l*l National Library Bibliothéque nationale

of Canada du Canada

Canadian Theses Service  Service des théses canadiennes

Ottawa, Canada
K1A ON4

NOTICE

The quality of this microformis heavily dependent upon the
uality of the original thesis submitted for microfilming.
very effort has been made to ensure the highest quality of

reproduction possible.

If pages are missing, contact the university which granted
the degree.

Some Pages may have indistinct print especially if the
original pages were typed with a poor typewriter ribbon or
if the university sent us ari inferior photocopy.

Reproduction in full or in part of this microform s governed
by the Canadian Copyright Act, R.S.C. 1970, c. C-30, and
subsequent amendments.

NL-339 (r.88/04)C

AVIS

La qualité de cette microforme dépend grandement de la

qualité de la thése soumise au microfilmage. Nous avons

:9ut fait pour assurer une qualité supérieure de reprocuc-
ion.

Sl manque des pages, veuillez communiquer avec
l'université qui a conféré le grade.

La qualité d'impression de certaines pages peut laisser a
désirer, surtout si les pages originales ont été dactylogra-
phiées a 'aide d’'un ruban usé ou si f'université nous a tait
parvenir une photocopie Jde qualité intérieure.

La reproduction, méme partielle, de cette microforme est

soumise a la Loi canadienne sur le droit d'auteur, SRC
1970, ¢. C-30, et ses amendements subséquents.

Canadi



THREE PHASE RUNOFF MODEL FOR SMALL PRAIRIE RIVERS

BY
JAMES MICHAEL BYRNE
A THESIS

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY
IN

WATER RESOURCES,
DEPARTMENT OF CIVIL ENGINEERING.

EDMONTON, ALBERTA
FALL, 1990



Pl (oo oy

Canadian Theses Service Service des théses canadiennes

Bibliothéque nationale
du Canada

Ottawa,
K1A ONd

The author has granted an irrevocable non-
exclusive licence allowing the National Library
of Canada to reproduce, loan, distribute or sell
oopiesofhislhermeslsbyanymeansandh
any form or format, making this thesis availeble
to interested persons. "

..The author retains ownership of the copyright
in histher thesis. Neither the thesis nor
substantial extracts from it may be printed or
otherwise reproduced without his/her per-
mission.

nationale du Canada de reproduire, préter,
distribuer ou vendre des copies de sa thése
de quelque manidre et sous quelque forme
que ce soit pour mettre des exemplaires de
cette thése a la disposition des personnes
intéressées.

L'auteur conserve (a propriété du droit d'auteur
qui protége sa thése. Nila thése ni des extraits
substantiels de celle-ci ne doivent &tre
imprimés ou autrement reproduits sans son
autarisation.

ISBN 0-315-64799-X



THE UNIVERSITY OF ALBERTA

RELEASE FORM

NAME OF AUTHOR: James Michael Byrne

TITLE OF THESIS: Three Phase Runoff Model for Small Prairie Rivers

DEGREE : Doctor of Philosophy

YEAR THIS DEGREE GRANTED: 1990

Perrission is hereby granted to THE UNIVERSITY OF.
ALBERTA LIBRARY to reproduce singie copies of this
+hegis and to lend or sell such copies for private,
scholarly or scientific research purposes only.

The author reserves other publication rights,
and neither the thesis nor extensive extracts from
it may be pfint-d or otherwise reproduced without
the author’s written permission.

R,

James/Michael Byrne

54 Carleton Road West
Lethbridge, Alberta
CANADA TI1K 3X5

Fall, 1990



THE UNIVERSITY OF ALBERTA
FACULTY OF GRADUATE STUDIES AND RESEARCH

THE UNDERSIGNED CERTIFY THEY HAVE READ, AND RECOMMEND TO
THE FACULTY OF GRADUATE STUDIES AND RESERACH FOR
ACCEPTANCE, A THESIS ENTITLED THREE PHASE RUNOFF MODEL FOR
SMALL PRAIRIE RIVERS SUBMITTED BY JAMES MICHAEL BYRNE IN
PARTIAL FULFILLMENT FOR THE DEGREE OF DOCTOR OF PHILOSOPHY
IN WATER RESOURCES, DEPARTMENT OF CIVIL ENGINEERING.

’

/’-'/~ i )/// )
J.P. Verschuren, Supervisor R0 T Ll n g

et o o 0

[ e MR

K. Anderson g
5o
) S A
D.S. Chanasyk et \Q'"N(\(
P. Steffler W

H. Steppuhn M&&M__

pue: [40...10..0




ABSTRACT

. The hydrologic processes of small, low-relief watersheds on the plains in
southeastern Alberta are analyzed to determine the precipitation-runoff relationships
under different soil fluid states; and to test the hypothesis that the state of the soil fluid
has a dominant control on runoff generation. A conceptual runoff model based on the
dominant state of the soil fluid(s) is developed. The conceptual runoff model is
referred to as a three phase runoff model. The three states (phases) are frozen,
saturated (liquid) and unsaturated (liquid-gaseous). The state of the dominant fluid at
any time governs the water depth from snowmelt or rainfall that is available for
runoff. A soil in a frozen condition has a limited infiltration capacity. The saturated
(often inundated) condition has a runoff coefficient that would approach 1.0 in most
cases. The unsaturated condition has the greatest potential to reduce surface runoff,
both through replenishment of the available soil water and percolation of water to the

groundwater system.

