (k=2 to k&=K+1) to be cross-correlated to the given basin sequence.

3.3 Adjustment procedure for alternative climate scenarios

The alternative climate scenarios are incorporated into the study through the
deterministic model. The two scenarios considered are constant increases in
temperature of two degrees and four degrees centigrade. The meteorological forcings
for the hydrologic modcl (temperature and PET) are modified to form the alternative
climate scenarios. The altered climate data are then used as inputs to the calibrated
hydrologic model, in order to produce corresponding streamflow sequences at each
index site. The stochastic model, the parameters of which are estimated using base-
case climate IC simulations and historical LSB local inﬂov_vs, is then used to generate
synthetic LSB inflows, conditioned on the simulated streamflow for cach climate

scenario.

To implement the stochastic model for the alternative climate cases without
violating the model assumption of stationarity, it was necessary to perform an
external adjustment to the model inputs and outputs. The procedure used herc is the
same as that used in a study of the Tennessee Valley Authority (1993). The
stationarity assumption is satisfied for the alternative climate scenario applications
by adjusting the alternative climate scenario index catchment simulations in
transform space such that the natural flows will have the same mean and variance as
in the base case climate. For this adjustment, a lognormal distribution is assumed,

so that the adjustment of the index catchment sequences is given by:
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where y is the natural logarithm of the natural flow (x), and ‘®° indicates that the
sequence has the base case statistics due to the adjustment. The mean and variance
of the index site altered climate flows g* and o’ are estimated by the method of
moments (Equations A.1 and A.2). The adjusted (@) simulations are then included
as index flows in the generation step. Consequently, the generated LSB sequences
will have (at-site) base case climate statistics, regardléss of the climate scenario;

these are also denoted with the superscript @, prior to adjustment.

The basic premise of the index catchment subbasin approach is that the
simulated change in runoff for the index catchment is a guide to how the runoff of
the large subbasins will change in response to warming. Specifically, it is assumed
that the relative change in mean monthly runoff at the subbasin is equal to the
simulated change in mean monthly runoff at the index catchment. One additional
assumption is required regarding the coefficient of variation. The two conditions
used here are 1) that it is invariant, or 2) that the relative change is the same as at
the index catchment. These two assumptions were used, giving two adjustment

procedures.

The two alternative adjustment procedures are both applied to the natural
logarithms of the generated LSB (@) sequences, as a result of which the moments of
the processed sequences will conform to assumptions about how the runoff of the
LSB’s respond to climate changes. The derivation for each adjustment procedure,
and the equations used to adjust the natural logarithms of the generated flows are
given in Appendix A. Figure 3.8 shows how the adjustment procedure is integrated

into the chain of models.

3.4 Water resources model

3.4.1 Description of the aggregate nodes

Table 3.2 gives the local and total runoff at each project relative to mean
annual flow (MAF) at The Dalles, which is 140 million acre feet (maf). Sixty cight

percent of MAF at The Dalles passes Grand Coulce dam. The total modcl reservoir
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storage capacity (39.2 maf) is 30 percent of MAF at The Dalles, 91 percent of which
is located in the Columbia River basin above Grand Coulee Dam (including Franklin
D. Roosevelt Lake active storage). Four reservoirs (three nodes) - Libby, Grand
Coulee, Arrow, and Mica (4.9, 5.23, 7.15 and 12.0 maf, respectively) account for 60
percent of total storage. The model storage is less than the actual system storage
because of the omission of non-federal projects, the most significant being those on
the Snake River, upstrcam of Brownlee (Jackson Lake, Palisades, and American
Falls). The Bonneville Power Administration does not have jurisdiction over the
reservoirs upstream of Brownlee, which constitute 80 percent of Snake River
storage. Therefore the Dcepletions Task Force did not make corrections for upstrcam
changes in storage in the case of Brownlee, for which the local inflow rcpresents the

entire central and upper Snake River drainage.

Table 3.2 lists the major projects included in each aggregate node, storage
capacities, and the percent of total system energy content (43.6 maf) and
hvdroelectric capacity (32,600 average megawatts) accoﬁnted for by the projects in
each node. The most significant aggregate hydroelectric projects are Mica plus
Revelstoke, Albeni Falls (eight projects including nodes 17 and 18), Lower Granite
(4 projects), John Day (plus Bonneville and McNary), and Grand Coulece/Arrow
(eight projects, including node 16). The first 3 each account for about 15 percent of
total system capacity, John Day accounts for about 10 percent, and Grand
Coulee/Arrow for 42 percent. As for percent generated power, the most important
nodes are Grand Coulee/Arrow (34 percent), John Day (19 percent), and

Mica/Revelstoke (18 percent).

3.4.2 Formulation of the water resources model

The water resources model consists of eighteen nodes; the four additional nodes
represent run-of-the-river projects (one or more) with no local inflow but for which
aggregation of power generation capacity with onc of the other fourtcen nodes was

not feasiblc. The structurc of the model is based on ninctcen look up tables provided
/
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by Dean (1992). Reservoir storage capacity, turbine discharge capacity, and power-
storage-discharge relationships were determined from the information provided in
these tables. (Two of the nineteen tables were combined, such that 18 nodes were

modeled, rather than 19.)

Records of historical runoff were used to form the target discharge rule, and to
validate the model. The sites selected for these purposes, referred to hereafter as
reference sites, are listed in Table 3.7. Table 3.7 also indicates which reference site
data are used to form target discharges that affect the model simulation of reservoir
operatién, and which data are used to validate the model. Reference sites are used
for model validation only if located immediately downstream of a project node, and
therefore not subject to significant incremental flow with respect to the node. In
Section 3.7.3 it will be shown that the validation of the model is not compromised by

lack of identification of a suitable reference site for every node.

Power production, computed by assuming the monthly discharge to be uniform
over the ti.me step, is interpolated from multi-linear approximations to lookup tables
(Dean, 1992), which give power production as a function of storage and discharge,
or, for run-of-the-river projects, as a function of discharge only. Two or three linear
equations relating power to storage at constant discharge were formed from ecach
look-up table, depending on the complexity of the surface suggested by the look-up
table. These equations were then used by the model to calculate power, by
interpolation. To show a typical example of how well the model equations fit the
data, Figure 3.8 compares the model-generated data (lower panel) for the Grand
Coulec/Arrow aggregate reservoir to look-up table data (upper panel); cach data
series corresponds to some value of constant storage. Thc monthly turbine discharge
capacity was taken to be the discharge at which the power was maximized. Monthly

outflow in excess of the monthly turbine discharge capacity as regarded as a spill.
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Figure 3.9 shows a schematic of the 14 water supply nodes, and the four
additional run-of-the-river (hydroelectric project) nodes (nodes 15 through 18). The
model proceeds from headwater extcribr nodes to the downstream interior node to
solve the network. The solution sequence was as follows (by node): 14, 13, 12, 11,
10, 17, 9, 18, 7, 6, 16, 5, 4, 3, 2, 1, 15. At each time step the modecl adds the
monthly synthetic (adjusted) local inﬂows and the modeled regulated outflows from
each adjacent upstream node (if any) to obtain the total inflow to a node. The inflow
is added to the water in storage at the end of the previous time step. Next, the model
releases the lesser of available storage or the target discharge. Additional water is
released, if needed; to bring end-of-month storage to not greater than storage
capacity. The model steps through all of the nodes before advancing to the next time

step.

If average discharge in any month exceeds turbine discharge capacity
(discharge at which power is maximized), the excess is treated as a spill, and
hydropower is calculated at the turbine capacity. Monthly power production and
discharge at all projects, and various operational statistics for the storage projects
are recorded, including end-of-month storage, storage failures, release failures
(releases less than the required minimum release, Qmin), and spills. Qmin is taken to
be the tenth percentile low flow at the same site from which the target discharge was
formed. Storage failures occur when the end-of-month storage is zero, i.e. when the

storage, after adding the inflow, was less than or equal to the target discharge.

3.5 Digital elevation data and calculation of the topographic index

Catchment boundarics were dclineated from 3 arc seccond DEM (Digital
Elcvation Modcl) data using GRASS (Gcographic Resources Analysis Support
System) software, version 4.0 (US.Army Construction Enginecring Rescarch
Laboratory, 1991), or (in the case of the Middle Fork Flathecad River basin), a fast
dclincation program provided by J. Ferriera. Once thc catchment boundarics werc

obtained, thc accumulated drainage arcas werc computcd using an algorithm
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patterned after the 8 pointers method of O'Callaghan and Mark (1984). For the
Middle Fork Flathead, the delineation was performed at 6 arc second resolution, and
for the other four catchments, at 3 arc seconds. Each DEM was transformed to the
Universal Trans-Mercator (UTM) coordinate system before computing the

topographic index, so that every grid cell would be of equal area (about 6000 m?).

For each of ecight elevation bands of equal area, the value of the local
topographic index was calculated for each cell in the delineated watershed. The local
slope for each grid intersect (pixel) was calculated as the weighted average of the
slope with respect to each downhill adjacent pixel, following the method of Quinn er
al. (1991). For each elevation band, a three parameter gamma distribution was fit to
the empirical distribution of the local topographic index, following Sivapalan et al.
(1987). Fifteen percentiles were selected, and the corresponding quantiles of the
fitted distribution were calculated for each elevation band. The discretization of the
cumulative distribution function of the topographic index was performed so as to
over-represent the upper tail slightly. This is important because cells with high
values of the index (large contributing area, low slopc), which are associated with
variable source areas, contribute disproportionately to runoff. The upper threshold
percentiles for cach of the 15 classes are as follows: 0.10, 0.20, ..., 0.70, 0.80,
0.85, 0.90, 0.92, 0.94, 0.96, 0.98, and 1.00. Figure 3.10 gives empirical and fitted
quantiles at each percentile for four of the eight bands of the Middle Fork Flathead

catchment.

3.6 Meteorological data

The primary and secondary meteorological stations are given in Table 3.8,
along with location and clevation. Missing precipitation depths in thc primary
station record were filled in by scaling the observed precipitation at thc secondary
station by the ratio of the monthly average precipitation at the two stations. Missing
tcmpcrature observations were filled in according to the monthly average tcmpcrature

diffcrence at the two sites. In some cases a diffcrent station was uscd for diffcrent
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months. When reasonably long records were available at several nearby sites.
missing data in a particular month were filled in based on the site record which was

most highly correlated for that month.

3.7 Model verification

3.7.1 Calibration and validation of the hydrologic model

3.7.1.1 Simulated runoff error

The model was first calibrated manually for all of the index catchments. The
automated procedure described in Section 3.1.5 was then applied to American River.
Salmo River, and the Middle Fork Flathead River. A lower objective function was
found for the Middle Fork Flathead River through manual calibration (followed by
automatic optimization) than through the automatic search procedure, apparently
because the automated procedure converged to a local minimum. The improvement
in the objective function for the American River and Salmo River through automatic
optimization did not correspond to much noticeable improvement in the visual

appearance of the (daily time step) hydrograph.

Final calibrated parameter values for each index catchment appear in Table
3.9. Typical simulations for each index catchment are presented in Figure 3.11. The
observed mean monthly runoff (Qpps), bias and absolute errors for the calibration
and validation periods are presented in Figures 3.12 and 3.13. Table 3.10 gives
several measures of averaged daily, monthly, and annual model errors for the
calibration (4 years) and validation periods (14 to 35 years). To facilitate
comparison between catchments, the mean monthly absolute error (MMAE) is given
as a fraction of the observed mean monthly runoff; the objective function, SSEy, was
normalized by the number of years in the validaﬁon period, and by thc squarc of the

observed mean annual runoff.

Generally, the simulations for the two semi-arid catchments (Reynolds Creek
and Camas Creck) were most time consuming and lcast successful. For these

catchments, there was a tendency for the model to be overfitted (larger errors in the
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validation than in the calibration period). By every measure, except for the bias in
the validation period, the Salmo River simulation is most successful. The validation
period simulation was especially poor for Camas Creek, relative to the calibration
period simulation. The bias in mean monthly runoff for Reynolds Creek was small,
but the mean monthly absolute error was quite high in both the calibration and
validation periods. It appears that the less successful application of the model to the
semi-arid catchments is related to the difficulty of estimating AET. The next section

addresses this issue further.

