s

Environment Canada
Inland Waters Directorate
Water Planning and Management Branch

ASSESSING THE EFFECT OF CLIMATE CHANGE

ON THE OPERATION OF A WATER-SUPPLY RESERVOIR

VOLUME I - REPORT

Jiﬁi Haas
. and
Tim J. Marta

Ottawa, Ontario

i _

L <
no L1313 -
1R

ool

December, 1988




HLH.C LBRARY
RIBLINTHENIE DU G N.R. H.

1



- TABLE OF CONTENTS

i

R

[T

127 2

Page
VOLUME I - REPORT
BB T RACT L iuvussnssasrrasasesassvosssostuansnasssastesoanssasnsacarss iii
ACKNOWLEDGEMENTS . <+ v e s vt eeteeeenannassesuenuanassssssnsenarsencanss iv
LIST OF FIGURES ..vvveriniteanssrrsoenssnecconnsssonarossssassnsnonsss v
LIST OF TRBLES 4 eceeuvsnesouonnsnncencocorssosnnsonnsnesassaess e vi
1. INTRODUCTION ...t iiitcanransonecvnorennssnnsnsansasosssanssossans 1
1.1 Study objectives........coouiiriiiiiriiieiraiennaiririisenenas 1
1.2 Study appProach........vtvvierinnenrannsenatanrisresssrnenas 2
1.3 Study area......covivnvnrevenns eeeeseieaaanns e vasasareaas 6
1.4 Report presentation.,.........oevvvevuenss e err e ee e 8
2. LITERATURE REVIEW ......ccovuieenrvrranannnsnsss . Ceerwanaeaans 9
2.1 Climate change in general.................. ceee . 10
2.2 Climate change impacts on water resourCeS.........eoeeeesss 12
2.3 Climate change implications for water supplies at the
regional scale....... ... iiiiiiiiniaenaann e 16
2.4 Evaporation and evapotranspiration...........civivivevinnnn 17
2.5 Characteristics of the South Saskatchewan River and
Lake Diefenbaker......coiivirinnensnananrsorrarensnnrnnnns 18
3, RESEARCH FRAMEWORK .....tceonencncncnenencnnnensosoncnanonossnss 19 .
3.1 Basic methodology...vvcenrisnrrorrnnarssssnnossarsnanssnnss 13
3.2 Framework structure........ e iarreraaraann e reraeeeseriranns 20
4, DATABASE ......cevs: P eesentasesrrssesatats e trsamane s e 27
4.1 Bagic StrUCEULB.,....cvvusesrsrassssnsnrnvaanes Ceressasaenas 27
4.2 Input from general circulation models................c.o.n 27
5. EVAPCRATION AND EVAPOTRANSPIRATION ...........civvvvnevnnnannnen 32
5.1 Evaporation and evapotranspiration models ................. 33

5.2 Simulating historical evaporation for Lake Diefenbaker .... 3%
5.3 Estimating evaporation and evapotranspiration for the
Lake Diefenbaker area for 2 X CO, climate

change SCENALIOB.. ... it vitivirersrrornoansassrsnsnsesan 43

5.3.1 Direct use of grid-point data - Method I ........... 44

. 5.3.2 Regionalization of grid-point data = Method II ..... 47

5.4 Discussion of evapotranspiration resultS .......evvevavenss 49

6. STREAMFLOW ESTIMATION FOR THE SOUTH SASKATCHEWAN RIVER
ABOVE LAKE DIEFENBAKER .......coeevusnnnsensorssssnsnarnaonnas 52
6.1 Testing of the CRAE model as input to streamflow

estimation for 2 X CO, climate change

---------

........ 56



ii

TABLE OF CONTENTS (continued)

6.2 Sensitivity of evapotranspiration to changes in relative

humidity and inS0lation ...vuvviinnnnnensrrneneneeeonnns
6.3 Effective/gross drainage area method of runoff estimation..
6.4 Alternative method of runoff estimation .............ccooe.s

7. INFLUENCE OF CLIMATE CHANGE ON THE RELIABILITY OF

LAKE DIEFENBAKER FLOW DATA. .. ..uvuiiinrnrnrosensnsansans .

-----

7.1 Evaluation of reservoir reliability for given minimum and
- - maximum storage and given target flow ..............00..
7 2 Statistical assessment of Lake Diefenbaker data ...........

8. CONCLUSION .\tuiuitnnunonnsoneasenssesssnenennensensnnenenneneens
8.1 Summary of Results ..........c00vvnne frerietseteren s eanan
8.1.1 Research Framework .......... Caerireesrennns crsea .

REFERENCES

8.1.3 Case study application .........covvuuvn. P
8.2 Recommendations .........ceveennvns. Sriamesesassaesiunrenans

.

VOLUME II - APPENDICES

LIST OF APPENDICES

APPENDIX
APPENDIX
APPENDIX
APPENDIX
APPENDIX
APPENDIX
APPENDIX

APPENDIX
APPENDIX

APPENDIX

APPENDIX

A

B

c-1
c-2
Cc=3
D-1
D=2

E

Data derived from the general circulation models
Evaporation - comparatfve results

CRAE and CRLE model ~ climate data and normals

CRAE and CRLﬁ modelr- input data

CRAE and CRLE model - results for Lake Diefenbaker
Evaporation forecast for Lake Diefenbaker - method I
Evaporaﬁion forecast for Lake Diefenbaker - method II

Evaluation of relative humidity and sunshine ratio
extremes

Testing of influence of relative humidity and
sunshine ratio using CRAE model

Calculation of evapotranspiration for ’'normal’
sunshine and ’low’ and 'high’ relative humidity

using CRAE model

Application of program FLOWSTOR on Lake Diefenbaker

Page

58
61
66

A

]

C

]

fj

=

o

]



iii

ABSTRACT

- This study defines a framework for assessing the impact of climate
change on the operation of a water-supply reservoir. The
evaporation/evapotranspiration component of this framework is studied in
detail using the so-called complementary relationship models developed by
Morton. The relative influence of several hjdrological and climatological
parameters on evaporation and evépotranspiration is assessed. Two methods
of estimating runoff under 2 X CO, conditions of climate change are tested .
and evaluated. Finally, the problem of reservoir operation under 2 X CO,-
induced hydrological changes is analysed and recommendations considered

necessary for further work on this subject are provided.
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CHAPTER 1
INTRODUCTION

The concensus of the scientific community predicts that human-induced
global warming will become significant before the middle of the next
century. The warming effect is likely to cause changes in precipitation
and evaporation; twc principal elements of the hydrologic cycle. The time
scale of the expected climate change is similar to that required for
planning large-scale water management activities. Planning and management
of water systems has traditionally been based on the assumption of
unchanging climate. Therefore, there exists an urgent need to assess the
effect of the climate change factor on water maﬁagement gystems,

particularly in regions of marginal water supply.

1.1 Study Objectives

The recognized need to assess the possible impacts of climate change

© in terms of water planning and management provided the impetus for this

study. Another incentive is the fact that as a research discipline, the
assessment of climate change impacts on physical and human systems is
currently at a very rudimentary level. Considerable basic de?elopmental
effort is requiréd to establish appropriate research methods and to amass
relevent information. Accordingly, the objectives of this study ére: 1) to

desiqn a research framework; 2) to develop an appropriate database; and 3)



to apply the results to assessing the possible impacts of climate change
scenarios on the operation of a water-supply reservoir. The location
chosen as the test case for the study is the Lake Diefenbaker reservoir in

the South Saskatchewan River drainage basin.

1.2 Study Approach

The subject of climate change and its impact on water resources can

be evaluated at two levels:
- general characteristics of climate change, and
- specific water supply implications at a regional scale.

The general level includes: 1) observations and evidence of climate change
and a review of this evidence; 2) an explanation of the causes of climate
change, natural and artificial, including an evaluation of

their relative importance; and 3) deséription through modelling of climate
change. The specific water supply, or water resources, level: 1) works
with gquantitative inpuﬁs from the general level (i.e. with estimates of
changes of major climatic variables); 2) attempts to simulate the
hydrological regime change corresponding to the expected change in climatic
variables; and 3) evaluates the performance of water resource systems for

the simulated post-climate-change regime (Klemes, 1984a).
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This study deals with the general level of investigation only to the
degree of briefly describing the evidence of human-induced climate change.
It concentrates on several selected questions belonging to topics 1 and 2
of the water supply level of the climate change problem, with only a very
brief excursion into topic 3, as described above. In other words, it works
mostly with estimates of changes in climatic variables and with directly

related changes of the hydrological regime.

Topic 1 of the water resources level of climate change, changes of
climatic variables, necessarily includes all major climatic characteristics
such as air temperature, precipitation, evaporation and evapotranspiration,
humidity and others. Since these parameters interact and their variation
in nature involves complicated interrelated physical processes, it is
extremély difficult to study them together in all their complexity. The
approach adopted in this study is to investigate one climatic variable in
depth and to include others only in simplified form or, if necessary, to

the degree needed to assess their impact on that one selected variable.

The variable selédted for special study should satisff two basic
conditions. First, the selected variable should be one of the primary
climatological parameters which causes direct and measurable impacts on
water resources. Second, a ﬁodelling tool which enables adequate
description of this variable should be available, This tool should be

sufficiently tested and geographically transferable. It should at least
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show promise of climatological transferability. A model is geographically
transferable when, after being developed and tested for one geographical
area, yields good results in a different location, and requires changes
only of spatially~specific parameters such as longitude, latitude and
altitude. Similarly, a model is climatologically transferable when, after
being developed for present-day climate situations and proven to be
geographically transferable, functions satisfactorily with new data and
thus requires minimal to ne adjustments for new situqtions, such as climate
change scenarios. Finally, data preparation and use of the model should

preferably be simple.

The climatic variable selected as the main focus of this study is
evaporation/evapotranspiration.. (Hereinafter, the term evapotranspiration
will also mean evaporation, unless otherwise specified.) The importance of
the ability to describe changes in evapotranspiration caused by eventual
climate change is self-evident. This modelling capability is especially
desirable for application to arid and semi-arid'areas with high levels of
evapotranspiration and marginal availébility of water. From among the
several modelling tools that are readily available, the models developed at
National Hydrology Reséarch Insﬁitute by Dr. F.I. Morton were selected.
Development of the Complementary Relationship Areal Evapotranspiration
(CRAE) and the Complementary Relationship Lake Evaporation (CRLE) models by
Morton over the past twenty or so yéars is considered by some experts as
one of the corner stones of modern hydrology. The models are physically

based, extensively tested and deal very well with gsystem aspects of the

problem; namely, with the interrelation of variables, feedbacks, and the
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hierarchy of the natural system. The models are fully geographically

transferable and show promise, especially the CRLE model, of climatological

transferability (Morton, perscnal communication). Data preparation and
application of the models are quite simple. Literature related to these

and other evaporation/evapotranspiration models is disucssed in Chapter 2.

On the other hand, existing models describing the greenhouse warming
effect on primary climatological variakles such as precipitation and
temperature are rather new and problematic, particularly when applying
climate change scenarios to regional impacts studigs. The main problem
with these ciimatological models, which are usually called General
Circulation Models (GCMs), is the relatively coarse spatial resqlution of
the results, Typicaily, the outputs of GCM climaﬁe change scenarios are
produced for a global scale. GCM data points of the sd—called grid point
networks are defined geographically by longitude and latitude with no
regard to functional and spatial characteristics of hydrological,
agricultural or other specific systems. Results of these models are used
in this study only as one typé of input; without discussion or evaluation.
Other types of simulated data describing predipitation and temperature
changes could serve thé.same purpose, without risk of being considered

valid, definitive answers,

The above considerations are not meant to suggest that the results of
GCMa are substandard, but to simply clarify that they are not tested or

assessed in this study and are handled merely as one possible type of



simulated data. Other related variables such as humidity, solar radiation
and lake depth are eﬁaluated only.in the sense of their interaction with
the selected basic variable, evapotranspiration. Runoff is estimated in
this study using the basic water balance equation R = P =~ E (runoff equals

precipitation minus (actual) evapotranspiration).

1.3 Study Area

The methodology developed in this study was applied to the Lake
Diefenbaker reservoir in Saskatchewan and on the contributing portion of
the South Saskatchewan River Basin (Figure 1.1). The reservoir is located
in the semi-arid region of the Prairies. One could assume that climate
change has or will have more pronounced impact on a marginal semi-arid
basin than on a more stable humid-region basig. Furthermore, Lake
Diefenbaker has clearly defined, dominant input, congisting of the South
Sagkatchewan River inflows. Local inflows due to surface runoff range from
negligible to practically non-existent. Such a water resource system is -
easier to analyse than other, more coeplicated systems. Also, the Lake
Diefenbaker reservoir is extremely lmportant for the development of
intensive agrlculture in the area as well as other significant activities,
such as hydroelectricity and recreation. Last, but not least, recent
droughts in the Prairies have confirmed both the sensitivity of water

resources to climatic factors and the importance of water management to

socio-economic well-being in this area.
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1.4 Report Presentation

Following the Introduction, the necessary basics of assessing climate
change at the general level are presented in Chapter 2 and then synthesized
in Chapter 3, as part of a detailed descriﬁtion ofrthe overall structure of
the study. Data requirements, database organization and basic
characteristics of GCM data are discussed in Chapter 4. Chapters 5 and 6
represent the bulk of the study, with Chapter 5 assessing
evapotranspiration and its possible changes, and Chapter 6 working with the
runoff aspect of the problem. Chapter 7 evaluates the options for
assessing the influence of climate change related hydrological shifts on
the Lake Diefenbaker reservoir. This reservoir is part of the South
Saskatchewan River system and a more detailed evaluation of changes in _
reservoir operation would require an assessment of the whole system, a task

which exceeds the scope of this study. Chapter 8 contains conclusions and

recommendations,

.