Use of the stochastic MOVE2 procedure (Hirsch, 1982) to extend tl}e Reynolds
Creek simulation from 17 years to 38 years resulted in an extended record that had
the correct mean and variance, but which was more weakly correlated to the
simulated runoff at the other index catchments than was the base 17 year period
simulation. It was found that the cross-correlations between the Reynolds Creek

associated sites and other subbasins also suffered as a result of record elongation.

Due to the poor simulations for Camas Creek and Reynolds Creek, and the fact
that the simulation period for Reynolds Creek was limited to the period 1964 to
1988, it was decided to eliminate these two sites from the model. Although it would
be desirable to include Camas Creek and Reynolds Creek from the standpoint of
geographic representativeness, I concluded that the poor quality of the simulation for

these sites would degrade the overall model performance.

3.7.1.2 Cross-correlation of simulated and historical runoff

Ideally, the index catchment simulations should preserve the observed cross-
correlation of runoff between the index catchments. In fact, this is unlikely to occur,
since simulated streamflow includes model crrors, which are likely to be independent
from site to site, and thercfore “dilute” the cross-corrclations of simulated relative to
observed flows. The results for the index catchments are presented in Table 3.11
(itcms 1 and 5). As cxpected, the cross-correclations for thc simulated flows are

lower than those of the observations. The difference between the obscerved and
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simulated annual cross-correlations for SR-MF was only 0.21 (from 0.648 to 0.442),
whereas for AR-SR, it was 0.54 (from 0.835 to 0.286). The AR-MF cross-
correlation was well-preserved, dropping only 0.07 units (from 0.743 to 0.674). The
generally poor preservation of the index catchment runoff cross-correlations
involving Salmo River means that the inter-group cross-correlations (cross-
correlation of synthetic runoff for subbasins keyed to different index catchments)

will not be well preserved by the stochastic model.

Although the most successful simulation overall is that of Salmo River, this
pattern in cross-correlation of simulated runoff suggested that among the three sites
(American River, Middle Fork Flathead River, Salmo River) efforts to improve the
Salmo River simulation should lead to improvement in the AR-SR and MF-SR
correlations, and should be given higher priority than the model performance for the

American River or the Middle Fork Flathead River.

After reviewing the cross-correlations of precipitation, historical runoff and
simulated runoff, however, it became clear that further calibration would probably
yield little improvement. The various correlations are presented in Table 3.11 (items
2-4). For all three sites simulated runoff (Q:» ) and observed precipitation (item 3,
Table 3.11) were strongly correlated (ranging from 0.880 for the Middle Fork
Flathead River to 0.967 for the American River), and, in fact, more highly corrclated
than precipitation and observed runoff, which stands to reason, since precipitation is
the model driving variable. This result suggests that the cross-correlation of
simulated runoff cannot be much higher than the cross-correlation of precipitation.
Indeed, this is the case for these three catchments, as secn by comparing items 4 and
5, Table 3.11. Thus, the inability to preserve the cross-correlation between
Amcrican River and Salmo River runoff is explained by the weak cross-correlation
between the precipitation records. It is concluded that the limitations of the model to
approximatc soil moisture conditions and cvapotranspiration arc to blamc, rather

than the relative quality of the calibrations.
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The tendency of the model to produce streamflow that is highly correlated to
precipitation is particularly problematic for the semi-arid catchments because the
historical correlation between precipitation and runoff tends to be considerably lower
for catchments with lower runoff ratios. The semi-arid catchments are likely far
more sensitive than more humid catchments to misrepresentations of soil moisture
and AET. By this argument, there is little reason to expect that the model would be

any more successful with other catchments in the southern region of the basin.

3.7.1.3 Selection of index-subbasin groups

The determination of the IC-LSB groups was based on the monthly and annual
runoff cross-correlations. All monthly and annual cross correlations for every index
catchment - subbasin pair is provided in Appendix B. The historical. annual cross-
correlations are given in Figure 3.14. The cross-correlation of runoff in the months
of peak flow was generally consistent with the annual cross-correlations, so only the

latter data are presented.

Among the fourteen local inflow sequences, only those of the Brownlee and
Roundbutte Creek subbasins are more highly correlated on an annual basis with the
observed runoff of either of the semi-arid catchments than with one of the other three
index catchments. Following elimination of Camas Creek and Reynolds Creek from
the study, Roundbutte was indexed to the American River, and Brownlee to the
Middle Fork Flathead. Fortunately this is a small compromise, as the Brownlee and
Roundbutte subbasins are relatfvely minor components of the overall system with
respect to storage and regulation of peak flows, power production, and volume of
runoff. The selected IC - LSB pairings to be used in the stochastic model are listed
in Table 3.12, along with the index-subbasin annual cross-correlations. Five
subbasins are keyed to the American River and to the M.F. Flathead River, and the

remaining four to the Salmo River.



49

3.7.2 Stochastic model validation

The historical and simulated monthly and annual standard dcviations and cross-
correlations for all sites are presented in Appendix B. The disaggregation model
preserved the mean and standard deviation of monthly and annual runoff for
individual subbasins. The sum of the generated local inflow, which corresponds to
the total mean annual total runoff at The Dalles, is 3.6 percent less than the

historical mean annual runoff for the basin (142,609 kaf).

Table 3.13 gives the observed and synthetic local inflow annual cross-
correlations (third and second columns from right, respectively) for selected subbasin
pairs (consideration was given to magnitude of local inflow and physical distance in
selecting data for presentation). The table is arranged according to whether the pairs
of sites are indexed to the same index catchment (within-group) or to different index
catchments (between-group cross-correlations). (The structure of the stochastic
model is such that only within-group subbasin cross-correlations are explicitly
modeled.) The observed within-group cross-correlations were fairly well preserved
by the stochastic model. The exce‘ptions to this are the John Day-Roundbutte and the
Lower Granite-Brownlee cross-correlations, and the within-group cross-corrclations
involving Mica (Salmo River group). The cross-corrclations involving Mica are

ovcrestimated by the model, while the other two are underestimated.

The between-group correlations were not well-preserved. This is attributed to
the poor preservation of index site cross-correlations by the hydrologic model, as
well as to limitations inherent in the stochastic model itself. Table 3.13 shows that
if the model were to be estimated using historical flows (and then used to gencrate
LSB flows conditioned on historical index catchment flows), it still would not be
able to preserve most of the inter-subbasin cross-correlations in most cases (last
column of Table 3.13). This suggests that even if the simulation were perfect, the
selected stochastic disaggregation model would still significantly underestimatc most

between-group correlations.
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On each tributary (i.e. at Albeni Falls and Lower Granite) and at Grand
Coulee, the reservoir simulation model results will not be affected much by the weak
inter-group cross-correlations. This is because subbasins on each tributary are
mostly keyed to the same index. However, it is expected that the variability in the
modeled total annual hydroelectric power production and annual runoff for the whole
basin (at John Day) will be somewhat lower than observed historically. Therefore,
the variability in the modeled total system hydroelectric production under the two
ACS’s should be compared to the base case climate simulation, and not to historical

patterns. Otherwise the stochastic model is considered satisfactory.

Whether the modelvaccurately simulates the historical runoff and hydroelectric
power generation is not a fundamental concern, however, since the alternative
climate scenario results will be compared to the base case simulation results, and not
to the historical results. The assumption is that bias in the modeled results will be

filtered out by evaluating differences between simulations.

3.7.3 Water resources screening model validation

The target discharges are a surrogate for the actual operation of the system
after the date of full development (1974). The target discharge was formed by
multiplying the mean annual flow at the node by the ratio of the mean monthly to
mean annual flow at the corresponding reference site (Table 3.7). This procedure
accounts for any difference in mean annual flow at the project node and the reference
site, which is substantial in the case of DWorshak, Hungry Horse, and Kerr. The
model is not expected to be able to simulate actual historical reservoir storage and
power production on a year by year or month by month basis. However, provided
that the model is able to reproduce the historical releases from major reservoirs on
average, then it should be possible to draw general conclusions about the
vulnerability of system performance to climate change. Following these
considcrations, it was dccided that validation would consist only of demonstrating

how well thc modecl is able to reproduce on average ccrtain project monthly
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discharges. Storage and power production was not validated directly, but is assumed
to be reasonably well represented provided that the model is validated for the

historical discharge.

The validation depends only on those target discharges which are accurately
representative of historical operation (Table 3.7). These include six sites: Mica,
Libby, Grand Coulee, Albeni Falls, Lower Granite, and John Day. Of these, for only
Mica, Libby, Grand Coulee, and Albeni Falls does the target discharge affect the
model operation (the other two are run-of-the-river projects). This list includes the
five most important measurement points for water supply - accounting for total
discharge for the basins at Mid- and Lower Columbia, Snake River, and Pend
Oreille, the three most important nodes for hydroelectric power (Grand
Coulee/ArroW, John Day, and Mica), and the three most important nodes for

reservoir operation (Micé,, Grand Coulee/Arrow, and Libby).

Figure 3.15 shows the historical runoff at the reference site corrected for
incremental flow (“A”), the discharge as obtained by routing the base case synthetic
local inflow (“M”), and the predevelopment total discharge (“U”) - which is simply
the sum of the at-site and upstream node local inflows. The reason for including the
predevelopment discharge (Qu) is simply to indicate to what extent simulated
changes in storage moderate the discharge, since this affects the interpretation of the

results. Results are shown for the five validation nodes.

Except for Grand Coulee/Arrow, the modeled and observed outflows (Qm and
Qa) are in good agreement, and the model seems to perform reasonably well.
Because storage historically has very little impact on runoff on the Snake River (Qu
and Qa are similar), the historical discharge at Lower Granite is easily preserved.
Storage on the Pend Oreille (Kerr, Hungry Horse) is great cnough that it could
potentially influence the hydrograph at Albeni Falls. Although the model preserves
the target discharge for Hungry Horse and Kerr reasonably well, thc modcl fails

partially in May and June at Albeni Falls, probably due to use of a non-ideal
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reference site for Hungry Horse and Kerr. The discharge from Grand Coulee/Arrow
accounts for 68 percent of the runoff on the lower Columbia, so the under-regulation
at Grand Coulee largely explains the discrepancy between observed and modeled

runoff at John Day.

Because of the model’s inability to simulate the historical mean monthly
outflow accurately at Grand Coulee, it was of interest to compare historical and
simulated combined Grand Coulee/Arrow reservoir storage fluctuations (Figure
3.16). The historical data shown are the combined storage of Arrow Reservoir
(Upper and Lower Arrow Lakes) and Franklin D. Roosevelt Lake (storage behind
Grand Coulee dam) storage) . Two years of data within this period were not
published. The Arrow record was incomplete in calendar year 1981; the Franklin D.
Roosevelt Lake record was not available for water year 1974. (The simulated time
series of storage, obtained by routing synthetic base-case local inflows through the
water resources model, is not expected to correspond closely to the historical data on
a month-by-month basis.) Over the period shown, the historical amplitude of the
annual cycle is about 70% of the active storage capacity, on average, while the

amplitude of the simulated fluctuations is nearly 100% of capacity.

The ability to model system-wide power generation was not validated, on the
assumption that if the historical discharge is preserved, then the power generation is
also preserved. Except for the spring, during which historically discharge exceeds
the turbine discharge capacity at most projects, the plot of average power generation
per month closely resembles the hydrograph. There are two reasons for this. First,
power generation is only weakly dependent on storage, but strongly dependent on
discharge; secondly, a large fraction of the system-wide power production is

produced at run-of-the-river projects (Dean, 1991).

The aggregate projects of primary importance (Table 3.2) are Grand
Coulee/Arrow, John Day, and Mica (61% generation), and of secondary importance

are Kerr, Albeni Falls, and Lower Granite (23% generation, about 7.5% each); no
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other project accounts for more than 4% of the 34,700 average megawatt capacity.
The total average annual power generated by the system in the base case climate
simulation ts 16,140 MW annually. At Mica, the mean monthly outflow hydrograph
matches the observed outflow at Revelstoke (i.e. the target discharge). The
implication is that modeled power generation at the Mica-Revelstoke aggregate node
should be similar to the historical mean power production. At other nodes there is
some difference between the target discharge and the modeled outflow, and therefore
power generation is probably under- or over-simulated in some months accordingly.
At John Day and Grand Coulee/Arrow it is certain that the model underestimates
power generation somewhat in February and March (since the simulated discharge in
these months at these sites is on average below the target discharge, and the

discharge is less than turbine capacity).