0
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CHAPTER 2
LITERATURE REVIEW

Five areas of literature were reviewed.‘ Selected literature dealing

with a possibility of an unprecidented climate change in the near future

(within the next 50 to 80 years) was examined. Topics of interest were:
axiatence or nonexistence qf evidence of climate change occurrence; natural
and hﬁman-induced climate change; and different possible causes.of
human-induced climate changes. The impact of increasing carbon dioxide
concentration in the atmosphére, the ability to describe and model this

phenomenon, and trends in its development were studied in more detail.

Literature assessing the impact of climate change on water resource

management was also reviewed. The problem of realistic simulation of
streamfiow series for a changed climate consists of two separate
components: simulation of a time series of the primary climatic variables,
such as precipitation, radiation, humidity, evaporation and
evapotranspiration, and then transformation of this time series into
streamfloﬁ series. Regarding time series simulation, only literature
dealing with evaporation and evapotranspiration was studied. Simulation of
precipitation and temperature time series was not attempted and instead,
the results of two General Circulation Models were used as inputs. The
very limited time scope of this study did not enable time series data

simulation; however, conaideration of inclusion in future work would be
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worthwhile. Regarding time series transformation, most of the studied
literature dealt with a simulation of the hydrological regime created by
hypothetical climate change scenarics and with an evaluation of performance

characteristics of water resource systems for simulated post-climate-change

hydrological regimes.

Also reviewed were papers on water supply implications at a reqgicnal

Scale. Relevant literature addressing evaporation and evapotranspiration

was studied in more detail, because of the importance of these parameters

for this study. Finally, hydrological characteristics of the South

Sagskatchewan River at Lake Diefenbaker and operational rules for Lake
Diefenbaker were reviewed. The results of the literature review are

presented in the sections that follow.

2.1 (Climate Change in General

Basic questions of climate change are discussed by Rosenberg (1987).
He provides a definition and the basic characteristics of climate, reviews
evidence of global climate change and describes workings of the climate
systems including radiation and energy balance. The article also addresses
the effects pf human activity on climate, especially regarding the
"greenhouse effect” as caused by certain atmospheric trace gases, in
particular, the concentration of atmospheric carbon dioxide (COy} . Figure
2.1 illustrates apparently conclusive evidence of the increase of global
temperature which is at least partially attributable to an enhanced

greenhouse warming effect.

S

SN
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The most important human contribution to climate éhange is the rapid
increase of atmospheric C0, over the last 120 or so years. The problem is
described in detail by MacCracken and Luther (1985); The document contains
state-of-the-art articles that synthesize an extensive volume of research
and thus represents a'summary of current knowledge. In one key article,
Schlesinger and Mitchell assess simplified climate models and more complex
GCMs, including climate change results for zonal mean air temperature,
precipitation, soil moisture and cloud cover. They also describe and
compare in detail four independently developed GCMs, including the two

whose results are used in this study. Three appendices of the document

were reviewed as well. Appendix A by Schlesinger deals with energy balance

models and radiative-corrective models. Appendix B by Luther and Cess
discussed the carbon dioxide and climate change controversy. Finally, Hall
in Appendix C reviews the reliability of climate model projections, in

‘particular the problem of model validation and sensitivity analysis,

2.2 (Climate Change Impacts on Water Resources

An important contributiﬁn to this area of study is the research carried
out under Project IV.1 within the World Climate Program (Water) of the
World Meteorological Organization. A summary of this project is provided
by Klemes (1985). The report recammends_that the asseésment of the
possible impacts of climate change on water resources be divided ints three

distinct steps:

o



1)

2)

.3)
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a quantitative estimate of changes in the long-term indices of the
major climatic variables such as air temperature, precipitation,

evapotranspiration, snow cover, runoff;

a simulation of the hydrological regime corresponding to these

changes; and

an evaluation of performance ~havacteristics and design parameters
of water resources systems for the simulated post-climate-change

hydrological regime.

In a paper appended to the WMO report, Klemes and Nemec (1983} summarize

the main difficulties connected with chtaining an accurate assessment of

climate change impacts on water resource development:

1)

2)

uncertainty in quantitative estimates of change of primary climate
variables which is mainly due to our imperfect understanding of

climate dynamics;

the limited,cépability of current hydrological models which is a

consequence of our imperfect understanding of hydrological

mechanisms;
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3) shortness of historic records which hinders the identification of
the correct structure (and parameters) of the streamflow
stochastic process which constitutes the basis of any assessment

of a statistical significance of climate change impact;

4) inadequacy of current statistical methods for making useful

inferences on the basis of small samples;

3)  difficulties with information transfer form proxy variables in the
absence of solid understanding of dynamic relationships between

them and the primary variables, namely streamflow,

The authors call for advancement and refinement of the present state of
knowledge and available analytical tools with regard to climate change
modelling and impact assessment in order to provide a useful contribution

to future-focused water resource planning and development.

The proceedings of an internationél symposium on "The Influence of
Climate Change and Climatic Variability on the Hydrologic Regime and Water
Resources™ (Sclomon et’al., 1987) contain several papers-of basic
importance. Askew places the consideration of the impact of climate on
water resources in a broad context. He investigates intezrelations between
climate, hydrolegy, water-resource systems and society. Clark discusses
the effects of climate change on hydrologic design criteria for flood
events. Henderson-Sellers describes in a very interesting way the impact
of increasing atmospheric carbon dioxide concentrations upon reservoir

water quality.
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Probst and Tardy (1987) investigated long range streamflow and runoff
fluctuations at the regional, continental and world scales using the
records since the begiﬁning of this century for fifty major rivers. The
authors identified the so-called "great hydroclimatic periods™ that have
affected the various drainage basins. They found goocd corfespondence
between the global temperature fluctuation curves and the world runoff
fluctuation curve, with the basic relationships being "hot and wet® and
"cold and dry"™. Global runoff increased about 3% as an average between
1910 and 1375, resulting from above average continental runoff increases
in the Americas and Africa. The authors concluded that since the beginning
of this century, the world climate has been getting hotter and wetter,
which corresponds with the global climate simulations of general

circulation models.

A general overview of possible climate change impacts on water
resources, from a Canadian perspective, is provided by Ripley (Healey and
Wallace, eds., 1987). He describes climates of the past, discusses in more
detail the natural and artificial factors related to c¢climate change, and
provides a description of the current approach to climatic modelling. The
author also presents.a’rough estimate of impacts of climate change on
runoff in the major drainage basins of Canada. His water balance
calculations project increases in mean annual runoff for all major draiﬂage
regions in Canada. Ripley concludes by encouraging continued climate
change research, despite lingering uncertainties, 30 as to better
understand -the likely impacts on.water resource systems and to identify

sufficiently in advance options for effective societal response,
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2.3 Climate Change Implications for Water Supplies at a Regional Scale

The amount of available literature in this area is still very limited.
The material reviewed indicate§ that alterations in regional hydrologic
cycles and changes in regional water availability are poorly understood
consequences of global climate changes. Beran (1986) summarises the impact

of a future climate change on water resources on both general and regional

~scale levels. He describes methods and models that have already been used

to forecast the effect of climatic change on the availability of water for
human consumption, irrigation, power production, effluent dilution and
navigation. Beran divides the assessment of the climate change impact on
water resources into two steps: the first one concerns impact on
hydrological variables only, while the second deals with changes of the

exploitable fraction of the runoff.

An important article by Gleick (1986) provides a conceptual framework,
an empirical overview and more detailed information on the subject. Gleick
suggests that the basic water balance model is one of the more useful tools
for identifying the regional hydrologic consequences of climate change.

The application of future global climate scenarios to regional impact
studies is addressed in Cohen (1988). The author discusses methodological
concerns, such as mismatch of scales and interpolation problems, and uses
Canadian research experiences, including a Saskatchewan River study, as
coping examples. In the same volume, Lawford (1988) reviews some of the
main knowledge gaps present in the analysis of climate change and its
impact on water resources. The areas iequiring enhanced research effort

include modelling climatic change and assessing the impacts of climate
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change and variability on water resources. Specific opportunities for

climate-water research are discussed with reference to western Canada.

2.4 Evaporation and Evapotranspiration

There exists a large volume of literature on the subject of evaporation
and evapotranspiration. The report for a Canadian workshop on "Evaporation
and Evapotranspiration Piocesses' (Eley, 1988) recommends further
development of practical modelling tools, emphasizing refinement of proven
models. The results of a study that compares different methods for
calculating potential evpotranspiration (Grace and Quick, 1988) are
interesting since in practice these results are frequently used to estimate
actual evapotranspiration. The tests, which were conducted in a Canadian;
semi~arid prairie setting, revealed large diécrepancies among the various
results and indicated a need to develop and apply models that more

correctly simulate real conditions of the study area.

The preceeding review suggests that the so-called “conventicnal

conceptual® techniques used to estimate evaporation and evapotranspiration,

particularly those used in current watershed models, are based on

assumptions that do not reflect reality. From this perspective, papers by
Morton (see References) represent the dominant contribution. The
"complementary relationship® method of evaporation and evapotranspiration
modelling is considered by some experts to be superior to fhe'conventional
methods., Indications are that the CRAE and CRLE models developed by Morton
are experiencing increasing recognition. The Alberta Department of

Environment has routinely used these models for several years (Holecek,
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1982) . Parts of the complementary theory were tested by the Commonwealth
Scientific and Industrial Research Organization (CSIRO) in Australia
(Byrne, Drenin aﬁd Diggle, 1988). The International Institute for Applied
System Analysis (IIASA) proposed the modification of Morton’s model to

obtain estimates of average areal evapotranspiration (Kovacs, 1987).

2.5 Characteristics of the South Saskatchewan River and Lake Diefenbaker

Literature concerning the operation of the reservoir at Lake
Diefenbaker and the role of the South Saskatchewan River was reviewed. A
report prepared by the SNC Group (1987) fo¥ the Saskatchewan Water
Corporation describes general characteristics of the lake, types of water
use, expected development, water-~use demands, and reservoir operation
constraints. It also contains a simulation of the water resource system
for the Saskatchewan River. The report published by Inland Waters
Directorate of Environment Canada (1987) assesses four basic¢ scenarios of
development for a ‘constant’ climate using its Water Use Analysié Model.
The results provide a detailed analysis of changes in rule curves and
operafing constraints for Lake Diefenbaker as a result of these
hypothetical scenarios; The work by Cohen et al. (1988) deals with the
same river basin chosen for this study, but uses a much larger part of it;
namely, the Saskatchewan River at The Pas, Manitoba, with a total area of
364 000 km?, The methodology used by Cohen et al, and the study results
are evaluated in more detail in Chapter 6 of this report. Finally,
Hopkinson (1985) provides measured surface temperature and estimated

evaporation data for the years 1972 to 1986 for Lake Diefenbaker.

\\\\\
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CHAPTER 3

RESEARCH FRAMEWORK

3.1 Basic Methodology

This study, as conceptualized in Chapter 1, includes five main

methodological components:

1) description of the general situation, which is global climate

change resulting from an enhanced greenhouse effect;

2) implications for selected aspects of the water cycle, that is, for

watér supply on a regional scale;

3) work with a selected part of the water cycle, which in this study
is evapotranspiration (and using other parts of the water cycle
only as input or to study the relative influence of other parts of

the water cycle on the selected one);

4) agsesament of'the impact of evapotranspiration changes on the

water balance equation; and finally,

3} implications of changes on the operation of a water-supply

reservoir.

These five research aspects will be addressed in varying degrees of detail.
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3.2 Framework Structure

Figure 3.1 illustrates the interaction between the five main components
of the research framework. Figures 3.2 to 3.6 schematically show the
logical structure of these main components. For this study it is relevant
that the part of Component 1 that produces GCM forecasts of temperature and
precipitation can be used as simulated input into Component 2. Component 2
deals mainly with the selection of a suitable water resources system and
influences together with Component 3, evaporation and evapotranspiration
change, Component 4, runoff change modelling. Components 3 and 4 are the
main parts of the study and are described in full detail in Chapters 5 and
6, respectively. Component 5 takes into consideration characteristics of
the Lake Diefenbaker reservoir and deals with the one selected aspect of

climate change influence on reservoir operation.

[
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. Figure 3.1 Five Main Components of the Research Framework.
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CHAPTER 4

DATABASE

4.1 Basic Structure

The database of this study has the following design characteristics.
The database is sfored on an IRM P/XT ormeater with DOS 3.2. Programs
handling parts of the database are written in MS FORTRAN 3.20. The
fuhctions of programs RELHUMID and DEWPQINT are discussed in Chapter 5.
Program FLOWSTOR is described in Chapter 7. The database at this stage
includes only monthly and annual data. Data are organized in parallel
blocks or groups of blocks reflecting type of data, origin of daté and
their use in the study. The parallel block structure makes it easy to move 
data from one data file to another. Figure 4.1 shows the basic structure
of the database while Figure 4.2 shows in more detail the structure of data
for temperature, precipitation and the different types of

evapotranspiration data used in this study.