3.7.4 Summary

The greatest shortcoming of the model is in the simulation of regulated
discharge at Grand Coulee which has some repercussions downstream at John Day.
The use of a rcgulated local inflow for the Brownlee subbasin (as opposed to a
naturalized flow) has less consequence for modeling the Lower Columbia than docs
the deficiency of the model at Grand Coulee. However, the use of the rcgulated flow
at Brownlee as a basis for generating alternative climate scenario inflows through the
stochastic transfer scheme could change the model results somewhat for both the
Snake River, but is not a serious problem since it is only 9 percent of the total runoff
at The Dalles. Another feature of the model is the use of a simple operating rule in
the form of a target discharge, rather than an optimization scheme to dctermine
rclcases. The target discharge rule is a surrogate for the actual operating rules of
thc Columbia River projects. Nevertheless, the modcl should provide somc insights
into the potential sensitivity of power production, storagc bchavior, and mean

monthly peak flows in thc Columbia River basin.
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Table 3.1 Index catchment characteristics

American MF. Salmo Camas Reynolds
Characteristic River Flathead - River Creek Creek
River
Area (kmz) 204 2925 476 314 232
Elevation Range (m) 838-2096 959-3037 618-2372 1097-2010 1099-2238
Median Elevation (m) 1486 1744 1498 1504 1402
Gage Location 46:39N 48:30N 49:04N 45:09N 43:16N

121:10W 114:00W 117:17W  118:49W  116:45W

Streamflow Period of 1909-1990 1948 - 1988 1950-1988 1941-1989 1964-1980
Record (Continuous)

Mean Annual Runoff 1061 898 793 264 79
(mm/yr)
Mean Précipitationa 1553 1922 1524 945 553
(mm)
Runoff Ratio 0.68 0.47 0.52 0.28 0.14
Mean Temperature
&)
January 4.2 5.9 5.4 -3.9 4.6
uwy 137 17.9 18.3 17.0 18.4

Areal precipitation estimated from station precipitation through calibration of hydrologic
model (as expained in Section 3.1.3)
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Table 3.3 Subbasin drainage area and mean annual runoff

Discharge at TDA
Subbasin Drainage  Local Total Local = Total

measurement point Area®  Inflow’  Runoff Inflow’  Runoff
The Dalles® TDA -4 0 134,093 -1 100.0
Roundbutte  RBT 7,820 3,269 3,269 2.1 24
John Day JDA 18,580 11,103 130,824 7.5 - 976
Lower Granite LWG 32,760 19,486 37,417 13.6 279
Dworshak DWR 2,440 4 405 4,405 3.0 33
Brownlee BRL 73,300 13,526 13,526 9.0 10.1
Grand Coulee GCL 57,464 33,339 90,831 279 67.7
Lake Chelan CHL 924 1,468 1,468 1.1 1.1
Long Lake LLK 6,283 5,725 5,725 4.0 43
Albeni Falls  ALF 18,714 10,605 15,139 7.5 11.3
Kerr KER 5,432 1,931 4,534 42 34
Hungry Horse HHR 1,654 2,603 2,603 1.8 1.9
Duncan DUN 942 2,658 2,658 1.8 2.0
Libby LIB 8,985 8,924 8,924 59 6.7
Mica MIC 8,290 15,051 15,051 10.7 11.2
a o2

b kaf

€ Local and total runoff at the subbasin measurement point expressed as a
percentage of the mean annual flow at The Dalles (TDA)
4 The Dalles is the study area outlet node, but is not associated with a subbasin.

Total runoff at The Dalles is equal to the sum of the total runoff at John Day

and Roundbutte.
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Table 3.3 Computation of snow accumulation or ablation under three different

meteorological conditions.

Air Temperature < TBASE? | Air Temperature > TBASE®

Precipitation > 0.01 inches M Snow I Rain-on-snow and/or

Rain-on-bare ground

Precipitation < 0.01 inches II1. Non-Melt Il Non-Rain, Melt
Meteorological Snowpack Surface Change in Snowpack
Condition Temperature (Ts) Heat Content (AH)
L i or Rain+Melt 0°C Simplified energy budget for rain-on-
snow events
II. Non-rain, Melt 0°C AH = MF * Tab
where MF = Melt Factor®
II1. Non-Rain, f ( Snowpack Antecedent AH = NMF#* (Ta- Ts)
Non-Melt Temperature Index ) where NMF = Negative Melt Factor”

% TBASE is the temperature below which precipitation is assumed to occur as snow
b T, air temperature; Ts: snowpack surface temperature

¢ MF and NMF vary according to Julian Day
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Table 3.5 TOPMODEL parameters and upper and lower bounds

Bounds
Name  Description Units Lower Upper
KSAT  Saturated Hydraulic Conductivity m/day 0.100 15.0
F Transmissivity-Depth Function 1/m 0.070 4.00
SZM Soil Characteristic m 0.010 4.00
THFC  Field Moisture Capacity (m3/m3) 0.100  0.700
ZROOT Depth of Root Zone m 0.050 0.300
PXADJ Precipitation Adjustment dimensionless  0.70 1.30
PMAC Fraction Marcropores dimensionless  0.0001  0.500
RIP Fraction Riparian Area dimensionless  0.0001 0.100
Table 3.6 Abbreviated TOPMODEL parameter set
Bounds

Name Replaces Units Lower Upper

TMAX? KSAT/F m2/day  1.500 4.00

SZMP® m 0.010  4.00

SROOT® THFC*ZROOT m 0.005  0.200

PXADJ? 0.70 1.30

Maximum transmissivity
*Soil characteristic
‘Root zone storage capacity

Precipitation adjustment
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Table 3.7 Reference sites

Target  Validation®
Node Reference Site Discharge”  (Tributary or basin)

Reference site required for forming target discharge, but not suitable for validation:

Roundbutte Col. R. at The Dalles, OR v
Dworshak Snake R. at Ice Harbor, WA v
Brownlee Snake R. at Buhl, ID v
Lake Chelan Priest Rapids, WA v
Long Lake NA

Kerr Flathead R. at Col. Falls, MT v
Hungry Horse Flathead R. at Col Falls, MT v
Duncan Columbia R. at 1B v

Reference site suitable for vaﬁdan'onb:

John Day Columbia R. at The Dalles, OR Col. R. at The Dalles, OR

Lower Granite Snake R. at Ice Harbor, WA Snake River
Grand Coulee Col. R. at Bridgeport, WA v Col. R. at Grand Coulee
Albeni Falls P. Oreilie at Box Canyon, WA : Pend Oreille ’
Libby Kootenay R. at Libby, MT v Upper Kootenay
Mica Columbia R. at Revelstoke, BC v Upper Columbia

“ Any node with variable reservoir contents requires a target discharge. Streamflow
record used to form the target discharge is indicated (insignificant storage in John
Day, Lower Granite, and Long Lake subbasins)

5The reference site is only suitable for validation if not subject to significant
incremental flow with respect to the subbasin measurement point

°Columbia River at International Boundary, Washington
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Table 3.8 Meteorological stations

Catchment
(location of streamgage) Station® Location Period  Elevation®
American River, WA Stampede Pass, WAS 47:17N ’44-'38 1207
(46:58:39N. 121:10:05W) 121:20W
M.F. Flathead River, MT West Glacier, MT 48:30N ’50-°89 960
(48:29:42N 114:00:32) ' 113:59W
Kalispell, MT 48:18N ’00-°89 904
114:16W
Salmo River, BC Salmo, BC 49:11N *72-’80 685
(49:04:07N 117:16:36Wh 117:18W
Waneta, BC 49:0IN '29-"77 558
117:35W
Warfield, BC 49:06N ’48-"88 606
117:45W
Camas Creek, OR Ukiah, OR 45:05N ’50-'89 1024
(45:09:40N 119:18:25W) 118:56W
Pilot Rock 1 SE, OR 45:29N ’49-°80 2022
118:49W
Meacham Amos, OR 45:30N ’49-'75 1234
118:24W
Reynolds Creek, ID Lower Sheep Cr., IDd 43:08N ’63-'88 1648
(43:16:12N 116:45:00W) 116:43W
Reynolds, ID° 43:12N ’61-"89 1198
116:45W
Deer Flat, ID® 43:35N ’16-'89 765
116:45W _
Caldwell, ID® 43:40W ’04-'89 722
116:41W

2 First station listed is primary record, additional stations were used to estmate missing data.
® meters '

® Filled-in record provided by K.Brettmann

dAgn'cu‘ltural Research Service shielded precipitation gage, processed record (no missing
data), located within catchment

d'I'emperature data from the National Weather Service (Earthinfo CDROM)
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Table 3.9 Calibrated model parameters

American M.F. Flathead Salmo River Camas Reynolds
River River Creek Creek
Calibration
Period: 1974-1977 1969-1972 1968-1971 1986-1989 1968-1971
Parameter® Calibrated Parameter Value
SZM 0.0724 0.0940 0.0380 0.034 | 0.010
SROOT 0.0502 0.117 0.0280 0.162 0.0696
TMAX 9433 343 5.000 20.0 s 10.00
PXADJ 1.000 1.08 0.8300 1.00 0.95

@ Parameters and their upper and lower bounds are defined in Table 3.6
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Table 3.10 Model error - calibration and validation periods

Index Number  Qgs’ Quim’ SSE,* MMAE?
Catchment® Period years  (mm) /Qoss  (normalized) /MMR,; MRAAE*
AR Cal. 4 1128 0.980 0.572 0.300 0.208
Val. 36 1070 0.853 0.548 0.288 0.171
MF Cal. 4 1008 1.050 0.692 0.288 0.080
Val. 33 891 0.880 0.757 0.264 0.167
- SR Cal. 4 774 1.004 0.027 0.300 0.143
Val. 34 785 0.827 0.029 0.288 0.202
RC Cal. 4 76 0.970 3.46 0.504 0.358
Val. 14 78 0.974 9.22 0.660 0.480
CC Cal. -4 237 1.013 0.8 0516 0.113
Val. 268 0.955 1.2 0.648 0273

36

AR - American River; MF - Middle Fork Flathead River; SR- Salmo River; RC - Reynolds Creek;
CC - Camas Creek.

®Qsim - simulated mean annual runoff; Qobs - observed mean annuai runoff;: MMRobs - observed
mean monthly runoff

n*365S
°Sum of Squared Errors (Daily) = Y (Qsim,- Qobs,)?
i=1
4 ) _ 1 ] 12 .
Mean Monthly Absolute Error = - ..kz;l ,=; |Q sim,, - Qobs,,
1 " |Qsim,
¢ Mean Relative Annual Absolute Error= — § Oobs =1 where n is the number of ycars in the
LOo0S,

n,=

calibration period.
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Tablc 3.11 Annual corrclations of obscrved and simulated data for index

catchments
Site 1 Series 1 Sitc 2 Seres 2 Correlation
1. Cross-Correlation of Qobs
AR Qobs MF Qobs 0.743
AR Qobs SR Qobs 0.835
SR Qobs MF Qobs 0.648
2. Correlation of Prcp and Qobs
AR Prcp AR Qobs 0.665
MF Prcp AR Qobs 0.757
SR Prcp AR Qobs 0.814
3. Correlation of Prcp and Qsim
AR Prcp AR Qsim 0.967
MF Prcp MF Qsim 0.880
SR Prcp SR Qsim 0.915
4. Cross-Correlation of Prcp
AR Prcp MF Prcp 0.527
AR Prcp SR Prcp 0.460
SR Prcp MF Prcp 0.454
5. Cross-Correlation of Qsim
AR Qsim MF Qsim 0.674
AR Qsim SR Qsim 0.286
SR Qsim MF Qsim 0.442
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Table 3.12 Index Catchment and subbasin groupings for the stochastic
streamflow disaggregation model

Index Catchment ‘ Subbasin Local Inflow® Correlationb
American River John Day 11,103 0.829
Long Lake 5,725 0.890
Dworshak 4 405 0.893
Roundbutte 3,269 0.500
Lake Chelan 1,468 0919
M. F. Flathead River Lower Granite 19,486 0.775
Bronwlee 13,526 0.486
Albeni Falls 10,605 0.862
Kerr 1,931 0.962
Hungry Horse 2,603 . 0.953
Salmo River | Grand Coulee 33,339 0.960
Mica 15,051 0.595
Libby 8,924 0.881
Duncan 2,658 0.660
@ kaf (historical)

b annual correlation of historical runoff
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Table 3.13 Selected annual cross-correlations of local inflow

Cross-Correlations
Historical Generated Local Inflows
Group”’ Subbasins ° m S ;:5 ei:{y:fl: BsaisI:-Cué::c Historical ¢
Within-Group Cross-Correlations:
AR JDA CHL 0.846 0.742 0.779
CHL LLK 0.875 0.736 0.766
JDA RBT 0.487 0.260 0.542
MF LWG BRL 0.800 0.552 0.645
LWG ALF 0.907 0.960 0.953
KER ALF 0912 0.924 0.943
KER HHR 0.958 - 0.881 0.966
SR GCL MIC 0.533 ) 0.703 0.862
GCL LIB 0.766 0.384 0.944
LIB MIC 0.355 0.754 0.907
DUN MIC 0.640 0.873 0.918
Between-Group Cross-Correlations:
AR-MF JDA LWG 0.736 0.353 0512
DWR LWG 0.866 0.384 0.340
LLK ALF 0.927 0.485 0.408
AR-SR LLK GCL 0.807 : 0.117 0.631
JDA GCL 0.690 0.279 0.702
MF-SR BRL GCL 0.480 0.415 0.330
LWG GCL 0.804 0.881 0.547
KER GCL 0.702 0.235 0.406
KER LIB 0.889 ©0.181 0.569

@ AR - American River: MF - Middle Fork Flathead River; SR - Salmo River.

b Gee Table 3.2 for explanation of 3-letter subbasin codes.