4.2 Input from General Circulation Models

A general circulation model, or GCM, is a three-dimensional numerical
climatic model of the atmosphere-land-ocean system that deals
simultaneously with atmospheric motion, energy and mass transfer, and

humidity. This study utilized outputs from two independently developed
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GCMs: the first from the Goddard Institute for Space Studies (GISS),
and the second from the Geophysical Fluid Dynamics Laboratory (GFDL). 1In
both cases, this study relied on output data swmmarized and adjusted by the
Canadian Climate Centre (see Hengeveld and Street, 1986), These GCM
outputs served simply as one possible type of numerical input for this
study without being discussed or evaluated in detail, These data sets,
however, are currently widely used in climate change impact assessment

studies across Canada.

Both the GISS and GFDL models provide simulated data for temperature,
precipitation and potential evapotranspiration for latitude-longitude grid
points. GISS results were originally provided for an 8° latitude by 10°

longitude grid, but were later interpolated to points at 4° latitude by 5°

 longitude intervals. Five GISS grid points were selected as repregentative

of the part of the South Saskatchewan River Basin supplying Lake
Diefenbaker. These grid points are located at 50°N115°W, 50°N110°W,
S0°N105°W, 54°N115°W and 54°N110°W. Only the 50°N110°W point is located
inside the basin, but the other four are relatively close (see Figure 1.1).
The grid point at 50°N115°W seems to be the most important one for
evaluating precipitatibn because it is located in the Rocky Mountains and
should be able to describe the relatively high precipitation that occurs-in

this region.

The GFDL grid points are spaced at 4.5° longitude by 7.5° latitude
intervals. Following preliminary attempts to simulate the regional

hydrology of the Saskatchewan River drainage basin, Cohen et al. (1988)
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concluded that the results from the GISS grid points deséribed the
conditions of the study area more adequately than those from the GFDL
network. One reason for this discrepancy may be the higher density of the
GISS network. The authors then adjusted the GFDL results for the GISS grid
points, thus providing the two sets of data on the same grid point network.
(The interpolation method is described in Cohen et al.) Since the

adjustment alsc enhanced the comparability of the two GCM data sets, the

" GISS grid points version of the GFDL results was used for the purposes of

this study.

Both GCMs provide simulated mean monthly and annual temperature,
precipitation and potential evapotranspiration data for: 1) the time
period 1951~1980 (this is the same time period used for calculating current
climate "normals®™); and 2) the situation with a 100% increase of CO, in the
atmosphere {the so-called 2 x CO, situation or scenario}. Complete sets of
GCM~derived data are tabulated in Appendix A. It is important to note that
hydrological changes predigted by GCMs are highly uncertain. The reason is
that processes such as precipitation, évaporation and cloud formation occuf
naturally at finer spatial scales than those of GCM data networks.
Consequently, parameterization of these processes is necessary, whereby
they are predicted based on their statistical relationship with other,
primary climatological variables (i.e. temperature). Hydrological changes
are effectively treated by GCMs as. secondary impact projections using
assumptions that are greatly simplified compared to actual hydrological
processes; This problem of accuracy and scale is addressed further in

Chapter 5.
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CHAPTER 5
EVAPORATION AND EVAPOTRANSPIRATION

Climate change that influences precipitation, humidity or solar
radiation, and consequently temperature, will also influence
evapotranspiration. Eventual change in evapotranspiration will have a
profound effect on runoff and the availability of water, especially in arid

and semi~arid areas.

As.already discussed in previcus chapters of this study, there are
seﬁeral tools available for evapotranspiration modelling (Eley, 1988, Grace
and Quick, 1988). The models developed by Morton over the past twenty
years were chosen for this study because they are physically based,
extensively tested and fairly easy to use. Climate chaﬁge suggests an
uncertain future and it is obviously impossible to test now the validity of
scenarios for precipitation, temperature and other climatic variables.
However, given a tool that models evapbtranspiraﬁion using generally valid
physical proéesses and that was tested for geographical transfer
'reliability, one mighf expect some interesting results from climate change

experiments.

The Morton models are considered by some experts to be closer to some
ideal truth, about one segment of the problem, than anything else available
right now. Existing measured data, as well as post-climate-change data

(eventhough one cannot evaluate their quality), are used as the input into
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these models., Results of these experiments are useful because they can
indicate the relative importance of climatic variables for modelling
evapotranspiration change. One can also obtain some boundary estimates of
evapotranspiration change. In addition, practical knowledge of the model
will improve, including a better idea of whether or not the model is

climatologically transferable.

Therefore, the purpose of this chapter is to briefly describe the
evapotranspiration models selected for this study and to present the
résults of_appl&ing them to the Lake Diefenbaker area. The results of this
study are then coméared to those obtained for the same model and another,
but similar area, as well as results obtained for the same area
(Lake Diefenbaker) by other methods and models. Finally, the results of
running the model with several different typés of simulated data are

presented.

5.1 Evaporation and Evapotranspiration Models

The models selected for use in this study are those developed by
Morton: the complementary relationship areal evapotranspiration (CRAE)
model and the associated complementary relationship lake evaporation {CRLE)
model. (Another associated model, complementary relationship wet-surface

evaporation {CRWE)} model, is not used in this study.)
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There are several publications available, some of which are listed in
the Evaporation and Evapotranspiration Section of the References, on the
concept of complementary relationship and the associated models. The
following excerpt from Morton et al. (1985) describes the principles and

processes that are the conceptual basis of CRAE and CRLE models.

The equation describing the complementary relationship
is expressed as follows: E, + Eqp = 2Epy, where:

Ey = areal evapotranspiration, the actual
evapotranspiration from an area so large that the
effects of the evapotranspiration on the
temperature and humidity of the overpassing air
are fully developed.

potential evapotranspiration, as estimated from a
solution of the energy balance and vapour
transfer equations and representing the
evapotranspiration that would occur from a
hypothetical moist surface with radiation
absorption, heat transfer and vapour transfer
characteristics similar to those of the area, and
8o small that the effects of the
evapotranspiration on the overpassing air would
be negligible.

Erw = wet environment evapotranspiration, the
evapotranspiration that would occur if the
soil-plant surfaces of the area were saturated
and there were no limitations on the availability
of water for evapotranspiration.

Figure 5.1 provides a schematic representation of the
workings of the complementary relationship under
conditions of a relatively high radiant-energy supply
(solid line) and of a relatively low radiant-energy
supply {(dashed line}. The ordinate represents
evapotranspiration and the abscissa represents water
supply to the soil-plant surfaces of the area, a '
quantity that is usually unknown. When there is no
water available for areal evapotranspiration (extreme
left of Figure 5.1), it follows that Ep = 0, the air is
very hot and dry, and Epp is at its maximum rate of 2Eqy
(the dry environment potential evapotranspiration). As
the water supply to the soil-plant surfaces of the area
increases (moving to the right in Figqure 5.1) the
resultant equivalent increase in E, causes the

]
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overpagsing air to beccme cooler and more humid, and
this in turn produces an equivalent decrease in Epp.
Finally, when the supply of water to the soil-plant
surfaces of the area has increased sufficiently, the
values of Ey and E,, converge to that of Epw. Thus, the
potential evapotranspiration under completely humid
conditions is equal to one-half the potential
evapotranspiration under completely arid conditions.
Neither E; nor the availability of water are known, but
both E,p and Epy can be estimated from routine
climatological observations. Therefore, the CRAE model
uses the complementary relationship in the following
form: Ey = 2E;y = E4P.

In the CRAE model, Epp is estimated from a quickly
converging solution of the energy balance and vapour
transfer equations, and Eyy is estimated from the
equation for potential evaporation proposed by Priestley
and Taylor (1972) as adjusted to take into account the
effects of large scale advection during winter. The two
coefficients needed for the adjustment and the vapour
transfer coefficient needed in the computation of Epp
have been calibrated using data for dry months in arid
regions where the sum of E;p and the precipitation
approximates 2E,, (Morton, 1983a).

The outputs of the CRAE (model) are E,, and E, in
millimetres, and R,, the net radiation corresponding to
soil-plant surfaces at air temperature, in millimetres
of evaporation equivalent. The value of Eypy i8S not
normally of interest, but if required it can be computed
from the following version of the complementary

relationship: Egy = (Ep + Epp)/2.

The evaporation from a lake-size wet surface, Eys
differs from the wet-environment areal
evapotranspiration, Epy, only because the radiation
absorption and vapour transfer characteristics of water
differ from those of vegetated land surfaces. The
potential evaporation (hereinafter referred to as
pan-size wet surface evaporation and denoted by the
Symbol Eyp) differs from the potential
evapotranspiration, Ewp, for the same reasons. Although
the By is equal to the value of Eyp estimated from
observations in the lake environment, it can differ
significantly from the value of Ey, estimated from
observations in the land environment.

Figure 5.2 provides a schematic representation of the
relationship between the lake-size wet surface
evaporation and the pan-size wet surface evaporation in
the land environment under conditions of constant
radiant-energy supply. The ordinate represents
evaporation and the abscissa represents the water supply
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to the soil-plant surfaces of the land environment, _
Since a lake is defined to be 30 wide that the effects
of upwind shoreline transitions are insignificant
(Morton, 1983a,b) the lake-size wet surface evaporation
is independent of variations in the water supply to the
soil-plant surfaces of the land environment. The
complementary relationship, however, predicts that the
pan-size wet surface evaporation in a completely dry
land environment would be twice the lake-size wet
surface evaporation and that it would decrease in
response to increases in the water supply to the
goil-plant surfaces until it reached a minimum equal to
the lake-size wet surface evaporation as shown in
Figure 5.2. (Morton et al., 1985.)

Both the CRAE and CRLE models require data for only three basic
variables - temperature, humidity (expressed as dew point temperature or
vapour pressure or relative humidity) and insolation {expr3issed as sunshine
duration or sunshine ratio or observed global radiation). Other data
required are: average atmospheric pressure (replaceable by altitude),
average annual precipitation (only for CRAE model), depth of lake (for
CRLE), and salinity (for CRLE and only for significantly saline lakes).
Program WREVAP which calculates CRAE and CRLE models also requires several
option-selecting control parameters. A detailed description of this

program can be found in Morton et al., 1985.

An application of the CRAE and CRLE models to the Lake Diefenbaker

study area should follow three logical steps:
1) application using historical data;

2) comparison of historical simulations with those of the CRAE and

- CRLE models for similar geographical areas; and
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3) experiments with forecast data.

Section 5.2 below deals with steps 1 and 2. Step 3 is addressed in
oy subsequent sections. Figure 5.3 schematically shows the individual steps

L described above.

5.2 Simulating Historical Evaporation for Lake Diefenbaker

The CRLE model wasfapplied by Morton on Last Mountain Lake,
Saskatchewan'(see Morton, 1983a). Morton used data for the years 1973 and
1977, and because of the limited time-scope of this study, the same two
L years were used for data purposes. Data from the following climatological

Y stations were used: Saskatoon, Swift Current and OQutlook. These data (air.

= temperature, dew point temperature, and sunshine, where available) are

iﬁ. listed in BAppendix C-1. The sunshine ratio data from Outlook are for some

- ieason systematically lower than data from the other two stations., Also,

.;; the station at Qutlook doeé not provide dew point temperature or any
humidity measurement. Therefore, for the purposes of this study the

LJ average temperature (T) and average dew point temperature (TD), calculated

I from Saskatoon and Swift Current data, were used. However, three versions

i“; of sunshine ratio data (S),‘Saskatoon plus Swift Current average

fﬁ{ (Version I), Outlook only (Version II), and Swift Current only

I?{ (Version III), were used. Output data for ali thfee versions are listed in

detail in Appendix C-2 and summarized in Table 5.1.
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The three versions of input data were first tested with an approximate

average lake depth (DA) of 40 m. Lake evaporation results simulated for

Lake Diefenbaker were 650 mm/year, 619 mm/year and 658 mm/year for Versions

I, II and III, respectively {Appendix C-3), To compare current test
results with those for Last Mountain Lake, Versions I and III data were
then tested for a hypothetical depth of 10 m, which is the approxzimate
depth of Last Mountain Lake. The results were 696 mm/year for Version I
and 704 mm/year for Version III. The original result obtained by Morton
{see Appendix B) for Last Mountain Lake was 635 mm/year, which is a very
good agreement considering the fact that Morton used different climatic
stations. As stated above, the sunshine data for Version II {Outlook)

seemed to be untypically low for the area and were not tested further,

Version I and III data were then tested for DA = 20 m and DA = 50 m,

which are the approximate depths of the upper and lower parts respectively

of Lake Diefenbaker (Hopkinson, 1985). The results differ

considerably (see Table 5.1), but as expected, from the evaporation values

for Lake Diefenbaker as calculated by Hopkinson using the Meyer equation.

The Meyer equation is a formulation of Dalton’s law

which postulates that the evaporation is a function of
the vertical vapour pressure gradient in a specified
layer over a water body and the wind at a specified
height above the water surface. (Hopkinson, 1985)

Driven by the “complementary relationship® concept as explained in Section

5.1, the CRLE model calculates lower values for Lake Diefenbaker than those

of Hopkinson. With regard to the influence of lake depth, the shallow,
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upper part of the reservoir is intuitively warmer and therefore loses more
water due to evaporation than the deeper, lower part with its cooler water

temperatures,

Version I and III data were also used as input into the CRAE model,
giving actual evapotranspiration results of 351 and 361 mm/year,
respectively (Appendix C-3). Normal precipitation for Lake Diefenbaker
area is about 349 mm (Appendix C-1). . These results suggest that there are
little or no local runoff flows in the Lake,Diefenbaker catchment area and
that the only significant inflow into the reservoir is that of the South
Saskatchewan River. The results for both Versions I and III are,
therefore, considered acceptable. However, since Version I used data from
Saskatoon and Swift Current, while Version ITI used Swift Current data
only, Version I was assumed to be more representative with reg#rd to the

study area and was chosen for further work.

5.3 Estimating Evaporation and Evapotranspiration for the Lake Diefenbaker

Area for 2 x CO, Climate Change Scenarios

As noted above, to‘calculate evapotranspiration using the CRAE and CRLE
models, temperature, humidity and insolatiod data #nd, for the CRAE model,
average annual precipitation, are required. Temperatures for a 2 x CO,
climate change situation are available in the form of GCM output,
specifically from the GFDL and GISS models (i.e. two sets of hypothetical
temperature input). Similar humidity and insolation scenario data are not
available. Therefore, direct estimation of evapoiation and

evapotranspiration for 2 x CO, scenarios was not performed. Instead, some
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assumptions about data were made and used for several climate change

experiments with the CRAE and CRLE models.

GISS and GFDL model forecasts of temperature are available for
latitude-longitude grid points (see Chapter 4). The location of these
points unfortunately does not take into consideration the data-measurement
needs of specific water resources systems. The problem is that

hydrological processes such as precipitation, evaporation and cloud

-formation occur naturally at finer scales than those of the GCM data

networks., Therefore, there are two basic ways of working with the
GCM-derived temperature data. The first is the direct use of grid point
data, in either raw or weighted form. The second is the ’'regicnalization’
of an expected change, as suggested in Beran (1986) and Gleick (1986).

Both these basic approaches are attempted in this study.
5.3.1 Direct use of grid-point data - Methed I

Figure 1.1 shows that the two grid-points-closest to Lake Diefenbaker
are 50°N110°W and 50°N105°W. Method I uses the average temperature from
these two grid points as the ’forecast’ tempe:atufe for bbth the GISS and
GFDL data, given a 2 x CO, situation (Appendix D-1-1). As far as humidity
and insolation are concerned, several assumptions are necessary. First,
assuming that insolation will not change under a 2 x CO, scenario, the
average from sunshine ratio data for the years 1973 and 1977 is used.
These two years of data were originally used by Morton for his Last
Mountain Lake evaporation calculation and being readily available, they

were incorporated into the data base simply because of the time limitations

L
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of this study. Second, using temperature and relative humidity one can
calculate dew point temperature, or from temperature and dew point
temperature one can calculate relative humidity, To accomplish this, the
programs RELHUMID and DEWPOINTS were written (see the Programs Section at

the end of this report).

Using the RELHUMID program with 1973 and 1977 data, relative humidity
was calculated and the results were added to the database (see Appendices
¢-1-2, C-1-3, C-1-5, C-1-6). Averaée relative humidity was assumed
unchanged primarily because specific grid-point results from GCM 2 X CO;
experiments were not available. However, global isolines of changes in
humidity under enhanced insolation scenarios (i.e. a proxy for greenhouse
surface warming) indicate relatively minor fluxes of + 1% for the study
area (Schlesinger and Mitchell, 1985). New dew point temperatures were
calculated using the DEWPQINTS program with this average relative humidity
and GISS and GFDL-derived temperatures for 2 x CO, scénarios. These new
dew point temperatures, which lock quite reasonable when related to -
temperature data and sunshine ratio data, were used as input into CRAE and
CRLE models. At this stage, to change more than one of the three
interdependent variabies (temperature, relative humidity, dew point
temperature) would mean to igmore completely system feedback processes.
Therefore, the approach adopted here is to investigate the significance of
unknown variables one at a time in terms of mbdel sensitivity. The results

of applying Method I are summarized in Table 5.2.

Lake evaporation results, for lake depths of 40 m (average), 20 m (low)

and 50 m (high), were 754, 777 and 727 mm/year, respectively, using
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GISS-derived temperature data, and 694, 721 and 669 mm/year, respectively,
using GFDL (with GISS grid) data. For detailed CRLE results showing
monthly data see Appendix D-1-2 to D-1-7. Both GISS and GFDL data indicate
an increase in lake evaporation when compared to the resuits based on
ﬁistorical data, which are 650, 679 and 619 mm/year respectively for the

three lake depths.

The CRAE applications of the samc data (Appendices D-1-8, D-1-9) show
an increase in potential evapotranspiration (1167 mm/year for GISS,
1097 mm/year for GFDL as compared with 1040 mm/year for CRAE-simulated
historical data), but actual evapotranspiration decreases slightly,
apparently due to a new temperature/dew point temperature relation caused
by changed témperature and unchanged relative humidity. The actual
evapotranspiration results are 341 and 340 mm/year fof GISS and
GFDL-derived data, respeétively, while CRAE-gimulated average annual areal

evapotranspiration from historical data is 351 mm/year.
5.3.2 Regionalization of grid-point data - Method II

Method II was devised as an attempt to minimize the two main drawbacks

of Method I, which are as follows:

1) temperature data for 2 x CO, scenarios are available for
grid-point networks that are insensitive to a regional scale

assessment of water resource impacts; and
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2)  only dew point temperature data for unchanged relative humidity

were calculated.

The first problem can be mitigated by calculating the average temperature
change for pertinent grid peint data, and then applying this shift to real
data from existing meteorological stations. For Lake Diefenbaker, the
three closest grid points are 50°N110°W, 50°N105°W and 54°N110°W, The

" results of the regionalized temperature change calculations are listed in
Appendices D-2-2 and D-2-3 for GISS and GFDL-models, respectively. The
results show some consistency for GISS, with temperatures increasing sbﬁe
3.3°C in summer and about 6°C in winter. On the other hand, the results

for GFDL seem to be quite random.

The second limitation of Method I was addressed as follows. .The
average normal temperature for the Lake Diefenbaker area was calculated as
the average from climate normals for Saskatoon and Swift Current and this
temperature was modified for both GISS-data average shift and GFDL-data
average shift (Appendix D-2-4). These new temperature data were used, as
in Method I above, together with relative humidity data to calculate new
simulated dew point aata. But in this case the dew point data obtained for
both types of simylated temperature and unchanged relative humidity were
changed by +10%, thus providing three sets of dew point data: ummodified
calculated values, 90% of calculated valﬁes, and 110% of calculated values
(Appendices D-2-6, D-2-7). Since relative humidity data for a 2 x CO,
situation were not available, new values of relative humidity were
calculated by the CRLE model using the modified dew point data and

unchanged GCM temperature scenarios. Thus, lake evaporation was calculated
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again for three levels of dew point temperature, unchanged sunshine ratio

and ’'regionalized’ temperature.

The detailed results, which are presented in Appendices D-2-8 through
D-2-13, are summarized in Table 5.3. For GISS grid temperatures lake
evaporation ranges from 718 to 742 mm/year for the three sets of calculated
dew point temperatures, while for GFDL (GISS grid) results are between 672
and 688 mm/year for the associated sets of dew poinp temperatures. All
calculations use an average lake depth (DA) of 40 m. The results of
Method II are systematically lower than those of Method I. The main reason
is that the ’'regionalized’ temperatures are lower than the temperatures

derived from GCMs.

5.4 Discussion of Evapotranspiration Results

A comparison with historical results produced by other
evaporation-measuring methods shows that the results of the CRLE model (for
Lake Diefenbaker the typical historical value is 650 mm/year) are lower
than the results of other methods, Hopkinsoh calculates the mean value for
evaporation at Lake Diéfenbaker to be about 863 mm/yearrbased on 15 years
of record (see Table 5.1 and Appendix B). These differences are not
surprising, since the CRLE model emphasizes certain feedbacks of the

natural system whereby a large body of water like Lake Diefenbaker simply

‘cools itself. Therefore, the actual lake evaporation is lower than the

potential lake evaporation, These feedbacks are not reflected in Meyer’s

formula used by Hopkinson (see Section 5.2).




- ) =

II POY3ISH - SITNESY UOTIPWTISE uoTiezodeam axeT %00 X 7 €°G OTqel

‘uotjeueTdxe 103 3x9] 985

|
£ 0T | ZLe g1L -
: i
b Z1 I LLY LZL 059
|
9 P [ 889 ZhiL -
!
{TeoTI078TY WOIZ |
abueyo jueoxad) | {24 fumm)
[
| fooxz Zooxg §p1009Y
1039 §S19 ! Tad9 SS19 TedTIOJETH
. |

xI NOISWAA ‘HTHD ¥OJ ¥IVQ INdNI 40 3249008

— ——— — — — — Y it i — —— a——

HANY
001
06
(Jusoxad)
yaInJezadway

JuTog Mag
pejewTIEy




- 51 =
The CRLE model is unique since it simalates lake evaporation based
primarily on perceived feedback processes among system parameters. The
complementary relationship principle seems plausible from the atmospheric‘
physics point of view, from the logical point of view and from the system

theory point of view. The results for Last Mountain Lake and Lake

Diefenbaker using a hypothetical depth of 10 m (695 mm/year and 696

mm/year, respectively - see Table 5.1) are almost identical, despite being
derived from different sets of data and without using any "adjustment’
coefficients. The CRLE model appears to describe well how changes in
temperature, humidity and lake depth modify lake evaporation. Feedbacks
for temperature, relative humidity, and dew point temperature interrelation
seem accountable by the current version of the model. What is not included
in the CRLE model and holds significant potential, based on the results of
this study, is the feedback modelling of how lake evaporation changes
influence air temperature. Implementation of this capability would enable
the CRLE model to become a more complete climate modelling tool and,

therefore, merits further investigation.
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- CHAPTER 6

STREAMFLOW ESTIMATION FOR THE SOUTH SASKATCHEWAN RIVER

ABOVE LAKE DIEFENBAKER

As noted earlier in this report, climate change induced impacts on
water resources will occur at the watershed level and, therefore,
sensitivity assessments must be coﬁducted at the regicnal scale. The
recommended approach (see Beran, 1986; Gleick, 1986; and Klemes, 1585) is
to couple appropriate GCM results with modified water-balance models. Due
to time and resource limitations, the following version of the basic water
balance equation was chosen for the streamflow estimation purpcses of this

study:
R=P-E-S,

where R is runoff, P is precipitation, E is evaporation and S is storage
change. Consequently, the types of information required in order to
adequately estimate flows for the South Saskatchewan River into Lake

Diefenbaker under a 2 x €O, climate change situation are as follows:

1} present time flows,

2) changes in precipitation,

3) changes in actual evapotranspiration,

4) changes in water storage of the basin, and

5) representativeness of point data, particularly precipitation
measurements, for the basin (i.e. the need foi weighting or

modelling factors).

M
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The purpose of this chapter is to discuss and test the availability and
suitability of data and methodologies for streamflow estimation, given

climate change.

Flow data used in this study are the monthly and annual natural (or
so-called 'naturalized’, i.e. measured flows adjusted for human influences)
flows for the time period 1912 to 1982 as recorded at the Alberta-
Saskatchewan border where shortly thgreafter the South Saskatchewan River
flows into Lake Diefenbaker. The mean annual flow éor the entire period of
record is 299 m3/s. The mean annual flow for the period 1951-1980, used
for this study as the standard or ‘normal’ period, is 310 m3/a. The latter
flow value translates to a mean normal runoff of 88.8 mm/yeaf for a gross
drainage area at the Alberta-Saskatchewan border of approximately

110 650 km?.

Precipitation data are available as monthly and annual averages for
the five representative GCM grid points for both the ’'normal’ time period
(i.e. 1951-1980) and for the 2 x CO, situation (see Chapter 4). Since
there are n¢ actual evapoﬁranspiration data available, potential
evapotranspiration daté, calculated using GCM résults with the Thornthwaite
water balance approach (Cohen, personal communication), were tested
extensively for possible use with the CRAE model. Annual values of
potential evapotranspiration generated using the GCM results and the
Thornthwaite model are about 500 mm/year for the normal situation and about
600 mn/year for 2 x CO, scenarios (see Appendices A-5, A-6a,b). In this

study, the CRAE model was extensively tested with the same GCM simulated
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temperature data, including extreme variations, and the potential
evaporation values ranged between 750 and 1200 mm/year (see Appendices D-1,

D=2} .

Obviously, the results of the two approaches for estimating potential
evapotranspiration differ significantly. One likely reason for the large
disgimilarity of results is the different conceptual bases of the two
models. The CRAE model is a more physically based method than the
empirical method of Thornthwaite. .The,main concept and associated
simulation of key hydrological processes that drive the CRAE model are not
included in the Thornthwaite model. Furthermore, the results of the
Thornthwaite model are considered generally less reliable if the study area

exhibits large short~-term variations in wind or humidity (Cohen, 1988).