° Model parameters were estimated with simulated index catchment and historical subbasin
data: generated flows were conditioned on simulated index catchment runoff.

4Model parameters werc estimated with historical index catchment and historical subbasin data:
generated flows were conditioned on historical index catchment runoff.
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l v

Daily Rain Plus Melt —»{ TOPMODEL | <«— Mean Monthly PET

Index Catchment Simulated Daily Runoff
aggregated to monthly timestep

v

C Monthly Streamflow Disaggregation Model )

v

Generated Local Inflow for Each Subbasin

Historical
Target Discharge = <€—| regulated
¢ streamflow

( Water Resources Screening Model )

v

Storage, Discharge, Power Production Spills,
Storage Failures, Release Failures

Figure 3.1 Models used in the study
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Figure 3.2 Location of index catchments
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Figure 3.3 Historical mean monthly runoff for index catchments

(for periods of record see Table 3.1)
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Figure 3.6 Schematic representation of TOPMODEL (after Brettmann, 1991).
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Figure 3.7 Implementation of the adjustment procedure. IC* : index catchment simulated
runoff: LSB’ : large subbasin synthetic local inflow sequence; superscript indicates a specific
climate case. In the case of IC sequences. the symbol “®” indicates that a +2C or +4C seqlicncc
has been adjusted to have the base case climate (+0C) mean and variance. In the case of LSB
sequences. “®” indicates that. prior to adjustment. the generated sequence has the same mean and

variance as the LSB™ sequence.
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Chapter 4 Results and Discussion

4.0 Introduction

The results of the alternative climate simulations and the routing of generated
local inflows through the water resources system model are presented. Changes in
local runoff characteristics for the index catchments and the subbasins are
summarized first, followed by the integrated response of the system. The remainder
of this chapter emphasizes results for water supply for the Mid and Lower Columbia
and for the Snake River. Water supply changes are summarized as changes in mean
annual runoff, maximum mean monthly runoff, and shifts in seasonality. The effects
upon reservoir storage behavior and system-wide power generation are also
evaluated. Finally, normal reservoir operation is described, in the context of the use
of the target discharge to simulate operation of the reéervoir system for the

alternative climate scenarios.

4.1 Hydrologic model results for alternative climate scenarios: Index catchment
simulations

Figure 4.1 gives the mean monthly runoff for each index catchment and cach
alternative climate scenario (ACS), including the base case scenario. Consistent
with other studies (see Chapter 2) the simulations indicate that climatic warming
would result in partial or complete conversion from snowmelt-dominated to rainfali-
dominated runoff for all the catchments. Overall the Middle Fork Flathead River and
Salmo River are least sensitive to warming. - For these two sites under the +2C
scenario there is a slight change in the timing of runoff, a slight decrease in
maximum monthly flow, but very little incrcase in winter runoff. Even with a +4C

warming, thc hydrographs at Middle Fork Flathcad River and Salmo River are still
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almost completely dominated by spring snowmelt, although the maximum monthly
discharge is significantly reduced. In contrast, for the American River, the +4C
scenario causes nearly complete conversion to a winter peaking, rainfall-dominated

runoff pattern. The +2C scenario produces partial conversion.

The percent change in annual runoff volume for each ACS, relative to the base
case, is given in Table 4.1. All three index catchments experience a decrease in
mean annual flow (MAF) for both ACS’s. The largest decrease is 7.3 percent in the
+4C climate for the M. F. Flatheéd River. Changes in mean annual runoff are due to
changes in actual evapotranspiration (AET), since the scenarios assume constant
precipitation. Whether AET (and mean annual runoff) increases or decreases in a
particular catchment depends on whether the warming scenario is sufficient to cause
a large enough shift in timing of peak runoff such that peak runoff (and soil
moisture) coincides with a period of low PET. The timing of snowmeclt-associated
runoff for the Middle Fork Flathead River and Salmo River is less sensitive to both
increments of temperature increase than is the American River, so that even under
the +4C scenario the timing of snowmelt coincides with periods of increased PET
decmand. With respect to mean annual runoff, they are more sensitive to changes in
temperature and precipitation than is the American River, again because of smaller

shift in timing of runoff.

4.2 Modification of adjustment procedure

The predicted effect of the ACS’s on the local inflows in each subbasin will be
discussed be_:fore considering the water resources screening model results. It was
found that the two adjustment procedures described in Section 3.3 and Appendix A
resulted in hydrographs for the ACS’s at several sites that werc unrealistic, and
particularly for those in semi-arid regions. For example the total annual runoff in
the +4C ACS for the Snakc River basin (mecasured at Lower Granite) was predicted
to increase by 53 percent over the base casc result, and the total runoff at John Day

by 21 percent. The additional assumption was adopted that thc change in thc mcan
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annual flow for the LSB’s will be equal to that at the index catchment. For each
subbasin a single factor was found to make this additional adjustment to the natural
adjusted time series. The monthly and annual coefficients of variation are not
affected, but both the mean monthly runoff and the monthly standard deviation are

increased or decreased by this factor.

4.3 Sensitivity of local inflow to warming

As noted in Section 3.2, synthetic local inflows were generated for each of two
adjustment procedures; also, two sets of flows were generated for the first
adjustment procedure in order to evaluate sensitivity to the random number generator
seed. The mean monthly results for the local inflows are not sensitive to the
adjustment procedure (Section 3.4), nor to the seed. The results presented in Figures
4.6 through 4.8 (local inflows, model regulated outflow) pertain to both procedures.
Because the variance, but not the mean, of the generated flows is dependent upon the
adjustment procedure (see Appendix A), it was anticipated that the two adjustment
procedures would lead to differences in storage behavior. However, there was almost
no difference in the water resources screening model results obtained for the two

procedures.

4.3.1 Comparison of local inflow hydrographs for each climate scenario.

The mean monthly local inflow hydrograph for each subbasin is presented in
Figure 4.2. Table 4.2 gives several results for each subbasin that summarizes the
sensitivity of local inflow to the +2C and +4C climates, relative to the base case
rcsult. The measures of sensitivity include the percent change in the largest of the
twelve mean monthly inflows (e.g. the change in the John Day subbasin maximum
runoff for the +2C case compares the +0C mean June runoff and the +2C mean
February runoff), the shift in timing of the maximuvm monthly flow, and the fraction
of total runoff that appears in the first six months of the water year. This

segmentation of the water year was chosen because, in the base case climate, there is
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relatively little runoff until April at most sites. Table 4.2 also gives the change in
the mean annual local inflow for each subbasin (which is necessarily equal to the
change at the corresponding index catchment, due to application of the adjustment

procedure).

The sites listed in Table 4.2 are placed into five groups according to similarity
in the pattern of sensitivity and hydrograph appearance (Figure 4.2). The order of
the sites loosely follows the degree of climate sensitivity, with the Group 5 sites
being least sensitive to warming. Group | includes John Day, Roundbutte, and
Brownlee. These three are the most sensitive of all the subbasins, and all three are
located in the semi-arid sub-region. These subbasins historically are less than
completely snowmelt-dominated, and have substantial runoff throughout winter,
which through the multiplicative adjustment procedure, become highly amplified in
the +2C and +4C scenarios. The Group 2 sites (Long Lake, Albent Falls, Lower
Granite, and Dworshak) are all similar in that the snowmelt peak remains prominent
in the +2C scenario (little or no decrease in peak magnitude), if not also in the +4C

scenario. These sites also have a shift in timing to one month earlier.

The Group 3 and 4 sites are quite sensitive to warming. These sites retain a
snowmelt peak, but one which is substantially diminished in magnitude. Within
Group 3 the timing of peak flow moves forward by two to three months in the +4C
scenario, and these subbasins develop more winter runoff than do Group 4 subbasins

in response to warming.

Group 4 subbasins (Mica, Duncan) have late snowmelt in the basc case
climate, and the maximum monthly runoff actually shifts forward in timc under the
adjustment procedure. This is an artifact of the adjustment procedure, and stems
from the fact that the timing of the maximum monthly flow for these three subbasins
is later than at the index catchment (Salmo River). The Group 4 sites have
decreased pcak flow. The Group 5 subbasins - Hungry Horse and Kerr - have the

coldest climatc and show little change in the runoff in autumn and winter.
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4.3.2 Comparison of results with and without the mean annual runoff correction

The additional correction for mean annual flow (see Section 4.2) has the
greatest impact on the local inflows for the Group 1 and 2 subbasins (as identified in
Table 4.2), all of which have significant winter runoff historically, (winter/annual
runoff ratio of 0.29 or greater) whereas the index catchments at most have a ratio of
0.27 in the base case simulation. The MAF correction factor is fairly close to 1.0
for other sites. Without the mean annual flow correction, the sensitivity in mean
annual runoff ranged from +20% to +78% (+4C scenario), and the change in the
maximum monthly flow was as high as 300 percent. With the mean annual flow
correction, the maximum monthly flows for these subbasins increased by not more

than 98 percent (Roundbutte).

4.4 Water resources model results

The results from routing these local inflows through the channel network will
now be described. At each time step, the model uses any available reservoir storage
to attempt to make the target discharge release at each node. In many cases it will
be secn that the model is able to meet the target discharge under all three climate
scenarios, even when the inflow hydrograph is highly sensitive to the climate
scenario, but that mean monthly storage at all of the major reservoirs is profoundly
affected. The results will be interpreted within the context of network structure,
emphasizing the major measurement points within the basin: Upper, Middle and
Lower Columbia (Mica, Grand Coulee/Arrow, John Day nodes), Snake River (Lower
Granite) and Pend Oreille/Clark Fork (Albeni Falls). All of these are validation
nodes, as indicated in Section 3.7.3. Sensitivity of storage behavior will be
addressed first, since the model’s ability to meet the target discharge is dcpendent on

available storage capacity.



87

4.4.1 Reservoir behavior and seasonal pool levels

In Figures 4.3 through 4.5, the modeled storage behavior of the three largest
reservoirs - Grand Coulee/Arrow (12.5 maf capacity) and Mica (12.0 maf capacity) -
are presented. In most cases seasonal fluctuations in the storage are dampened for
the warmer climates, i.e. the average high pool (maximum average monthly storage
volume) decreases with warming, and the average low pool (minimum‘ average
monthly storage volume) increases. At Grand Coulee, for example, the volume
difference between the average high pool and average low pool is 12.5 maf in the
base case climate (storage bound condition), but decreases to about 4 maf in the +4C
scenario. The corresponding +0C and +4C ranges for Mica are 3.5 maf a;ld 2.5 maf,
respectively. The result that the storage profiles flatten out has indirect implications
for power generation in warmer climates, and for flood control operation. This will

be discussed further in Section 4.5.

The explanation for decreasing amplitude in the average seasonal storage cycle
is related to the correspondence between the inflow hydrograph and the target
discharge. It is generally the case that the inflow hydrograph looks increasingly
similar to the target discharge as the climate warms, and therefore, the target
discharge is matched through smaller changes in reservoir storage. To illustrate this
point, the inflow, outflow, and target discharge hydrographs are shown for Grand
Coulee and Mica in Figure 4.6. The inflow hydrograph at Mica is simply the local
inflow, which is moderately sensitive to warming. The inflow hydrograph at Grand
Coulee is the sum of all the regulated outflows from six upstream nodes, and the
local inflow, which is modecrately sensitive to warming. At both nodes, the inflow
and target hydrographs become more similar as thc climatc warms; conscquently

smaller changes in storage are required to meet the targct discharge.

The effects of warming on the frequency of spills, storage failures, and release
failures (all defined in Section 3.4.2) follow from the cffcct on storage volume For

cxample, if the average low pool is higher under an altcrnative climate scenario, then
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it follows that the frequency and severity of storage failures should also decrease in
the ACS. At least for the late winter drawdown and spring refill period, all three
types of failures (spills, storage failures, release failures) tend to decreasc in
frequency and severity under the alternative climate scenarios, and the month of
maximum failure tends to shift to earlier in the year. At Grand Coulee, the timing of
both maximum monthly storage and maximum spills shifts from August (base case)
to May (+4C scenario). The results for each reservoir vary slightly from this general
pattern. At Libby Reservoir (Figure 4.6), the timing of the average high pool and
maximum spills is not affected by warming, but the frequency and average severity
of all three types of failures decreases with warming. Only at Grand Coulee does the
number of storage failures increase during the summer, as a result of non-refill in the
spring. This could be regarded as an artifact of the model, since presumably the
system would continue to be operated with a high priority on complete refill of

rescervoirs at the end of the snowmelt season (see Section 4.6.1)

These results contrast with other studies of heavily snowmelt-affected water
resources systems, such as Lettenmaier et al. (1993); Lettenmaier and Sheer (1991),
Dracup and Kendall (1990). In these studies warming led to a decrease in reliable
yield during the summer. A key difference between this study and other studies is
that the others modeled systems in which, historically, the summer water supply
demand approaches capacity. This is the situation for the Middle and Upper Snake
River and the Yakima River (also a tributary of the Columbia) (Scott er al., 1993).
Apart from these subregions, the releases required for irrigation diversions and
instream flow needs within the Columbia River basin above The Dalles, relative té _
the mean flow during the low flow season are smaller than those of most othcr
western U.S. rivers (Scott er al., 1993). (That this is the case could be inferrcd from
Figures 4.3 - 4.5, insofar as the target discharge at major storage rescrvoirs

represents releases sufficient to meet average water supply demand).
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4.4.2 Power generation in each climate scenario

Figure 4.7 shows the mean monthly power production for all hydroelectric
projects, as aggregated to 5 nodes. The data shown in Figure 4.7 for Grand
Coulee/Arrow for example, include Lake Chelan, Spokane River, Grand Coulee Dam,
and six downstream run-of-the-river projects (node 16 in Figure 3.9 and Table 3.2).
Average annual power generation for the whole system is 193,650 MW in the base
case scenario. System average power generation decreases slightly with warming,
relative to base case: 2.4% in the +2C scenario, and 4.6% in the +4C scenario (Table
4.3). The mean monthly total power production for the system (Figure 4.7, lower
right panel) closely resembles the hydrograph at John Day. Power production
decreases somewhat in the spring, and increases in the winter, a pattern which would
be likely to increase hydropower revenues, since demand and per unit cost

historically has been highest in the winter.

Most of the projects are operating throughout the simulation period in the
linear part of the power-storage-discharge curves, and in most look-up tables power
is not a strong function of storage. Therefore power production changes with climate
scenario in a way that closely resembles the changes in the outflow hydrographs (e.g.
compare Figures 4.7 and 4.8), in all but the months of peak flow (at some of the
individual nodes, mean runoff in the spring exceeds the effective discharge capacity).
Thus the system wide power production, as modeled, peaks earlier in the year under
the warmer climate scenarios, and the mean maximum monthly power dcgreases

somewhat.

4.4.3 Sensitivity of total discharge and power generation from a system-wide
perspective
Figure 4.8 shows the regulated discharge at each of the 14 nodes (aggregate
run-of-the-river nodes 16 through 18 are not shown). The sensitivity of routed flows
arc cvaluated with respect to target discharge at validation nodes. For this reason

the basc climatc target discharges are given in Figurc 4.8 as solid lincs for reference
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(the target discharge differs little for each scenario). Three validation nodes are
those with significant storage (Mica, Libby, Grand Coulee/Arrow). At Mica and
Libby the model meets the target discharge under all climate scenarios. At Grand
Coulee the model is least able to meet the target discharge in the base case scenario.
These results will be discussed in more detail below. Table 4.4 summarizes the
effect of warming on routed flows, specifically, on change in mean annual flow,

maximum mean monthly flow, and change in the winter/annual runoff ratio.

Figure 4.9 integrates the information in Figures 4.2 (local- inflows) and 4.8
(regulated discharge) in a way tha‘t emphasizes the network structure,.by showing
qualitatively for each node the relative importance and climate sensitivity of each
local inflow with respect to total regulated discharge. Each arrow converging upon a
single node represents either a local inflow or a regulated outflow from an upstream
node. Grand Coulee/Arrow, for example, has six upstream nodes and one local
inflow (Mica, Libby, Duncan, Albeni Falls, Long Lake, Chelan, and Middle
Columbia subbasin local inflow). The outflows of Upper Columbia are lumped
together in the figure; therefore there are five arrows converging upon the triangle
representing the combined Grand Coulee and Arrow Reservoirs. The two largest
inflows are the highly sensitive (Middle Columbia subbasin) local inflow, and the
outflow from Mica, Libby, and Duncan Reservoirs, which show little sensitivity to
warming. The single arrow departing from the Grand Coulce/Arrow Reservoir
rcpresents the total discharge from that node, and is indicated as being slightly
sensitive to warming. The thickness of the arrow departing from the Grand
Coulce/Arrow node indicates that the mainstem Columbia inflow to John D.ay is
much grcater than the Snake River contribution. The figure is descriptive of both
warming sccnarios, and to scrve as an aid for conceptualizing the climate sensitivity

of thc water rcsources system as a whole.

Upper Columbia
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The inflows to Mica, Libby, and Duncan could all be described as moderately
sensitive to the +4C scenario. The storage ratios (at-site storage capacity/mean
annual runoff) for these three nodes are all in excess of 0.55. Consequently the
model has no difficulty meeting the base case climate target discharge under any of '
the climate scenarios. This is shown in Figure 4.9 by characterization of the project
inflows as moderately sensitive (‘++”) and the outflows as insensitive (*-’). The
discharge hydrographs for Libby and the two Canadian projects are preserved, even
with a +4C warming, consequently, hydropowér generation is the same under the +2C
and +4C scenarios as under the base case scenario. On an average monthly basis,
storage behavior changes considerably for all thrce of the Upper Columbia

reservoirs, as discussed in Section 4.4.1.
Pend Oreille/Clark Fork

The inflows to Albeni Falls (the downstream node on the Pend Oreille River)
consist of the Albeni local inflow, which is slightly sensitive to warming, for both
climate scenarios, and the regulated outflow from Kerr, which is insensitive to
warming. The hydrograph at Albeni Falls (Figure 4.8) is slightly sensitive to
warming. The peak discharge for the regulated outflow shifts and there is some
increase of runoff throughout the winter, but particularly late winter and early
spring. The magnitude of the maximum outflow hydrograph changes little under the
+2C scenario, and decreases by about 20% in the +4C scenario. The timing of peak
runoff shifts by one (two) months for the +2C (+4C) scenario. The slight sensitivity
of the outflow hydrograph for the Pend Oreille has little effect on the downstream
node, Grand Coulee/Arrow, since this inflow to Grand Coulec/Arrow comprises only

20 percent of the total inflow to that node.
Middle Columbia (at Grand Coulee)

The'regulation at Grand Coulee is such that the target discharge is better
preserved in the +2C and +4C climates sccnarios than in the basc casec climate

(Figurc 4.8). The modcl is most successful in mecting the target dischargc in the
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warmest climate scenario (+4C). The ability of the model to meet the target
discharge most successfully in the +4C case climate case is due to the increasing
similarity of the inflow hydrographs and target discharge as the climate warms (as
discussed in Section 4.5.1). The storage behavior for the Grand Coulce/Arrow
aggregate reservoir shows some sensitivity to warming (Figure 4.3). There is a
phase shift in the refill and drawdown curves to earlier in the year, dampening of the
seasonal storage fluctuation, and decreased numbers of failures of all three types.
Power generation, which averages 6,125 MW annually, decreases by 3.2% and 4.7%

for the +2C and +4C scenarios, respectively.
Snake River (at Lower Granite)

Lower Granite is a validation node (with reference discharge f‘ormed from the
“record at Ice Harbor). Due to sensitive local inflows and limited storage capacity,
the Snake River basin runoff (outflow at Lower Granite) is somewhat sensitive to
warming, by comparison to the reference discharge. The hydrograph at Lower
Granite has a strong snowmelt signal in all three scenarios, with a maximum mean
monthly discharge that is unaffected by warming (Figure 4.8). There is however, a
shift in timing of the peak runoff, from June in the base case climate, to April in the
+4C climate. Storage at Dworshak and Brownlee is ineffective, insofar as the routed
outflow hydrograph at Lower Granite closely resembles the sum of the local inflow

to the three nodes (compare Figures 4.2 and 4.8).

The Snake River basin, which accounts for 25 percent of the runoff at John
Day, has an important influence on the hydrograph at John Day. In Figurc 4.9, the
regulated outflow for the Snake River basin is indicated as slightly sensitive to
warming. The general effect of warming would tend to reduce the late spring flood
risk on the Lower Columbia (see Section 4.5), but the Snake River hydrograph tends
to reinforce the snowmelt signal at John Day. Flood risk at John Day is closely
linked to the hydrographs at Grand Coulee and Lower Granite, since there is little

storage capacity downstream of the Snake River - Columbia River confluence. Shift
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of runoff to earlier in the year could interfere with irrigation diversion and pumping

in the Middle and Upper Snake basin.

With respect to hydropower, the four run-of-the-river projects in the Lower
Granite aggregate node (Lower Granite through Ice Harbor) and Brownlee account
for most of the Snake River generation (2300 average MW in the base case climate),
and for 12.4 percent of total system generation. Winter hydropower production is
sharply increased in the +4C climate (Figure 4.6), and total annual production

decreases by 2.3% and 6.9%, respectively, for the +2C and +4C scenarios.
Lower Columbia (John Day)

Overall the hydrograph at John Day is moderately well preserved (Figure 4.8).
The sensitivity of John Day to +4C warming is attributed mostly to the Snake River,
and to a lesser extent to the local inflows to John Day and Roundbutte, which are
highly sensitive to warming, but not at all to the Middle and Upper Columbia, since
the outflow at Grand Coulee/Arrow is regulated to the historic level in the +4C
climate scenario. Winter hydropower generation in the Lower Columbia is sharply
increased, particularly in January through April. Average annual hydropower
decreases only slightly from 4184 MW in the base case scenario, to 4013 MW in the

+4C scenario, a 3.7 percent reduction.

4.5 Summary

Figure 4.10 presents the modeled mean monthly hydrographs for the three
mainstem nodes: Mica, Grand Coulee, and The Dalles; as well as the hydrographs for
the downstream node of the three major tributarics of the Columbia River: the
Kootenay, Pend Oreille, and Snake Rivers. All arc shown on the samec ordinate
scale, to emphasize relative magnitudes. Comparison of Figurcs 4.10 and 4.7 shows
that the changes in the mean seasonal distribution of power generation follow the

changes in the mcan monthly hydrograph.
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The largest reduction in annual runoff was 7.0 percent in the +4C scenario
(Hungry Horse), and 4.0 percent in the +2C scenario (Brownlee, Albeni Falls, Kerr,
and Hungry Horse). Total runoff at The Dalles decreases by 2.3 percent and 4.3

percent in the +2C and +4C scenarios, respectively.