Specific water storage information for the study area was not readily
available, and also considered non-essential, given the limitations and
scope of the study. Alternatively, Figure 6.1 shows that if actual
evapotranspiration is known, the average annual runoff can be estimated as
the difference between the average annual precipitation and average annual
areal evapotranspiration with reasonable accuracy. The relationship is
based on areal evapotranspiration estimates made for 143 river basins,
located in Africa, Australia, Canada, Ireland, New Zealand, and the United
States. Therefore, for the purposes of this study, it is assumed that
short-term changes in water storage "average themselves out® over the long

term,
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Some researchers believe that a weighting or modelling factor, which
proportions data peint representation of the study area, should be
introduced under certain conditions of streamflow estimation. For example,
the so-called "effective/qgross drainage area” method represents an attempt
to adjust for any differences between the normal drainage area and total
land area in a watershed as well as for relative basin coverage hy GCM data
points (Cohen et al., 1988). The results of applying this method, as well
a3 an alternative approach, to estimating streamflow are the subject of

this chapter,

| 6.1 Testing of the CRAE Model as Input to Streamflow Estimation for 2 x

€O, Climate Change

The method used for abplying the CRAE model to streamflow estimation is

schematically shown in Figure 6.2 The CRAE model is influenced by three
types of monthly data, temperature, relative humidity, and insolation, and
by average annual precipitétion. For the purpose of providing
evapotranspiration data for estimating streamflow, given 2 x CO,
conditions, GCM temperature data and average annpal preéipitation values
are used in their unaltered forms. Since relative humidity and insolation
for a 2 x CO, situation are not known, it was assumed that the future
"normals’ for these variables could occur scmewhere between the lower and
higher extremes of the present. Therefore, the approach adopted begins by
defining hypothetical /normal ranges’ for relative humidity and insolation

under 2 x CO, climate change conditions.
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FOUR CRAE INPUT FACTORS: _
P (PRECIPITATION) - GCM SCENARIOS
T (TEMPERATURE) - GCM SCENARIOS
H (HUMIDITY) - "NORMAL RANGE"

S (SUNSHINE} - "NCRMAL RANGE"

\ 4

TEST USING TWO GCM GRID POINTS
FOR RELATIVE SIGNIFICANCE
OF H AND S

TESTS USING FIVE GCM GRID POINTS
FOR RORMALS AND 2 X COZ
FOR LOW AND HIGH H VALUES

RUNOFF CALCULATIONS USING: R (RUNOFF) =
P (PRECIPITATION) - E (ACTUAL EVAPOTRANSPIRATION)

EFFECTIVE 2XCco2
GROSS DRAINAGE AREA METHOD NORMAL RUNOFF RATIO METHOD

Figure 6.2. Methodology of Runoff Change Evaluation
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6.2 Sensgitivity of Evapotranspiration to Changes in Relative Humidity and

Insolation

To test some 'low’ and ‘high’ range limits, for both relative humidity
and insolation, for five grid points and for two sets of GCM results (GISS
and GFDL with GISS grid), would require 40 different combinations, which is
beyond the scope of this study. Instead, the influence of "low’ and ‘high’
limit values of relative humidity and insolation on changes in
evapotranspiration was tested in order to evaluate éheir relative
importance. The minimum and maximum values for each month were selected
from the historical data on relative humidity contained in Appendix C. The
relative humidity varies much more in the cooler ‘winter’ months of
November to February (from .037 to .890) than in the warmer " summer’ months
of March to October (from .397 to .745). Therefore, the minimum and
maximum limit values are defined for the winter period as 0.05 and 0.90
respectively and for the summer period as .40 and .75 respectively (see
Appendix E-1). The terms ’winter’ and ’summer’ are uséd here to
distinguish between the periods of the year with significantly different
values of relative humidity. The months associated with each period

obvicusly do not correépond to those normally used to delimit the actual

seasons.

Since sunshine ratios seem to vary locally considerably more than
relative humidity, an expanded, more representative data set is needed to
define minimum and maximum values of insolation (expressed as sunshine

ratios) for the South Saskatchewan River basin. Therefore, additional

M

g

L
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sunshine ratio data were used from Calgary, Lethbridge, Medicine Hat,
Qutlook and Swift Current for the years 1978 to 1981 (Appendices E-2 to
E-5). The average monthly values for each station and the average monfhly
values for all five stations were calculated ({(Appendix E-6) and minimum and

maximum values for each month were identified {Appendix E-7). Table 6.1

lists together the ‘minimum’ and ‘maximum’ limit values for relative

humidity (the ’'low’ and 'high’ limit will be explained later), as well as

the minimum and maximum data values for sunshine ratio.

The ‘minimum’ and ‘maximum’ relative humidity limits and the ‘minimum’
and 'maximum’ sunshine data were tested with temperature data and average
annual precipitation from two grid Points ~ 50°N115°W {(mountains) and
SO0°N110°W (prairies). The results, shown in Appendix F, indicate that
areal evapotranspiration is more sensitive to changes in relative humidity -
than to changes in insolation. Therefore, for the rest of this study only
the ’average’ monthly values of sunshine ratio are used, thus reducing the
number of combinations for the five grid points from 40 to only 23. Also,
by not using the extreme ‘minimum’ and 'maximum’ limit values for sunshine,
the occurrence of improbable values for simulated arealrevapotranspiration
is avoided. Similarly, more moderate ’low’ and ’high’ limits (0.30 and .60
for ‘winter’; 0.40 and 0.50 for 'summer’) are used as the fange scenario

for relative humidity under 2 x CO, conditions (Table 6.1).
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6.3 Effective/Gross Drainage Area Method of Runoff Estimation

One approach for refining runoff estimates is to determine the relative
contribution of iﬁdividual GCM grid squares to the total runoff from the
basin. The effective/gross drainage area method of calculation (Cohen et
al., 1988) was applied to estimate runoff for both the 'normal’ and 2 x CO,
situations., To test the method for the South Saskatchewan River drainage
area to Lake Diefenbaker, it was necessary to calcﬁlate the so-czlled
Peffective/qross ratio", then the "area weight®, for each grid point
representing the study area. The effective/gross ratios were calculated
using the-relevanﬁ detailed information provided by Mowchenko and Mead
(1983). These ratios were then applied to the portions of the gross
drainage area contained in each grid square, measured by planimeter, to
determine the associated effective‘drainage area, Finally, the area weight:
for each grid point was calculated by dividing the effective area coﬁtained
in the grid square by the total effective area for the drainage basin. The

results are presented in Table 6.2.

Since the area weight is applied to the runoff estimated for each grid
point, it was necessar& to determine the latter using the simplified water
balance equation: R = P - E. Precipitation data were available
(Appendices A-1 to A-4), but the actual evapotranspiration component was
missing. Therefore, potential evapotranspiration data (Appendices A-5 and
A-6) were adjusted, using "actual/potential ratios" determined from

Table 5.2 for normal (0.33)}, GISS (0.29) and GFPL {0.31), to estimate
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values of actual evapotranspiration (Table 6.3). The annual runoff for
each grid point was then calculated as the difference between the annual
values for precipitation and actual evapotranspiration. Finally, these
"raw" runoff values were adjusted using the previougly calculated area

weights (Table 6.4).

The study area estimates for runoff were assessed in terms of the
magnitude and direction in comparison to a similar §tudy applied to the
same-region. Cohen et al. (1988), however, used a ﬁuch larger study area
and a more involved analytical approach. Nevertheless, the South
Saskatchewan River=-Lake Diefenbaker drainage basin is a sizeable portion of
the larger study area and the present study used a basic research
methodology similar to that of Cohen et al. The weighted runoff results in
Table 6.4 are closest in magnitude to the unweighted runcff estimates for
the same grid points provided by Cohen et al. (see Table 6.5). This is
particularly evident for the respective normal and GISS gituations, of
which the total basin ruﬁoff values areISurprisingly gimilar, with less
than 10% difference. Also for these two sets of conditions, the grid point
representing the Rocky Mountains portion of the study area (50°N115°W)
dominates in terms of contributed precipitation and runcff. These parallels

do not hold true for the GFDL scenario.

Both studies have runoff estimates for a 2 x CO, situation that show
for all grid points an increase in runoff using the GISS input and a
decrease in total basin runoff using the GFDL input. Cohen et al.

estimated climate change-induced impacts on total basin runoff of +37% for
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GISS data and -58% for GFDL input. The present study estimates changes in
runoff of +28% and -20% for the GISS and GFDL scenarios respectively.
Given the discrepancies of scale and analytical depth between these two
studies, no attempt is made here to further explain apparent similarities

and dissimilarities,

6.4 Alternative Method of Runoff Estimation

Evaluation of the relative importance of individual GCM grid points in
terms of regional hydrological impacts of climate change is highly
uqcertain for two reasons. First, these grid points serve global-scale
climatological models and, therefore, are not designed for evaluating
possible impacts on a river basin scale. Second, the present physical
characteristics (i.e. topography, vegetation) of sub~basin areas
represented by certain grid points will probably change, particularly by
the time a 2 x CO, situation is realized. A method is required that avoids
using data point weighting systems, for example, which are based on present

conditions, to estimate future scenarios.

The approach develbped for this study begins by estimating the

evaporation component of the water balance equation using ’nommal range’

relative humidity data and ’average’ sunshine ratio data as the input into

the CRAE model (see Sections 6.1 and 6.2). The other data used for the

water balance calculations were the ‘normal’ and 2 x CO, results for

monthly temperature and annual precipitation from the GISS and GFDL models.

o
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When the water balance equations were solved for each grid point, the
differences in runoff between the GCM 2 x CO, scenarios and ’normal’
simulation were calculated. Thus, the direction and magnitude of possible
runoff changes were evaiuated without considering the relative importance
of the grid points within an overall basin context. By not using a
weighting or adjustment factor, the potential for introducing additional

error into the estimates is avoided.

‘Detailed results of the areal evapotranspiration experiments with the
CRAE model, using 'low’ and “high’ limits for relative humidity and the
faverage’ sunshine ratio from Table 6.1, are listed in Appendices G-1
through G-30. The results of solving the water balance equation for each
GCM grid point are presented in Table 6.5. Annual precipitation data are
the sums of the monthly normal and 2 x CO , scenario values generated by
the two GCMs for the Giss grid points. ‘Low’ and ’high’ indicate actual

annual areal evapotranspiration calculated by the CRAE model with low

‘relative humidity and high relative humidity respectively. The runoff

estimates were calculated as the difference between precipitation and
evaporation for each grid point, with the results differentiated by use of

the 'low’ and "high’ (relative humidity) versions of evapotranspiration.

The runoff results for the normal and 2 x CO, situations derived from

the GISS data appear logical. For example, the 50°N115°W (mountains) grid

.point has the_highest runoff value, while grid point 50°N110°W (prairies)

has the lowest amount of runoff. The 2 x CO, runoff results based on the

GFDL (GISS grid) data, however, are similar to the GFDL-generated
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temperature and precipitation dﬁta themselves in that they are difficult to
explain empirically. This might be partially due to the fact that the
originél GFDL grid vélues were interpolated onto the finer GISS grid aftér
it was determined that the GISS network more adequately described the

regional hydroclimate (Cohen et al., 1988),

Table 6.6 shows the ratios of runoff values for the 2 x CO, scenarios
compared with the ’normal’ grid point conditions. Thi; table shows results
for the GISS and the GFDL models. Again, the GFDL-model results are
difficult to interpret; however, the GISS model results are quite
interesting., For 'low’ relative humidity the GISS~based ratio (i.e.
"runoff’ increase) ié surprisingly similar for all five grid points. Four
grid points have ratios of between 1.51 and 1.55, while the ratio for grid
point 50°N110°W, representing the driest, most sensitive area, is 1.70.
Generalizing, the ratio method suggests that the runoff from the basin
would increase about 1.55 times under 2 X CO,; that is, from 88.8 mm/year
to about 138 mm/year at the Alberta-Saskatchewan border, without weighting

the grid points and without forcing data through the simulation model.

For ‘high’ relative humidity the driesf grid point 50°N110°W (i,e..
prairie) again shows the highest GISS-based ratio, 2;73, while resuits for
the other four points again show very similar ratios of change, ranging
between 1.64 and 1.84. One might speculate that the change for grid point
50°N110°W seems to indicate some qualitative change. 1In any case, the
ratio for the whole basin is somewhere between 1.7 and 2.2, which would
indicate possible 2 X CO, runoffs of between 151 and 195 mm/year at the
Alberta-Saskatchewan boundary (i.e. as South Saskatchewan River inflow for

Lake Diefenbaker).
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Similar 2 x CO,-to-normal ratios were calculated for the same GCM grid
points using the unweighted runoff results of Cohen et al. {1988). The

GISS-based ratios ranged from 1.20 to 1.79, with the anomalous value of

'3.43 occurring at the 54N100W grid point (’boreal forest’). These values

display a greater variability, even among the four closest, than do those
calculated for the present study (Table 6.6). Unlike the results of Cohen

et al., the most extreme runoff change for the'present study occurs at the

fprairie’ grid point. The GFDL-based runoff ratios are highly variable for

both studies, with little similarity of values within and between the sets

of results.
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CHAPTER 7

INFLUENCE OF CLIMATE CHANGE ON

THE RELIABILITY OF LAKE DIEFENBAKER FLOW DATA

The purpose of this chapter is to first describe briefly the method of
reservqir performance evaluation developed by Klemes (see Klemes, 1984a)
and then to apply this method to Lake Diefenbaker data. It is understood
that this approach is applied to illustrate one possible method of
statistical evaluation. Realistic operation of the Lake Diefenbaker

reservoir is obviously a much more complicated process.

7.1 Evaluation of Reservoir Reliability for Given Minimum and Maximum

Storage and Given Target Flow

Klemes studied the reliability of two reservoirs, one in a humid river
basin and one in an arid river basin, first by using the existing,
historical time series and then by apﬁlying a simulated time series of flow
generated by the Sacramento hydrological model for given changes in
mm@ﬁ&hnﬁ)md&@&nmmnum(m.Bmhmemnuunam
generated flow seriés are assumed to have log-normal distributions. Klemes
calculated means and standard deviations of simulated flow and studied how
changes in P and E change the reliability of a reservoir for a given target
flow. He further studied different levels of change of P for one given
value of E and evaluated new means and standard deviations of the

log-normal distribution. An interesting finding is that the mean and
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standard deviation changes are linear for the humid river basin and are
'more than linear’ for the arid river basin. He also studied different

reservoir volumes for different levels of reliability and target flow.

The Klemes method for evaluating reservoir reliability can be applied
to Lake Diefenbaker for given target flows using historical flow data.
Also, assumptions can be made about means and standard deviations of
simulated climate change scenarios for streamflow. However, an evaluation
of reservoir reliability for Lake.Diefenbaker usingdsimulated time series
of flow was ndt possible. To generate such a set of data would require the
calibration of a hydrological model (e.g. Sacramento, Tank, Maritime) for
the South Saskatchewan River above Lake Diefenbaker. Also required would
be simulated time series of temperatures, precipitation,
evapotranspiration, and other climatological vafiables under 2 x CO,
conditions. While satisfying these needs is considered feasible, as well
as necessary for further research, the required work could not be done
within this limited study. Therefore, for this study reservoir reliability
is evaluated usihg only the historical time series of streamflow with a
special program, FLOWSTOR, which calculates the time-based reliability of

flow regulation.

7.2 Statistical Assessment of Lake Diefenbaker Data

In the case of Lake Diefenbaker, operational criteria require a total
storage of 9.4 billion m® (maximum Sto;age), usable storage of

4.0 billion m?®, and minimum storage (total storage minus usable storage) of
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5.4 billion m® (SNC Group, 1987). The outflow extremes were set at
42.5 m3/s (minimum release) and 420 m3/s (maximum turbine discharge, or
critical flow). - These operational rules are constant on a monthly basis
{i.e., never to be broken) and, therefore, can be used as annual critical
values. Interval flows of 100, 150, 200, and 300 m3/s were also tested.

Results for these simplified year-long constant target flows are summarized

in Table 7.1.

Monthly minimum and maximum required levels were then calculated for
Lake Diefenbaker using the elevation-volume curve and monthly target flows
as_derived from historical operation reports (Environment Canada, 1987).
The historical flow data used are the monthly and annual naturalized flows
for the perid 1312 to 1982 as recorded at the Alberta-Saskatchewan
boundary. The compleﬁe results of the procedure, using the FLOWSTOR
program, are listed in Appendix H. In summary, the reliability for Lake
Diefenbaker over the 7l-year period is 89.9%, for a mean inflow of

299.05 m3/s, with a standard deviation of 89.86 m3/s.

The possible impact of inflows representing a climate change scenario
on the operation of Lake Diefenbaker is based on the GISS-derived runoff
estimates of Chapter 6. Using representative increase ratios of 1.55, 1.7
and 2.2, new means and standard deviations for given probabilities were
calculated. The results are summarized in Table 7.2. Also calculated
was the two-parameter log-normal distribution for the runoff ratios of 1.0,
1.55, 1.7, and 2.2, as well as a three~parameter log-normal distribution
for the 1.0 runoff ratio. The results are summarized in Tables 7.3 to 7.7.
The three-parameter log-normal distribution does not yield better results

for Lake Diefenbaker data than the two-dimensional one.



- 75 =

‘potrad aealk-1, e 1000
I9¥eqUaFSTq YT Je smoTyIng 3I9baey zo3 KjTTIqRTTeNM 1L oTqRL

c® 0°02%

*¢Wep 000 000 00% 6 :9ZTS

“¢Wep 000 000 O0Y & (92T

iMOTJ TEOTITAD
obexols wnurxeR

ebe103s wnwWTUTKH

0°¥F S 16 | 0°0Z¥
0°L S 08 | 0°00¢
891 0°001 f 07002
1°02 0° 00t | 0°0ST
G'€Z 000t | 0°00T
2°6Z 0° 00T _ G Zh
(%) (%) I (8/¢w )
._,.mo._..uﬂuo JAOQE noTyq hu,.a.ﬂ..nnm._”._..wm _ BOH.m uwmu.m.._.-
I




N S R i T T S S o R A S TGN B S S 1S o Lo
"§9TITTIQRqOId USATH DUR OTIRY MOTJ
TPWION-03-%0) X Z I0J SmOTFUI PuUe (UT)W SATIEUIOITY Z°[ OTqel
i
AT
Hrr
]
297906 50°669 88°9€9 ¥9° 9T 91821 06
91°G18 £5°829 PP UPLS 90" 0LE 9T1¥8°0 08
£0°SSL L1°28S 90°Z€S ZL"ZVE S¥25°0 oL
E1°LOL £2°6¥S 1€°96¥ S6°0Z€ £€6Z°0 09
y1° 699 98'Z15 ZL"89% L8°T0€ 0. 08§
§9°629 1 Z8% 68°0%¥ 76°£82 £€67° - 117
96°S¥6 08" 1SP 26°C1¥ 687592 S¥ZG" - 0€
£L°Z¥6 LY 8TF St Z8E 6Z'9¥%Z 91¥8" - 0z
86" L8¥ 9L°9LE L8 EVE LE" 122 9187 1- 0T
2 ZxN L 'TxN GG IxN N MOT3 (uT) w 80UrPpe8dXY-~uON JO
K3tTT9Rq014




- 77 -

0'T = UOTI®Y JJOUNY I0F UOTINGTIISTY TPWION-5OT TojsueIRg—OMT £°L ®|Tqe]

Q00" T OET”

- 007089 (A AT L ] 066"
866" G00° 681" 00°089 - 007029 Loy LTV 006"
G66- £10° 11 00°029 - 00°09§ 98L799¢ 008"’
686" 0€0” 9s2°1 00°09 - 00°00S SST'VEE 00L"
TLe" 990" . ¢S0°E 00°00S - 00°0PY¥ S¥S 80t 009"
826" Let” £18°9 00°0¥% - 00°08¢ 0¥ 982 00%°
A% N 15T 60T €T 00°08c - 00°02¢ Lv8°592 00y
Lv9- TLE” 609°6T 00°02E - 007092 LY Sve 0ot”
TLE" BLE" 697" 8T 00°09¢ - 007002 PE9TETT 002"
11T 68T’ 9EE"L 007002 - 00°OFT G8%°961 001"
800" 1207 vs’ 00°0%1T - PLS ILT 0S0°
*404d (1}3 otk SLIWNIT SSYID Z RLITIgO¥E0Nd
198°68 = NOIIVIAAQ QUVANVLS T198°68 = NOILVIARQ QUVANVLS
¢a0’e6z = NYAH 2607662 = HYAW
L = dZIS ATAWYS

mmﬁuqmsvmum pajoadxy Jo STqRL-uUOTINGTIISTQ TEWION-BoT (q

uoTINqTIiseTq Aouonboxd TewaoN-HoT

aatjetnum) (e

fan)



[

- 78 -

R R O S S SRS S (N N T S AN S A A TS SO N S S U S SR R S S
GG'T = OT3eY JJOouny IOJ UOTINQIIISTY TEwION-DOT rojewreIeg-oml %L OTqRL
000" T 0ZZ2°% - 00°089 0¥0°'0ZL 056"
976" 6ET" 868°EF 00°089 - 00°0¢9 ¥LO'LYO 006"
cLg’ 60g" £9T1°9 00°02% -~ 00°09S 61G° 895 008°
S8L” A YA ¥0T'6 00°095 ~ 00°00S 1¥6° LTS ooL”
LS9" goc” A LIMA 00°00S - 00°0FF SYZ BLY 009"
88F " ~ 66E° FEF ET 00°0%¥F - 00°08E 226 VY 006"
862" L¥E" oL 1T 00°08¢€ - 00°02¢ . E90°ZTV 00%"
EET” 4 v L6’ 9 00°0ZE - 007092 280" 08E D0E"
SE0° SLO" 102°2 00°09¢ - 00°00¢ ZE9°9%E 00e’
¥00° 01" A %A 00°00Z - 00°0FPT 1667 FOE oot
000" 000" L10" 00°0FT - 689°ELZ © 080
*40dd (1)3 *Odud SIINIT SSYID A AIITIGVYH0Yd
G8Z°6ET = NOIIVIAAQ QUVANVLS G8Z°6ET = NOILVIAAA TIVANVIS
T€G €90 = NYEH TESTESY = NYAH
L= 4215 ATINYS

satousnbazl pajoadxa JO oTqeRL-UOTINQTIISTO TEWION-HOT (g

uotinqriistd Aousnbezg TemroN-HOT aaTiRTNUM) (B




- 79 =

OL'T = oTley Jyouny I0F UOTINQTIIST(Q TEwIoN-DOT r8jsweIed-om] G°f OIqel
0001 112’ 00° 0011
L66" ;6007 IS8T 00°001T - 00" 0F0T
Go06° v10° 99z’ 00" 0V0T ~ G0 086"
T66° YAIN 120 00°086 - 007026
S86° 8e0” cog’ 007026 =~ 00°098
£L6” T90° aGe" 1 00°098 - 00°008
14T 960° B % 244 00°008 - 00°0FL
£C6° SbT° 98G6°E 00°0%¥L - 007089 - TZL768L 066"
ZLe’ 602’ 66%°G 007089 - 007029 P69 °60L 006°
S6L° 2T PE6"L 007029 - 00°09¢ LESEZY , 008"
£89° 9GE” STP 01 0070985 - 007005 F90° 89S ooL’
9ts” L6E"’ QST 2T 007009 - 00" OFF¥ IRANE XAY _ 009’
Gog” aLe’ eFL 1T 00°0¥¥ - 00°0BE . £88°98% , 005"
00z’ 08¢” 9ZL°8 00°08€ - 00702t . 0F6 " 1ISY oo’
LLO® PPl LTV 00°02€ - 00°09C EOE" LTV 00€”
LTO" T%0° LLO'T 00°0%¢ - 007002 LLT"{O8E ‘ noe’
100° ¥00° L80" 00002 - 00°ObT ¥Z0'FEL 001"
000" 000° S10° o0°0¥1T - SLT"00E 050"
‘d0dd 1z otk SLIRIT SSYT) : 2 o ALITI9Vd0dd
¥9L°2ST = ROIIVIAZA TUVANVLS 79L4 25T = NOIIVIAAQ (MYANVYLS
BEE°BOG = NYEH g9£° 804 = NVAW
= HZIS ATAHYS
satousnbexy pejoedxy 3o STURL-UOTINGTIISTQ TPwION-HOT (q | uoringrilstqg Aousnbaag TewIoN-HOT eatieTnEN) (e




- 80 -

Z'T7 = OTJey FFouny I10J UOTINQTIISTQ TeuwioN-BoT x9jomereg-om] 9L STqel

000°T 630°C 00°00TT

TL6” 990° Lol 00°00TT - 00°0¥0T

956" £60° 1413 00°0¥0T - G0 086 .