The Snake River and Lower Columbia hydrographs (Lower Granite and The
Dalles, respectively) peak two months earlier in the +4C scenario than in the base
case climate (Figure 4.10). At other major nodes the peak shifts only one month
earlier in the +4C scenario. Maximum peak runoff decreases substantially for three
of the five nodes - 24 percent for the Pend Oreille/Flathead (at Albem: Falls), 18
percent at Grand Coulee, and 16 percent at The Dalles -, but is not much affected at
Lower Granite (Snake River Basin) and Mica (Upper Columbia). The hydrographs
for Canadian nodes (Mica and Duncan) do not change in the warmer climate, and
probably also in a warmer and wetter climate, due to changes in storage. The same
is true for the Upper Kootenay River (at Libby), the South Fork Flathead River (at

Hungry Horse), and Grand Coulee/Arrow.

As modeled, the Snake River basin showed only a weak response to warming,
detected mostly as a shift in timing of spring melt, but with little change in the mean
maximum runoff and the abruptness of the snowmelt peak. As modeled (i.e. no
storage upstream of Brownlee accounted for explicitly), the Snake River basin likely
will be sensitive to any change in the seasonality and volume of precipitation,

because of the limited storage on that tributary.

The results for Grand Coulee are ambiguous, since the Grand Coulece +0C
hvdrograph is (apparently) anomalous, as discussed in Section 3.7.3. Assuming that
the Grand Coulee target discharge accurately represents the historical runoff (which
may not be true), the +4C hydrograph shows no climate sensitivity (i.e. conforms to

the target discharge), and the +2C hydrograph shows only a slight sensitivity.

At The Dalles, it is appropriate to focus on the target hydrograph (solid line)

as the reference for classifying the responsc to the +4C climate; the +0C hydrograph
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has a somewhat higher maximum monthly runoff than was observed historically in
the regulated hydrograph (Figure 4.8C). This is due to a deficiency of the model at
Grand Coulee. Given this consideration, the +2C hydrograph shows no climate
sensitivity and the +4C hydrograph at John Day shows a slight climate sensitivity.
The large increase in runoff in January through April (a difference of about 2,000
kaf/month with a +4C warming, with respect to the +2C scenario) has the appearance
of an earlier occurring snowmelt signal. The sensitivity of the Snake River basin
runoff contributes more heavily toward this climate sensitivity than does the local
inflow from the John Day River subbasin (compare Figures 4.2 and 4.10). At The
Dalles, the peak runoff diminishes considerably, from 20,000 kaf in July (+0C casc:
330 average cfs) to 17,000 kaf (260 cfs) in March.

These results seem to demonstfate that the system of storage projects in the
Columbia River basin has a large capacity for buffering changes in the seasonal
distribution of surface runoff that may result from a warmer climate. Virtually all of
this buffering capacity, as indicated by the model results, is provided by Mica,
Libby, and Grand Coulee. Hungry Horse has a fairly significant storage capacity of
3.2 maf, but the annual volume of runoff subject to regulation at this project is

relatively minor compared to the total runoff at The Dalles.

Application of the target discharge rule results, at all the storage projects, in
an average monthly storage cycle with a smaller amplitude, which is associated with
decreased number of failures (spills, release failures, storage failures). This is
interpreted as underutilization of the reservoirs, in the sense that minimum benefits
from a within-year storage system (as is the Columbia River water resources system)

arc derived when the storage is constant throughout the year.

4.6 Discussion

One of the difficulties with interpretations of the results is that the base case

target discharge was used in the alternative climatc scenario, which may or may not
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reflect a reasonable operational strategy for a warmer climate. The results presented

should be evaluated in consideration of this issue.

It was seen that at several sites (Mica, Libby, Duncan most notably) the model
was able to enforce a discharge hydrograph that looked fairly similar to the base case
climate hydrograph. It is probable that in a warmer climate, with earlier snowmelt
runoff, and in some areas, transition to rainfall-dominated winter runoff (i.e. John
Day and Deschutes River basins), the historical release pattern will not resembie the
release pattern that would obtain from application of rational operational principles.
Therefore, in order to understand how the results might be best interpreted, the
general aspects of the historical operation of Columbia River storage reservoirs are
explained briefly in Section 4.6.1, and the results of a study that investigated the
potential effects of climate warming on hydropower demand arc reviewed in Section
4.6.2. This background information is then used to evaluate the relevance of the

results obtained through the use of the historically-referenced target discharge.

4.6.1 Normal reservoir operation

The Columbia River basin projects are multi-purpose. The highest priority
functions are for irrigation, flood control, and hydroelectric power generation, and to
provide firm energy in winter. Additional uses include recreation, and navigation.
In the base case climate in most years the primary objectives - irrigation, flood
control, and power production - are compatible. The operation of the system is
based on volumetric forecasts of seasonal runoff, and a set of somewhat flexible
operating rules which are applicable under even periods of extreme high or low

runoff.

Flood control operation at the important flood control storage projects (Mica,
Libby, Hungry Horse, Grand Coulee, Arrow) is contingent upon forecasts of runoff
at The Dalles, Oregon. The flood control rules are designed to limit flooding at The
Dalles, since adequatc regulation at The Dalles will provide adequatc flood

protection at upstream flood prone arcas as well. A Canada-US trcaty grants the US
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authority to use a portion of Canadian storage in Mica and Libby on an on-call basis

for downstream flood control in the United States, when US storage is inadequate.

The control period begins 20 days prior to the date on which unregulated runoff
is forecasted to exceed flood stage at The Dalles (450,000 cfs). In most years the
control period does not begin before April 1. At the beginning of a control period, a
controlled flow objective is established for The Dalles. This is the degree of
regulation that is desired during the control period, and depends upon the forecasted
runoff and available system-wide reserved flood control storage at the beginning of
the control period. Rule curves for refill of each flood control project specify
storage as a function of the controlled flow objective. Actual storage may deviate
from the rule curve during a control period if minimum or maximum discharge limits
for a project would be violated. The controlled flow objective at The Dalles, and the
refill rate at each flood control storage project arc revised if neccssary as new

forecasts become available.

Volumetric forecasts of unregulated runoff (i.e. in absence of any changes of
storage) through August 1 at The Dalles are prepared the first of each month. The
earliest forecasts are usually available in January or February of each year. These
forecasts are the basis for deciding how much storage must be reserved for flood
control purposes. During winter drawdown and spring refill, operation follows either
the critical rule curve or the variable energy content curve (VECC). The critical rule
curve draft schedule corresponds to the project outflow that meets firm energy load
requirements. The VECC dictates the rate at which reservoirs must be drafted in
order to provide storage for flood control by April 1 of each year, and is designed to
assure 95% probability of refill at the end of flood control refill period. In the ecvent
that discharge required for flood storage reservation is less than that required for
firm energy load, then the critical rule curve supersedes, and a greater risk of non-

refill is incurred. Figure 4.11 gives an example of a Flood Storage Rescrvation
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Diagram, from which the VECC is selected, depending on the seasonal volumetric

runoff forecasts.

4.6.2 Possible effects of warming on hydropower and consumptive water use
demands.

Under the present climate hydropower demand peaks in winter. A study of the
potential effects of climatic warming and growth on hydropower and water supply by
Scott et al. (1993) indicates that in a warmer climate (the scenario used for the study
was roughly equivalent to a uniform +4C scenario), average annual energy
consumption could decline (neglecting growth), but that the demand pattern could
have both a summer and winter peak (Figure 4.12). Presently hydropower demand is
highest in winter, and lowest in summer. Irrigation demand for water and power may
increase, and energy demand for space heating would decline, possibly even to the
extent that sﬁmmer demand could surpass winter demand. The effects of growth on
hydropower demand were also assessed. Based on growth projections to the ycar
2010, it was concluded that growth alone will likely present a much greater burden
on the water resources of the Columbia River basin (energy and water supply) than
any effect due to climatic warming on the scale of +4C. The analysis by Scott er al.
(1993) shows a reduction in total annual hydroelectric power demand, for the case of

warming with no growth.

4.6.3 Evaluation of the model results in view of historical operation strategy

Three conclusions may be drawn regarding how the pattern of project outflows
at a typical storage reservoir might change if the basic principles outlined above
were observed to the extent required under the altered flow regime, and if the
hydropower and water supply pattern were to change as suggested by Scott et al.

(1993).

(1) To be consistent with the historical operating rationale, flood storage

reservation should be available prior to the beginning of the snowmelt season, which
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under the warmer climate scenarios would be earlier in the year than April 1 at most
projects. For example, at Grand Coulee the beginning of the snowmelt season shifts
from April in the base case climate, to March in the +2C scenario and to perhaps
February in the +4C scenario (see Figure 4.6). The target discharge resulted in an
average minimum reservoir content corresponding to these months for these scenarios
(Figure 4.3, upper left panel), even though it reflects the historical policy of

completing evacuation by April 1.

(2) An implication of the study by Scott er al. (1993) is that in a warmer
climate the releases in summer may need to be elevated above what they had been in
the historical climate. This and the previous two considerations would tend to.
sustain the model result of an average pool level that is lowered in the summer,
compared to the base case scenario. This may represent one of the negative impacts

of a warmer climate on water resources in the Columbia River basin.

(3) In the past, flood control operation has required that releases in high
runoff years be higher in the spring than would otherwise be beneficial. The modecl
prediction that the mean maximum monthly runoff at The Dalles would decline
suggests that storage reservation for flood control could be diminished in favor of

storing water for future use.

The points made in this discussion support the view that the behavior of the
system might indeed be modeled somewhat differently if the actual system
operational rules were implemented within the model in somc fashion, or if the time
series of releases were optimized for each climate scenario. However this discussion
does not contradict the general conclusions drawn from the results, and presented in

Section 4.5.

4.6.4 Conclusion

It appcars likely that with or without climate change, altcrnative sources of

cnergy may need to be developed (Scott ef al., 1993) to mect incrcasing demand for
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resources associated with growth, and that the impact of growth on demand may have
far more implications for planning than does the potential effects of warming on both
supply and demand. On the other hand, the possibility that a warmer climate could
permit an increase in the total energy deliveries annually, and that warming may
change the seasonal distribution of both demand and supply, as well as the average
annual MW that can be generated by the system, could influence decisions about how

to meet growth-related increases in demand for energy and water resources.
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Table 4.1 Comparison of base case and alternative climate scenario resuits for
index catchment simulations

Characternistic , Site +0C +2C +4C
Mean Annual Runoff _ R_&‘_lﬂ_t_m_ﬂ‘_m Percent Change d
American R. 1057 0.1 0.2
M. F. Flathead R. 909 4.0 73
Salmo River 771 2.3 3.9
Timing of Peak Month Shift of timing (# months) ¢
Runoff ° American R. June -1 6
M. F. Flathead R. June -1 -1
Salmo River May -1 -1
Peak Runoff ° Resuit in mm Percent Change d
American R. 275 -20.3 -50.2
M. F. Flathead R. 292 -9.6 -32.5
Salmo River 255 -14.1 377
Ratio of Winter to Ratio Ratio
Annual runoff ¢ Amencan R. 0.27 0.49 0.65
M. F. Flathead R. 0.16 0.24 0.37
Salmo River 0.16 0.26 0.42

2 Period of Record simulation
b naximum mean monthly runoff
© Ratio of October through April average runoff to average annual runoff

4 with respect to base-case (+0C) simulation
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Table 4.3 Sensitivity of mean annual power generation to warming

Power Generated °

Percent Change

Subregion B/C +2C +4C

Upper Columbia’ 1958 -1.9 23
Pend Oreille® 1570 32 6.5
Grand Coulee/Arrow” 6125 3.2 47
Snake River’ 2300 23 -7.0
Lower Columbiz” 4184 -1.0 3.7

“ Average annual MW
bMica/Revelstoke, Libby, Duncan through Brilliant (nodes 12,13,14)
“Hungry Horse through Box Canyon (nodes 11,10,17,9)

4Grand Coulee (node 6), six downstream projects (node 16), Long Lake and Chelan
(nodes 7 and 8)

*Box Canyon through Ice Harbor (nodes 3,4,5)
Y Projects on the Lower Columbia and Deschutes River (nodes 1,2,15)
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Upper Columbia, Upper and Lower
Kootenay River local inflows Hungry Horse Res,

1 PLL
Kerr Res. 2’

17 S.F. Flathead R.
'"”f local inflow -
0.7 K
Flathead Lake

Mica, Libby, Duncan Res. local inflow

Middle Columbia hd P. Orielle R.
10031 inflow local inflow
George
/ Waneta
Chelan local Spokanc R.local Dworshak Res.
inflow inflow —-
. 12.5 maf v
.F. Clearwater
0.13 e . local inflow
Lower Granise Brownlee es.
Arrow/Grand 1€ Harbor —+
Coulee Res. Q Niddle and
Upper Snake
/ Local Inflow
Lower Snake
John D‘IY John Day vacr local inflow local inflow

l (——— Deschutes River local inflow

insensitive to +2C warming
Total Outﬂow at The Dalles { slightdy sensitive to +4C warming

Figure 4.9 Schematic representation of the sensitivity of regulated inflow and outflow
throughout the network to climatic warming scenarios. Triangles (< ) represent major
storage projects;: numbers within indicate storage capacity (italic) and at-site storage
ratio® (bold). Brackets (“[”) indicate nodes without any significant storage (i.e. Albeni
Falls, Lower Granite, John Day, and associated projects). Relative thickness of arrows
converging to a common point is roughly indicative of the relative contribution of each
inflow to total discharge. Plus and minus signs indicate sensmvnv of local inflow or
outflow to warming (‘+++" - highly sensitive, ‘+’ slightly sensitive, ‘-’ no sensitivity).