EEe” - 621" £0E°C 00°086 =~ 00°026

106° LT 65¢°¢ 00°0Z6 - 00°098

G58° 82" 1) A 007098 - 007008

coL’ L8e’ 89676 007008 - 00°0¥%L

80L” FRE” TLvL 00°0¥L - 00°089 2661201 066"

£09° 98¢” 6t8°8 00°089 - 00°029 82y " 816 006"

8Ly’ 86¢" 62576 00°029 - 00°09§ 0€6°908 008"

A4 89¢g” 001°6 00°09S =~ 00°006 T SEL 00L”

91e” £6Z° 9Ev L 007005 - 00°OF¥ 008°8L9 009"

11" 681" vES'Y 00°0¥y - 00708t £80°0£9 006"

£v0’ 160° 6L2°C 00°08t - 00°0¢¢t £98°¥89 ooF”

110° 820° 859° 00°02¢€ -~ 007092 6€0°0FS 00t"

100" [0 680° 00°09¢ - 007002 ¥66°T6¥ 00Z*

000" 000° E00° 00°00Z - 00°0FT L) TANAY 4 001’

000" 000" vig- 00" 0¥y - 29¥'88¢ 0s0°

*40dd (1)3 otk SLIRIT SSY1ID ' A1LI1I9V80ud
F69°L6T = NOILVIAZA (UVANYLS ¥69°L61 = NOILVIAIA QYVANYLS
PI6°LS9 = RYAH PI6°LG9 = NYAW

L = 4215 ATIHYS

goTousnbarg pejosdxe JO STQRI-UOTINGTIIETA TEWION-DOT (q

uoTINgT2IsTQ Asusnbeal ewroN-HOT dATIETMUM) (B




. 0°'T = OTIEY JJoumy I10J UOTINQTIIST TewroN-DOT 193owexed-ooi1yl, (- L °Tqel

000°T 011’ - 00°089 LES E97 066"
866" ¥00° ELT" 00°089 - 00°029 E29°' LTV 006"
966" 110" €Ly’ 007029 - 00°09S PIL"L9E 008"
686" - 820’ 4 AN 1 00°095 - 00°00S 98Z°GEE ooL’
AR ¥o0° £E60°E 007005 - 00° 0%V §559°60¢t 009°
| 826" LET® L96°9 00°0¥r - 00°08¢E £SE°LBT 00s”
: 0g8” £6¢° TOE'ET 00°0BE - 00°'02¢€ 9Z5°997 00%”
: £¥9° eLe” 906°61 00°0Z€E - 007092 TSL S¥T » 00€"
1* 89¢” LLE" L66 LT 007092 - 007002 9ZE"£ZC 00¢”
® STT® £6T° T€F'L 007002 - 00°0%T 961°G61 00T’
' 010" 920" SoL” 00°0FT - 99€°¥LT 050°
" g0ud ()3 "OFud SIIWIT SSYID 2 ALITIGYE0Yd
9y’ = SSANMTNS 9%8" = SSANMTAS
198'68 = NOIIVIAJG QUIVANYIS - T98°68 = NOILIVIAIC (TYVANVYIS
260°66¢ = NYAH . Z280°667 = ) RYAIW
COTIL = HZIS FIJAWYS
seTousnbaxj pejoadxy Jo STQEl-UOTINATIISTA TPwIoN-~-HOT (q | worIngralstg Aousnbeoiy TewzoN-HoT satyeTUM) (¢




- 82 -

These results are used here for the purpose of statistical evaluation
only, and are not intended for 'real-life’ operaﬁional applications. Lake
Diefenbaker cannot be studied in isolation of the overall Saskatchewan
River basin and the complex human management system within which it
functions. Nevertheless, the results seem to indicate much higher extreme
flows, with all the necessary water resource planning and management
consequences (Riebsame, 1988; Williams, 1987). For example, the
probébility of floods would likely increase substantially; howeﬁer, the
likelihood of drought would not be significantly reduced. A qualitative
assessment of these changes, including socio-economic implicatipns, is the
logical next step for research. Unfortunately, such extended work is

beyond the scope of this study.
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CHAPTER 8

CONCLUSION

8.1 Summary of Results

The overall objective of this study has been to investigate methods,
techniques and data for the purpose of assessing the possible impacts of
climate change scenarios on the operation of a water-supply reservoir. The
following presentation of the study resultslis based on the three specific

study objectives as stated in the report Introduction.
8.1.1 Research Framework

Based on a comprehensive review of the relevant literature, a research
framework consisting of five main methodological components was defined.
Each component and its linkages within the framework were explained in
detail. The result is a basic methodology that begins with the
examinantion of climate change, due to primarily a human-enhanced
“greenhouée effect", at the general, cursory level. The second major leve;
of inquiry concentrates on the water~resource implications of climate
change. The sequence of foci at this level begins with the impact of
climate change-variables on a specific hydrological variable, in this case
evaporation and evapotranspiration, The results are then used as input for

assessing impacts on the overall hydrological regime, in particular
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streamflow and runoff. Finally, the hydrological scenarios are analysed in
terms of the performance of a water management activity, using the

water-supply reservoir at Lake Diefenbaker as the study case.

8.1.2 Database

The database was designed and stored on a desk-top microcomputer. The
data were organized in paraliel blocks and block groups according to type
of variable, origin of data and their research application. Special custom
programs were written in a common FORTRAN language for the purpose of
manipulating certain data. This basic structure and associated programming
enhances freedom of movement of data blocks and specific files. The main
types of information included in the resultant database are: climate change
scenarios from two general circulation models (GCMs): historical records
from selected climate stations; historical streamflow records:
model-simulated evaporation and evapotranspiration data; and basic climate

change scenarics for water balance components.

8.1.3 Case Study Application

The lake evaporation and areal evapotranspiration models, developed by
Morton and based on the theorized complementary relationsihp between
potential and actual evapotranspiration, were selected for use in this
study.  The application of these models to the South Saskatchewan

River-Lake Diefenbaker study area involved simulation of historical

conditions, comparison of results with those of other model simulations,
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and experiments with élimate change scenario data. The results of the
historical simulation of Lake Diefenbaker evaporation compared well with
separate resulté fbr another lake within the general vicinity. However,
the results differed considerably from comparative estimates for Lake
Diefenbaker itself. The primary cause of this discrepancy is assumed to be
the basic differences between the concepts and formulae that drive the
respective models. The Morton models were the preferred choice for further
applications in the study because they are physically based, extenaively

tested and relatively easy to use.

Estimates of evaporation and evapotranspiration under 2 X €O, climate
change conditions used a combination of relevant GCM output and
hypothesized alterations of historical values for other climatic variables -

required to run the CRAE and CRLE models. The results of one method of

egstimation indicate that annual evaporation at Lake Diefenbaker would

increase approximately 16% according to GISS data, and about 7% based on
GFDL input, in comparison to estimates of historical valueﬁ. A second
estimation method produced changes from normal of between 10 and 14% for
GISS input and 3 and 6% for GFDL data. The overall results illustrate how
lake evaporation decreﬁses with increased average lake depth and decreased
dew point temperature. In comparison, any changes in insolation values
seemed to be of secondary importance. In terms of annual areal
evapotranspiration in the study area, poﬁential values were estimatedlto
exceed historical data by 12% for GISS input and 6% for GFDL input, while
actual evapotranspiration would decline by 3% for both GCM climate change

scenarios.
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Streamflow estimation was attempted using the basic watef balance
equation: R = P-E-5, where R is runoff,.P is precipitation, E is
evaporation and S is storage change. Storage changes were assumed to
average themselves out over the long run and therefore the term was dropped
from the equation. GCM precipitation scenarios were used and a combination
of GCM temperature scenarios and hypothesized manipulations of historical
values for other climatic variables were used to estimate
evapotranspiration. Again, two methods of runoff estimation were tested,
The first method adjusted runoff values at each GCM grid point according to
an "effective/gross ratio" weighting factor for its portion of the total
drainage area. This method estimated a 28% increase in runoff from normal
values, according to the GISS scenario, and a 20% decrease based on the
GFDL data. These results are similar in the direction of change but less
in relative magnitude when compared to the results of a separate hut

parallel study done in the same region.

An alternative method of runoff estimation was tested in order to avoid
consideripg the relative importance of individual GCM grid points within_an
6verall basin context. This was accomplished by calculating for esach grid
point a "2 X Cozlnormai ratio" for runoff. Two hypothetical estimates for
relative humidity, termed low and high, were also tested. The ratios were
surprising constant at between 1.51 and 1.55 for four of the five grid
points, based on the GISS scenario with low humidity. Both sets of
GFDL-based ratios, as well as the results of using GISS data with high
humidity values, displayed more variable results. In comparison, the
GISS~based fatios calculated using the results of the same parallel study

referenced above ranged form 1.20 to 1.79. In summary, the present study
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resulté suggest runoff changes from normal of approximately -20%, +30% and

+50%, depending on the estimation method and the 2 X CO, scenario used.

The final step of the case study application invelved a statistical
assessment of the impact of climate change on reservoir reliability. &
method proposed by Klemes for evaluating reservoir reliability was
initially tested using historical data for Lake Diefenbaker. Then the
GISS-derived runoff estimates, using the representative 2 X CO,/normal
ratios, were tested. The climate change results indicate that based on
higher extreme fiows, the likelihood of flood events would increase but the
probability of drought would not be reduced significantiy. It was noted
that the specific results of this statistical evaluation are not intended

for application in real-life operation of the Lake Diefenbaker reservoir.

8.2 Recommendations

The recommendations evelving from the research conducted and the
results obtained are, as is so often the case, directly related to the
limitations of the study. For this attempt at assessing the possible
impacts of climate on fhe operation of a water-supply reservéir, the main
difficiencies due to time and resource limitaticns are in the areas of data
adequacy and analytiecal completéness. The following reccrmendationas

address these difficiencies as well as other pertinent issues.
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8.2.1 FURTHER CLIMATE CHANGE IMPACT ASSESSMENT OF THE SOUTH SASKATCHEWAN
RIVER-LAKE DIEFENBAXKER CASE SHOULD BE CONDUCTED USING THE KEY
RESULTS OF THIS STUDY AND OTHER RELEVANT INFORMATION FROM SOURCES,
SUCH AS IWD WESTERN AND NORTHERN REGION, AS INPUT FOR A MORE
COMPREHENSIVE APPLICATION OF A KLEMES-LIKE WATER-SUPPLY RELIABILITY
ASSESSMENT AND FOR A DETAILED SOCIC-ECONOMIC ASSESSMENT USING THE

WATER USE ANALYSIS MODEL (WUAM) OF INLAND WATERS DIRECTORATE.

Elaboration on the possible effects of the climate change estimates for
the South Saskatchewan River Basin on the operation bf Lake Diefenbaker is
required in terms of: overall variability and seasonal distribution of
hydrological variables; water levels and discharge; the storage-yield
relationship {change in yield from a given storage and change in storage to
maintain a given yield); and reliability of supply. The results of this
type of analysis will complement an assessment of the socio-economic
implications using the.WUAM, which is the logical follow-up of this study
as envisioned in the research rationale and incorporated in the research

atrateqgy.

8.2.2 THE RESEARCH FRAMEWORK AND METHODOLCGY OPTIONS DEFINED FOR THIS
STUDY AND APPLIED TO THE LAKE DIEFENBARER CASE SHOULD BE TESTED FOR
OTHER GEOGRAPHIC LOCATIONS USING COMMON SOURCE, NON-GCM TYPES OF

CLIMATE CHANGE INFORMATICN,
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As noted in this report, the Lake Diefenbaker case was considered a
suitable natural system for testing the possible hydrological impacts of
climate change. Its inputs and outputs are rélativeiy well-defined and its
location is within a semi-arid, marginal water=supply region'where the
earliest signals of climate change impacts are most likely to occur.
However, some practitioners may consider this assessment of Lake
Diefenbaker as over-simplified. Regardless of how one perceives the
selected study'aréa, the research framework developed for this study should
be applied to the widest range possible of sample sites in order to test
its sensitivity to water system complexity and location. Similarly, data
setas generated by other GCMs and non-GCM scurces should be appiied using
the proposed research framework. For example, records from climate
stations that currently demonstrate the range of possible climate change

conditions could be used a aurrogate or proxy time series data sets.

8.2.3 EVALUATION OF THE RELIABILITY AND SUITABILITY OF THE FULL RANGE OF
GCM RESULTS FOR 2 x CO, CLIMATE CHANGE SCENARIOS SHOULD BE
CONSIDERED IN TERMS OF THEIR APPLICATION TO REGIONAL HYDROLOGICAL

IMPACT ASSESSMENT.

Only temperature, precipitation and potential evapotranspiration data
generated by the GISS and GFDL models were included in this study. Net
radiation has been suggested as a substitute for temperature for estimating
evaporation, for example. Results from other GCMs (NCAR, OSU, URMO) and
neﬁ versions of the GISS and GFDL models are now available for a variety of
variables including humidity and wind. The first version of the Canadian

Climate Centre GCM results are expected to be available in early 1989, The
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acquisition of required data generated by a common source, be it GCM,
hypothetical or surrogate data, would enhance impact studies. Detailed
agsessments and comparisons of GCMs and other climatic and hydrologic

models are available to aid informed applications by impact researchers.

8.2.4 ANALYSIS OF STREAMFLOWS UNDER CLIMATE CHANGE SCENARIOS SHOULD BE
PERFORMED USING SIMULATED TIME SERIES INDICATIVE OF THE CURRENT

ESTIMATED TIMING OF CLIMATE CHANGE,

Flow simulationg to 2030 or 2050 (the estimated dates for realization
of 2 x CO,) were not readily available when this study was conducted.
However, some work in this area relevant te Lake Diefenbaker has been
attempted by Inland Waters Directorate in Regiﬂa. A simulation model, such
as the TANK model used by Inland Waters Directorate or the SRM model, which
were both positively evaluated by WMO, would need to be adapted and
dalibrated for the study area (Martinec, 1985). Whatevér the choice of
simulation model, hierarchical systematic testing as recommended by Klemes

{1984b}) should be performed.

8.2.5 FURTHER TESTING OF THE CRAE AND CRLE MODELS FOR CLIMATE CHANGE
RESEARCH APPLICATIONS SHOULD BE CONDUCTED USING CONTINUOUS DATA SETS

OF AT.LEAST 30 YEARS FOR CRITICAL VARIABLES.

Evaluation of these models for the purposes of this study was largely
based on two years of data, 1973 and 1977. Some researchers may consider

this limitation problematic because the whole of 1973 was an abnormally dry
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year and the spring of 1977 was also unusually dry for the study area. A
30-year period is normally used for defining a éharacteristic climate for a
particular location and, therefore, should be used in any further

investigation of this type.

8.2.6 THE CRAE AND CRLE MODELS SHOULD BE ASSESSED FOR CAPABILITY
ENHANCEMENT AND TESTED FOR OTHER APPLICATIONS IN TERMS OF THE
IMPACT OF CLIMATE CHANGE ON EVAPORATION, EVAPOTRANSPIRATION AND

RELATED CLIMATOLOGICAL AND HYDROLOGICAL PROCESSES.