@ (active storage / mean annual total discharge)
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GFDL Simulation for 2010
Monthly Electricity Consumption for Pacific Northwest System

30,000 l—

—~——

- L\\ — o~

20,000 =
A ——— e -

——— 0 Warming

AV

aMw 15,000

e GFOL Wsrming |
i

10,000

5,000

Y
*

0
Jan Fed Mar Apr May Jun  Jul Aug  Sep Oct  Nov Dec

Effects of Climate Change in the GFDL Case on Pacific Northwest
Electricity Demand in the Year 2010 (by month)
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Monthiy Electricity Consumption for Pacific Northwest System

30,000

25,000 < Z
_ I~ "

20,000 9

————— g YW

aMwW 15,000
——— G1SS Warming

5,000

Jan Fed Mar Apr May Jun Jul A Sep Oct  Nov Dec

Effects of Climate Change in the GISS Case on Pacific Northwest
Electric Energy Demand in the Year 2010 (by month)

Figure 4.12 Projected hydropower demand in 2010 for two GCM
scenarios, compared to base case scenario (after Scott, et al., 1993)
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Conclusions and Recommendations for Further Research

5.1 Summary

The possible implications of climate change on the Columbia River basin water
resources system were assessed through simulation of 38 years of daily streamflow
for three small index catchments (drainage areas ranging from 204 to 2925 kmz) and
subsequent aggregation to a monthly time step. The monthly (and annual) simulated
streamflows were then disaggregated using a space-time stochastic streamflow
disaggregation model to produce monthly incremental streamflow for fourteen large
subbasins, which comprise the total area of the Columbia River basin above The

Dalles, OR.

The streamflow simulation and disaggregation procedures were performed for
each of three climate scenarios: base-case climate (historical temperature),
historical temperature plus- two degrees, and historical temperature plus four
degrees; historical precipitation was used in all three scenarios. Two streamflow
series of length 38 years were generated for each subbasin, for each climate scenario.
The monthly streamflows were routed through a simple water resources system
model, which represented the reservoir system (which consists of about 100 storage
and run of the river reservoirs) as eighteen aggregate projects. The water resources
system model operating rules were based on historical average monthly releases from
each of the aggregate projects; that is, the model attempted to release from cach of

the storage reservoirs a target discharge equal to the historical mean releasc.

The disaggregation procedure was pseudo-dcterministic in that the gencrated

flows were conditioned on the simulated runoff scquences for the index catchments.



118

Two different procedures were used to adjust the subbasin flows produced by the
stochastic disaggregation model to reflect the simulated changes at the index
catchments. Both procedures assumed constant monthly means ratio (that is, that the
ratio of the monthly means of the altered climate td the base climate for each
subbasin was equal to the ratio for the corresponding index catchment. The first
procedure assumed that the coefficients of variation were also equal; the second
procedure assumed that the ratio of the coefficient of variation for alternate climate
to the base climate for each subbasin was equal to the ratio for the corresponding
index catchment. A second stage adjustment was then applied to rescale the adjusted
sequences so that the fractional change in annual runoff for the subbasin was equal

to the fractional change in annual runoff for the corresponding index catchment.

5.2 Conclusions

The major conclusions are the following:

1. The stochastic model was not very successful in reproducing the cross-
correlations of subbasin flows indexed to different catchments. This is a
consequence of the fact that the hydrologic model was not able to preserve the fairly
strong correlations of historical index-catchment annual runoff cross-correlations.
The hydrologic model produces simulations which are highly correlated to
precipitation records, whereas the precipitation records of different index catchments

are only weakly cross-correlated.

The weak crdss-correlations probably reduce the frequency of storage aﬁd
release failures at Grand Coulee, as well as affecting the frequency of high and low
seasonal runoff events at John Day, but only at these two sites would water supply
be affected by weak between-group cross correlations, since at all other nodes the

total runoff is associated with only one index catchment.

2. The stochastic transfer scheme scems to work best if the index catchment

and subbasin historical runoff hydrograph have a similar appearance. The additional
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adjustment, whereby the monthly subbasin flows were rescaled such that the change
in subbasin mean annual runoff was equal to that of the index catchment, seemed to

compensate for the original problem.

3. The Snake River basin, Hungry Horse, and Kerr local inflows are only
slightly sensitive to warming. All other local inflows were moderately to highly

sensitive.

4. The results of the water resources routing were not sensitive to random
number generator seed, nor to the adjustment procedure. This is because the
differences between individual local inflow sequences were not so great that

differences could not be obscured through month-to-month changes in storage.

5. The results suggest that the Upper and Middle Columbia basin, as currently
operated, is fairly robust to changes in the streamflow hydrograph that would
accompany climatic warming, in that the model was able to achieve the target
discharge at major reservoirs, in spite of moderately sensitive local inflows to these
nodes. In general, the greater the transition from a snowmelt-dominated regime to a
winter rainfall or transitional regime, the smaller were the changes in storage
required to meet the target discharge. At Grand Coulee/Arrow aggregate reservoir,
for example, the model came closer to meeting the target discharge in the +4C

scenario than in the +2C scenario.

6. The decrease in the maximum mean monthly inflow and the decreased
amplitude of storage fluctuations imply that less storage may be needed to be
reserved for flood control operation, if climatic warming occurs. An alternative
interpretation is that should warming be accompanied by increased annual runoff, the
system will be better able to mitigate flood flows than would be possible if annual

runoff were to increase without any change in mean seasonal temperature.

7. Partial or complete transition to winter rainfall dominated runoff is

beneficial both for flood control, as mentioned above, but also for hydropower
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generation. However this conclusion is based on the present hydropower demand
pattern; warm temperatures could be expected to alter the power demand pattern,
reducing the winter peak to some extent, and elevating demand in the summer. It
seems likely that the release pattern (or the operational strategy) could be modified
to obtain a hydrograph and hydropower generation pattern that peaks in both winter
and summer, one that would be consistent with the seasonality of demand expected in

a warmer climate.

8. Although a warmer climate appears to be beneficial for hydropower and
flood control, it could well interfere with efforts to restore wild runs of migratory

fish, salmonids in particular.

5.3 Limitations

The methodology used to prepare local inflows, and the water resources model
through which they were routed has certain important limitations which affect the

interpretation of the results.

The regionalization procedure is not physically based, and only seems to give
plausible results if the index catchment and subbasin have similar hydrographs. In
this respect, there was not adequate indicator index-catchment for the semi-arid and
for glaciated subbasins (John Day, Long Lake, Roundbutte, Brownlee, Mica,
Duncan). The streamflow disaggregation model was not able to preserve within-

group cross-correlations in these cases.

The inability of the model to prescrve subbasin within-group and bctween
group cross-corrclations means that any analysis of the water resources model results
that depends on these cross-correlations is not warranted. For this reason, only mean

monthly and mean annual results in the water resources model is emphasized.

The use of the historical mean monthly relcase as the operating rule in the
water resources model does not account for year to year variation in total runoff, and

lcads to larger excursion in reservoir contents. (Nevertheless, the model was able to
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reproduce the mean monthly outflows.) This same rule was applied in the alternative
climate scenarios, even though it is likely that the system would be operated
differently in a warmer climate. As for the modeling of hydropower, the water
resources model includes no consideration of hydropower revenue and avoidance
costs. Finally, no attempt was made to evaluate the impacts that the altered

hydrologic regime may have on fisheries and salmonid survival.

5.4 Recommendations for further research

1. TOPMODEL did not perform as well as was hoped, particularly for the
semi-arid catchments. The ratio of mean monthly absolute error to rdean monthly
runoff was 0.29 for the humid catchments and 0.59 for the two semi-arid catchments.
Because the snowmelt model was calibrated for snowmelt-dominated conditions, it is
questionable whether the model is applicable to warmer climates, where for long
periods the hydrologic conditions are outside the range found in the calibration
period (Nemec and Schaake, 1982). Testing the model on similar catchments with
better precipitation data, which of the forcing and calibration variables (temperature
and precipitation, and streamflow) is most difficult to measure accurately, might

help to isolate model versus data problems.

Another possibility is to emphasize minimization of error during calibration to
those periods which are hydrologically similar to conditions which are more typical
of warmer climate scenarios, i.e. periods of less snow accumulation and ablation:
more rainfall-associated winter runoff production as opposed to snowmelt and rain

plus snow associated runoff production.

2. The means ratio-stochastic disaggregation method of regionalizing index
catchment simulations can produce what seem to be unrealistic results when the
index catchment and subbasin historical runoff is dissimilar. One weakness of this
method of obtaining the subbasin runoff is that it does not take into consideration
differences in area-elevation relationships between the index catchments and the

subbasins. which could have an important effcct on the scasonal hydrograph of two
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catchments which otherwise experience a similar climate and storm exposure. The
means ratio assumption is probably most justifiable when the range of elevation of
the subbasin and the index catchment are similar, and both are located in the same
region of fairly homogenous climate. Even in the ideal case where the index
catchment is located within the subbasin, the much larger subbasin potentially could
still have a different pattern of sensitivity than the index catchment, because of

differences in elevation range and the vertical distribution and form of precipitation.

This issue could be addressed by incorporating area-elevation relationships into
the regionalization scheme, perhaps circumventing the use of the means
ratio/stochastic disaggregation scheme, for which there is no clear physical

justification.

3. This study has not adequately answered the question of how the system
would perform if optimized for hydropower revenue and storage reliability, or if the
existing operating rules were applied, in conjunction with simulated seasonal volume
of runoff forecasts. This is recommended as a direction for research. It would be
appropriate to modify the historical operating rules to take into account the earlier
onset of snowmelt, by requiring an earlier completion of reservoir evacuation for
flood control. This research could be useful for assessing whether the target
discharge approach, which is relatively easy to implement, gives results that are
consistent and sufficiently informative to warrant the simpler approach in other

studies.
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APPENDIX A ADJUSTMENT PROCEDURE

The time series of seasonal flows are typically not normally distributed. For
this derivation it is assumed that the seasonal distributions are lognormal. The
relationship between the moments of natural and transformed flows for 2-paramctcr

lognormal distributed flows is as follows:

'”x=exP[/”y*;_—o"y] Al

0-2y=ln[1+cv2x] A2

The variables ‘x’ and °‘y’ denote natural and transformed flows respectively.

Rcarranging Equation A.1, the following expression is obtained.
1
'”y=ln[”x}’5‘7y A

Equation A.2 is used to estimate the variance of the transformed flows. The
mean of the normal distribution fitted to the transformed index catchment flows is

cstimated by Equation A.3.

In general, a normally distributed random variable Y, eN(uy, o1) is adjustcd to

Y, e N(ua, 0'2) thus:
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Y, = (y,—/zyl)

As applied to the adjustment of the generated LSB sequence from base case statistics
(0), to the assumed alternative climate statistics (+), the adjustment of the normal

transformed flows is

A4

~ +

yi= (- us)

g
+

+'uv

o }

< ©

and the unknowns are (# “), and (o *),. Two assumptions regarding the mecan (¢ )
. and coefficient of variation (Cv *) . of the natural LSB flows are adopted in order
to obtain these two unknowns. The first assumption is the constant means ratio, and
the second is an assumption about the coefficient of variation. Two diffcrent
assumptions were taken for coefficient of variation, resulting in two different,
alternative adjustment procedures. Equations A.1 and A.2 must be applied to the
assumptions in order to find the expressions for the unknown mean and variances of

the transformed flows.

Under thc constant means ratio assumption, the ratio of the mean of thc natural
flow of an LSB for the alternative climate scenario to the mean flow in the base casc

is taken to be equal to that of the simulated flows at the associated index catchment:

+
+ 0 | M AS

X LsB X LsB /J
X

r®
|

c

The two alternative assumptions about the coefficient of variation for the LSB

arc 1) that it is unaffccted by climate change,
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+ = o Ab
.= v
Cv X Lss C X Lss

and (2) constant Cv ratio, which is analogous to the constant mcans ratio:

o Cv,’ A7

X ic

The unknown (u *) , for the LSB is found by substituting the expanded form of
Equation A.l into Equation A.4. Equation A.l, expressed for the base case climate

at the LSB and expanded, is:

o] o] 1 02
=< ex ex —0
Hx i { e p[z ’ }}m

Substituting the above into Equation A.5 yields

] feblofle ] 2]

IC

Comparison of Equation A.6 and A.2 shows that, for the first adjustment proccdurc
(assumptions of Equations A.5 and A.6) the unknown LSB variance (o ), is
unchanged from the base case, and therefore thp only unknown in Equation A.4 is thc
mean (u *),. Furthermore, the terms involving the variance of the LSB transformed

flows drop out of Equation A.8

exp[u_f]‘ =exp[uy°} B
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so that after taking logs of both sides, the result is

+
+ o H
= + [nl £x , A9
'u}’m ‘u)’um o
#x IC

Due to the assumption of the constant coefficient of variation, the ratio of
variances in Equation A.4 is equal to one (see above). Therefore, substituting
Equation A.9 into Equation A.4 gives the adjustment equation for the transformed

flows under the first procedure:

y7]
Y7

"+

y:’sp-"yLosa + In

5 O

i,

Exponeniating both sides give the first adjustment procedure as applied dircctly
to the natural flows, noting that the series y° is just the natural logarithm of the

generated, natural flow series.

Under the second adjustment procedures (assumptions of Equation A.5 and
A.7) the ratio of variances in Equation A.4 does not drop out. Instead, according to

Equation A .2,

[a+) ,( ln(1+Cv;2)\| All
o ° Y, sg L 1+Cvx2)J

LSB
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where Cv in the numerator is given by Equation A.7. The expression for the mean (4

*) , is obtained from Equation A.8, but retaining the terms involving the variance.
Equation A.2 is substituted for (o *), so that Equation A.8 can be written as (in

simplified notation):

Taking the logs of both sides gives the expression for (4 *) , for the second

adjustment procedure:

+
x Al2

K, =qlnul - % ln[l-i—Cv:z] + In ,uo
LSB Hxdic

where (Cv"), is given by Equation A.9.

To summarize, the adjustment equation for the first procedure is obtained by
substituting Equation A.9 into the general equation A.4 (observing that the ratio
+ ° . . T
{(c "),/ (¢ ), ] cquals one). The second procedure is obtained by substituting

Equations A.10 and A.11 into Equation A 4.



Appendix B Statistics of historical and generated subbasin flows.

This appendix gives several tables. Table B.1 and B.2 give monthly and
annual mean and standard deviations of subbasin local inflows. Table B.1 pertains
the historical (reconstructed) local inflows. Table B.2 gives these statistics for the
generated local inflows, after the adjustment procedure was applied (Section 3.3),
and after rescaling each monthly flow to preserve the change in mean annual runoff
at the corresponding index catchment (Section 4.2). Table B.3 gives the monthly and
historical annual runoff cross-correlations for every subbasin-index catchment pair.
It is on the basis of data in Table B.3 that the index catchment-subbasin groups were

formed.
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Table B.3 Monthly and annual subbasin-index catchment cross-correlations
(historical index catchment runoff; reconstructed historical local inflows)

Month

Oct Nov Dec Jan Feb Mar Apr May June July Aug Sep Annual

JOHN DAY

AmericanR. 034 068 068 044 060 067 059 065 072 054 0.19 0.01 0383
Camas Creek 034 025 058 066 0.71 077 0.54 048 022 0.13 -0.22 026 0.74
MF Flathead R 048 067 0.77 0.62 041 063 0.55 039 048 061 0.19 0.06 0.68
Reynolds C.  -0.30 -0.02 0.52 0.63 072 0.83 069 055 0.72 0.14 0.19 029 075
Salmo River 059 055 061 055 060 059 0.65 057 038 058 006 002 0.69

CHELAN

AmericanR. 0.68 078 079 082 0.85 095 090 093 092 089 091 072 0.92
Camas Creek 0.64 006 008 024 0.55 062 0.57 030 046 0.18 043 024 056
MF Flathead R 0.64 0.72 081 060 081 096 0.76 077 0.74 088 089 043 0.80
Reynolds C. 0.12 0.11 007 0.12 036 066 0.67 040 071 049 021 002 051
Salmo River 0.77 059 071 0.53 0.75 091 0.86 092 082 0.75 073 0.78 0.86

LONG LAKE

American R. 080 080 060 076 078 0.78 0.72 064 086 082 058 058 0.89
Camas Creek 060 048 088 066 082 082 082 055 067 045 046 034 038l
MF Flathead R 0.90 0.86 065 092 057 0.75 0.75 062 089 079 073 071 0381
Reynolds C. 0.13 020 0.76 034 063 0.88 08l 076 070 065 049 037 077
Salmo River 087 060 054 0.72 0.75 069 081 065 081 0.74 059 072 078

ROUNDBUTTE

AmericanR. -0.09 -0.03 0.44 034 043 0.59 056 061 046 069 053 032 050
Camas Creek 0.09 028 0.76 0.77 0.82 0.81 074 0.67 0.64 0.35 049 -0.17 0.72
MF Flathead R -0.01 0.10 039 042 021 051 054 043 022 050 058 0.12 0.40
Reynolds C. 061 058 088 0.68 0.87 090 0.75 0.73 054 0.64 042 050 0.76
Salmo River 003 0.10 031 030 042 046 062 045 021 055 051 001 038

LOWER GRANITE

American R. 045 072 073 068 079 077 072 0.77 0.76 0.69 050 030 0.78
Camas Creek 075 064 077 088 0.78 089 086 045 047 046 050 049 083
MF Flathcad R 0.68 083 0.76 0.79 0.68 076 081 0.79 083 0.79 071 071 0.78
Reynolds C. 0.35 002 061 068 08) 091 075 068 073 082 065 060 082
Salmo River 0.71 059 060 057 062 071 085 075 067 057 052 058 064
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Table B.3 (Continued)

Month

Oct Nov Dec Jan Feb Mar Apr May Junr Julv Aug Sep Annual

DWORSHAK

AmericanR. 065 074 0.76 0.73 0.89 091 083 074 086 087 0.71 046 0.89
Camas Creek 0.72 0.58 0.73 076 072 082 077 043 057 040 053 057 0.76
MF Flathead R 0.88 0.87 0.78 088 074 091 080 074 086 083 08 072 083
Reynolds C. 0.08 0.03 0.70 0.50 0.56 0.85 0.77 064 0.68 071 036 020 0.79
Salmo River 0.88 058 061 067 074 085 085 0.75 082 081 070 0.75 0.80

ALBENI FALLS

AmericanR. 0.74 0.78 0.78 0.75 085 090 0.73 081 087 0.72 052 048 0.89
Camas Creek 0.67 0.52 061 059 067 078 0.71 040 055 0.54 051 029 0.77
MF Flathead R 0.89 091 0.89 095 086 092 080 081 089 087 082 079 086
Reynolds C. 036 -0.16 041 028 0.52 080 0.77 0.67 081 079 0.54 063 0.77
Salmo River 089 0.75 081 082 084 085 085 079 079 077 063 070 0.80

KERR

American R. 0.70 0.80 0.81 067 0.69 092 076 0.75 0.77 0.74 0.70 0.44 0.80
Camas Creck 053 047 040 043 039 075 0.62 008 051 032 049 032 0.55
MF Flathead R 097 095 097 095 093 096 098 096 097 098 094 095 096
Reynolds C. 0.07 -0.14 024 023 032 076 067 054 074 056 052 021 0.72
Salmo River 085 076 084 088 0.77 087 094 083 083 073 068 0.71 0.80

HUNGRY HORSE

American R. 062 073 083 077 073 088 078 076 0.75 0.72 0.59 030 0.79
Camas Creck 0.65 0.47 052 059 042 060 062 0.11 050 038 043 038 0.54
MF Flathead R 0.92 0.94 093 095 096 095 098 097 096 097 088 0.89 0095
Reynolds C. 0.04 -0.03 0.57 039 038 0.73 061 044 0.77 0.74 055 025 0.76
Salmo River 086 066 072 077 0.74 087 092 0.78 083 070 0.53 0.54 0.73

BROWNLEE

American R. 0.00 -0.11 0.39 0.18 026 0.56 035 062 046 0.60 038 035 051
Camas Crcek 028 0.25 040 0.68 039 074 070 047 039 042 038 0.12 0.71
MF Flathead R 0.22 .0.03 035 0.29 042 052 049 061 055 055 057 021 049
Reynolds C: 0.75 0.72 0.57 0.72 081 092 091 086 067 080 067 065 091
Salmo River 0.23 008 030 0.16 028 046 056 059 027 038 039 025 040
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Table B.3 (Continued)
Month

Oct Nov Dec Jan Feb Mar Apr Mav Junr Julv Aug Sep Annual

GRAND COULEE

AmericanR. 068 068 065 076 061 082 068 082 082 074 0.72 0.56 0.85
Camas Creek 052 029 0.28 042 053 057 069 0.19 048 0.16 058 039 052
MF Flathead R 0.74 0.72 0.76 0.87 0.69 0.82 083 079 075 087 079 056 0.78
Reynolds C. 0.05 0.03 -001 0.08 0.27 080 0.79 040 066 023 0.17 024 050
Salmo River 0.78 0.88 0.88 086 082 0.86 0.90 092 090 086 089 085 096

DUNCUN

American R. 0.43 038 0.56 025 072 0.73 064 073 060 0.53 0.61 028 0.53
Camas Creek 023 -0.01 -0.03 047 032 027 050 007 0.18 0.05 053 0.17 0.19
MF Flathead R 0.45 0.45 0.51 0.17 035 074 080 0.76 043 078 0.73 025 0.57
ReynoldsC. -0.13 0.03 0.15 037 0.58 037 054 002 045 0.10 036 -0.01 0.27
Salmo River 039 048 053 0.13 035 076 0.79.082 054 065 068 060 0.66

LIBBY

AmericanR. 070 0.59 071 0.55 063 0.75 075 081 076 0.61 071 050 0.79
Camas Creek 0.40 024 0.18 023 032 084 066 006 036 020 044 040 0.44
MF Flathead R 0.83 0.73 0.89 0.82 0.71 081 093 084 074 088 087 065 0383
Reynolds C. 0.19 0.14 006 0.02 0.21 082 065 020 059 019 026 034 0353
Salmo River 0.75 072 088 0.77 079 0.78 095 089 082 075 076 085 0.838

MICA

AmericanR. 024 023 035 020 0.50 028 048 0.67 0.58 044 053 040 047
Camas Creck -0.14 0.11 -0.05 0.11 0.12 -0.10 039 0.02 0.15 0.05 041 005 0.1l
MF Flathead R 0.07 0.34 039 0.10 0.21 038 0.71 0.75 034 0.77 066 0.15 0.50
Reynolds C.  -0.30 -0.12 002 -0.41 0.03 0.23 032 006 044 005 036 -0.15 0.18
SalmoRiver 005 0.58 0.34 0.15 021 046 0.70 081 040 056 0.52 039 0.60