The results of this study indicate that the CRLE model has considerable
potential for feedback modelling of how lake evaporation changes influence
interface air temperature. While extension of the model to implement this-
capability requires basic rather than applied hydrolegical research, it |
nevertheless deserves further study. Also, the potential of the two models
to produce estimates of evaporation and evapotranspiration for the purpose
of detecting and monitoring the effects of climate change should be

investigated.
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LIST OF PROGRAMS

Program RELBUMIﬁ - calculates relative humidity from dry bulb
temperature and dew point temperature ........ceeocevceccesassnssens P-1

Program DEWPOINT - calculates dew point temperature from relative
humidity and dry bulk temperature ........cc.ce... fertessasassaeans P-2

Program FLOWSTOR - calculates time-based rellability of flow
regulation ..... fesaraaeanan Creerssraannan s resssssaens vessesuans . P-4



aaa

10

100

999

* RHUM. FOR

PROGRAM RELHUMID

CALCULATE RELATIVE HUMIDITY FROM DRY BULB TEMPERATURE AND DEW POINT
TEMPERATURE :

REAL*8  ALPHA(2),BETA(2)
REAL*8  A,B,T,RH,TD
CHARACTER ONAME*11,INAME#*11,CHR*1

ALPHA(1) = 17.27
BETA(1) = 237.3
ALPHA(2) = 21.88
BETA{2) = 265.5

WRITE(*,’(//A,\)’)’ INPUT FROM FILE ? [Y/N] : *

READ(*, ' (A)') CHR

IF (CHR.EQ.’Y’ .OR. CHR.EQ.’y’) THEN
WRITE(*,’(A,\)’)’ ENTER INPUT FILE NAME :
READ(*, ' (A)’) INAME
OPEN(1,FILE=INAME, STATUS='OLD’ )

ENDIF

WRITE(*,’ (/A,\)’)’ ENTER OUTPUT FILE NAME : '
READ(*, ' (A)’ ,ERR=5) ONAME
OPEN(2 , FILE=ONAME , STATUS=' NEW* )

DO 100 K=1,1000
IF (CHR.EQ.’Y’ .OR. CHR.EQ.’y’) THEN
- READ(1,’(2(F9.0,1X))’,END=999) TD,T
ELSE
WRITE(*,’(//A,\)’)’ ENTER DRY BULB TEMPERATURE : ’
READ(*,*,ERR=10) T
IF (T .LT. -100) GOTO 999

IF (T .GE. O) THEN
I=1

ELSE
I=2

ENDIF

A=ALPHA(T)*T/(BETA(I)+T)
B=ALPHA(1)*TD/(BETA(1)+TD)
RH=DEXP(B-A)

WRITE(*,’(/A,F7.2)')’) / RELATIVE HUMIDITY : ’,RH
WRITE(2,’(3(F9.3,1X))’) TD,T,RH
CONTINUE

STOP
END



P-2 | - |
DEWP. FOR l

PROGRAM DEWPOINT

C : '
CALCULATE DEW POINT TEMPERATURE FROM RELATIVE HUMIDITY AND DRY BULB
C TEMPERATURE P
C
REAL*8 ALPHA(2),BETA(2)
REAL*8 A,B,T,RH,TD,RHC -
CHARACTER INAME*11,0NAME*11,CHR*1 ' L
C L
ALPHA(1) = 17.27 _
BETA(1) = 237.3 £
ALPHA(2) = 21.88 . L
BETA(2) = 265.5 -
C
WRITE(*,’(//A,\)’)’ INPUT FROM FILE 7 [Y/N] : ' fﬁ
READ(*,(A)’) CHR L
IF (CHR.EQ.’Y’ .OR. CHR.EQ.’y') THEN
WRITE(*,’{A,\)’)’ ENTER INPUT FILE NAME : £
READ(*,’(A)’) INAME. i
OPEN(1,FILE=INAME, STATUS='0LD') -
ENDIF )
C : i
5 WRITE(*,’(/A,\}' )’ ENTER QUTPUT FILE NAME : ' L
READ{*,’(A)’,ERR=5) ONAME
OPEN(2, FILE=ONAME, STATUS='NEV’ ) =
o -
WRITE(*,’ (/A,\)’)’ ENTER MULTIPLICATION CONSTANT FOR REL. HUM. : ' L
READ(*,* ,ERR=7) RHC )
c s
DO 100 K=1,1000 L
IF (CHR.EQ.’Y’ .OR. CHR.EQ:’y’) THEN
READ(1,*,END=999) T,RH —
WRITE(*,’(2F10.2)’) T,RH '
ELSE -
10 WRITE(*,’(//A,\)’)’ ENTER TEMPERATURE St : B
READ(*,*,ERR=10) T r
IF (T .LT. -100) GOTO 999 L
c
20 WRITE(*,’(A,\)’) ' ENTER REL. BUMIDITY (%) : * —
READ(*,*,ERR=20) RH
RH=RH/100. .
ENDIF
C ) M
RH=RH*RHC L
IF (T .GE. 0) THEN '
I=1 ' r
ELSE ' o
I =2 [
ENDIF
c -
{
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999

P-3

A=DLOG(RH)+ALPHA(I)*T/(BETA(I)+T)
TD=A*BETA(1)/(ALPHA(1)-A)

WRITE(*,’(/A,F7.2)") ' DEV POINT TEMPERATURE :

WRITE(2,’ (3(F9.3,1X))’) TD,T,RH
CONTINUE

STOP
END

",TD

DEWP.FOR
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10

11

12

P-4

NOFLOATCALLS
PROGRAM FLOWSTOR

CALCULATE TIME-BASED RELIABILITY OF FLOW REGULATION
REAL FL(12),MON(12),STOR1(12),STOR2(12),TFLOW(12)
CHARACTER ONAME*11,INAME*11,CHR*1,FMT*10,IYR*4
REAL LOVW,HIGH

DATA MON/31.,28.,31.,30.,31.,30.,31.,31,,30.,31.,30.,31./

STOR.FOR

WRITE(*,'(////7/A,\)*)' ENTER INPUT FILE NAME (MONTHLY FLOWS) :

READ(*, " (A)') INAME
OPEN(1,FILE=INAME, STATUS='0OLD’)
READ(1,'(///7//7)")

WRITE(*,’(/A,\)")’ ENTER OUTPUT FILE NAME :
READ(*,’(A)’ ,ERR=5) ONAME

CALL LEN (INAME,FMT)

IF (ONAME .EQ. ' 'y THEN
WRITE(ONAME, FMT) INAME,’.RES’
ENDIF

OPEN(2, FILE=ONAME , STATUS='NEV' )
WRITE(ONAME,FMT) INAME,’.MNS’
OPEN(3, FILE=ONAME , STATUS=NEV' )

WRITE(*,’ (/A,\)’)
.’ ENTER STORAGE CAPACITY (MIL OF CUBIC M) : ’
READ(*,*,ERR=7) STOR
WRITE(*,*) STOR
WRITE(Z,’ (4,F10.3)")
. STORAGE CAPACITY (MIL OF CUBIC M) : ’,STOR

WRITE(*,’ (//A,A,\)")
.* DO YOU WANT TO ENTER MONTHLY MIN&MAX STORAGE CAPACITY ',
.’FROM FILE ? PY/N] : '
READ(*,’ (A)’) CHR
IF (CHR .EQ. 'Y’ .OR. CHR .EQ. 'y’) TEEN
WRITE(*,’(/A,\)’)' ENTER FILE NAME : ’
READ(*,’ (A11)’,ERR=8) INAME
OPEN(4, FILE=INAME , STATUS=" OLD" )
DO 9 I=1,12 _
~ READ(4,* STOR1(I),STOR2(I)
DO 10 I=1,12
READ(4,*,END=15) TFLOW(I)
ELSE
WRITE(*,’ (/A,\)")
' ENTER MINIMUM STORAGE SIZE (MIL OF CUBIC M) : '
READ(*,*,ERR=11) STOR1(1)
WRITE(*,’ (/4,\)")
+ ENTER MAXIMUM STORAGE SIZE (MIL OF CUBIC M) : ’
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P-5

READ(*,*,ERR=12) STOR2(1)
IF (STOR2(1) .EQ. 0.0) STOR2(1)=STOR
D0 13 I=2,12 .
STOR1(I)=STOR1(1)
~ STOR2(I)=STOR2(1)
ENDIF
GOTO 20

WRITE(*,’(/A,\)’)\ ENTER TARGET FLOW (CUBIC M/SEC) : '

READ(*,*,ERR=15) TFLOW(1)

DO 16 I=2,12

TFLOW(I)=TFLOW(1)

WRITE(2,’ (/A,/A,/A)")

.’ MONTH STORAGE SIZE (MIL OF CUBIC M) TARGET FLOW/,

o MINIMUM MAXTMUM  (CUBIC M/SEC)’,
r

[
.

WRITE(2,(I4,1X,3F16.3)') (I,STOR1(I),STOR2(I),TFLOV(I),I=1,12)

WRITE(*,’(/A,\)’)’ ENTER CRITICAL FLOW (CUBIC M/SEC) ; '
READ(*,*,ERR=21) CFLOW

WVRITE(2,’(/A,F8.1)")’ CRITICAL FLOV (CUBIC M/SEC) : ’,CFLOW
STOR=(STOR1(1)+STOR2(1))/2.0

LOV=0.0

BIGB«0.0

QMEAN=0.0

Q5Q=0.0

QMEANL=0.0

Q5QL=0.0

VRITE(2,’(//A/A/A))
+’ YEAR MONTH INPUT  STORAGE FLOV FLOW-TFLOW’,
o (IN MIL)’, '

" F

DO 120 K=«1,10000

READ(1,’ (4X,A4,12F9.0)’ ,END=200) IY¥R,(FL(I),I=1,12)

SUMX=0.0

DO 100 I=1,12
SUMXxSUMX+FL(I)
STOR=STOR+(FL(I)*MON(I)*24.0%3600.0)/1000000.0)
FLOV=(TFLOV(I)*MON(I)*24.0%3600.0)/1000000.0
WRITE(2, ' (5F20.3)' )STOR, FLOV, STOR-FLOW, TFLOV(I), MON(I)

IF (STOR-FLOW .LT. STOR1(I)) THEN :
FLOW=(STOR-STOR1(I))/(MON(I)*24.0%3600.0/1000000.0)
STOR=STOR1(I)

LOW=LOW+1 :

ELSE IF (STOR-FLOVW .GT. STOR2(I)) THEN

FLOW=(STOR~STOR2(I1))/(MON(I)*24.0*3600.0/1000000.0)




P-6

STOR=STOR2(I)
IF (FLOV .GE. CFLOW) HIGH=HIGH+l
ELSE
STOR=STOR-FLOV
FLOW=TFLOW(I)
ENDIF
WRITE(2,’ (1X,A4,I5,F10.1,F10.0,2F10.1)")

.IYR,I,FL(I),STOR,FLOV,FLOW-TFLOW(I)

100

120
200

CONTINUE

WRITE(2,’ (52X,A4,A,F8.2)') ITR,’ MEAN = ’,SUMX/12.0
WRITE(3,’ (1X,A4,A,F8.2)’) IYR,’ MEAN = ’,SUMX/12.0
QMEAN=QMEAN+SUMX/12.0

Q5Q=0SQ+(SUMX/12.0)**2

QMEANL=QMEANL+LOG (SUMX/12.0)

QSQL=QSQL+LOG( SUMX/12.0)**2

CONTINUE

LOW=100.0-100.0*LOW/ ((K-1)*12)
HIGH=100.0%HIGH/ ((K-1)*12)
WRITE(2,’(//A,12,A,F5.1,/,A,F3.1)")

.' RELIABILITY (IN %) OVER ’,K-1,’ YEAR PERIOD : .’,LOW,
.' FLOW ABOVE CRITICAL (IN %) : ’,HIGH

QMEAN=QMEAN/ (K-1)

Q5Q0=8QRT( (QSQ/(K-1)-QMEAN**2) % ((K-1)/(K-2)) )
QMEANL=QMEANL/(X-1)

QSQL=SQRT( (QSQL/(K-1)-QMEANL**2) X ((K-1)/(K-2)) )
WRITE(2,(//A,FB.3,3(/A,F8.3))")

.’ MEAN : ",QMEAN,’ 5 + ',0Q8Q,
.' MEAN(LN) : ’,QMEANL,
.’ S({LN} : 7,Q8QL

WRITE(3,'(//A,F8.3,3(/A,F8.3))")

.’ MEAN : f,QMEAN,’ 5 + 1,Q8Q,
.! MEAN(LN) : ’,QMEANL,
.1 S(LN) ¢ ’/,Q8QL

999

10

STOP
END
SUBROUTINE LEN (INAME,FMT)
CHARACTER INAME*11,FMT*10,CHR¥1
DO 10 I=1,7
WRITE(FMT, ' (A2,T1,44)') '(T’,I,’,Al)’
READ(INAME,FMT} CHR
IF (CHR .EQ. ' ' .OR. CHR .EQ. ’.’) THEN
WRITE(FMT, ' (A2,I1,A4)) '(A',I-1,',A4)’
GOTO 99 '
ENDIF
CONTINUE
WRITE{FMT,’ (A7)’) '(A7,A4)’

RETURN
END
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