Runoff processes are modelled for a number of years at 35 climate stations over a
study area containing a number of small watersheds. The analysis includes
interpolation of modelled estimates of fall soil moisture, spring snow water equivalent
and snowmelt infiltration to frozen soils on a one kilometre square grid system over a
watershed. These data are combined to estimate the basin spring runoff depth for the
hydrologic period of record for the basin. Regression models demonstrate there is a
linear relationship between the spring runoff depth and spring snowmelt runoff
volume, and that the snowmelt (frozen soil) runoff contributing area and depression

storage losses are constant from year to year.

Analyses of the unsaturated soil system for a period of 22 years indicate there is no
runoff from rainfall when the soil water is not frozen; excepting precipitation on the
saturated areas of the watershed directly connected to the drainage channel system.
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Finally, the spring runoff depth - spring runoff volume analysis is applied to a
number of basins in southeastern Alberta, with the results showing that both the

snowmelt runoff contributing arca and depression storage losses remain constant from

year to year. A geomorphological method for estimating snowmelt runoff
contributing area and depression storage losses is developed from the multi-basin
analysis.
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Chapter 1
INTRODUCTION

1.1. Background

The quantity of rnoff available for natural and human utilization on the prairies of
eastern Alberta is highly variable from year to year. There is no apparent direct link
between the annual precipitation and runoff volume. For example, the apparent lack
of any relationship is demonstrated in figure 1-1,! a scatter plot of annual
precipitation versus annual runoff for three drainage basins located in the southeastern
quartile of Alberta. However, streamflow is a function of precipitation inputs and the
physical, vegetative and climatic characteristics of a watershed (Viessman et al.,
1977). The difficulty in assessing the precipitation-runoff relationship must be related
to the relative ability of the watershed characteristics to modify and/or retain
precipitation inputs.

The interactions of the physical, vegetative and climatic conditions that prevent
precipitation from becoming runoff are often termed hydrologic abstractions or losses
from runoff. These include interception storage, available water holding capacity
(AWHC) of the soil, evapotranspiration (ET), and depression storage (Viessman et al,,
1977). Implicit within these are related abstractions such as infiltration and deep

percolation.

IFigures and tables are grouped at the end of each chapter.



Interception is a minor consideration on grasslands, with values ranging from 0.1 to
1.0 mm for 25 cm high canopies of bluegrass and rough fescue (Branson et al., 1981).
The AWHC of soils is typically 100 to 250 times greater than the upper value for

interception storage reported by Branson et al. (Hansen et al., 1980). Depression
storage is an important abstraction on the plains (Card, 1979; Eisenlohr et al., 1972).

The above discussion suggests that the principal hydrologic abstractions affecting
runoff in the study area are the soil/vegetation systems, ET and depression storage. A
fourth variable, the basin contributing area must be considered as well. A number of
studies have addressed the concept of variable contributing area (Card, 1979,
Chanasyk, 1980; Gray et al., 1985; Holocek, 1988; PFRA 1978; 1983; 1985; Stichling
and Blackwell, 1957; Taylor, 1982 and many others). These studies generally argue
the spatial variation in soil properties, precipitation and topography result in the

contributing area of a watershed fluctuating in areal extent between and during storms.

This treatise will focus on identifying the relative impacts of the soil/vegetation, ET
and depression storage abstractions on the hydrology of the plains in eastem Alberta.
A central component of the study will be to define the effect of precipitation phase on
these abstractions. Thmy five percent of the annual precipitation at Coronation occurs
as snowfall (Alberta Environment, undated). Runoff due to snowmelt comprises most
of the annual streamflow for the study area basins. This is not unexpected given that
the effects of ET, the AWHC of the soil and deep percolation will be minimized in
late fall, winter and early spring due to cold temperatures and frozen soil.



1.2. Study Objective and Components
The following are the objectives of this study.
1. To determine the impact of precipitation phase (rain or snow) on the

annual runoff volume for basins in the study area.

2. To determine the relative impacts of evapots#nspiration and depression

storage on the annual runoff volume.

3. To assess the applicability of the concept of variable contributing area(s)
models to plains watersheds, under both snowmelt and rainfall

conditions.

1.3. Description of the Study Area

The study area encompasses the southeastern section of the province of Alberta
bordered in the east by the Alberta-Saskatchewan border; in the south by the Red Deer
River; on the west Highway 2; and in the north by the North Saskatchewan River.
The region’s rivers and climate stations are presented in Figure 1-2.

Within this general area, there are a number of small basins. These include Alkali,
Berry, Blood Indian, Buffalo, Bullpound, Iron, Monitor, Ribstone and Sounding
Creeks. Some of the basic statistics of these creeks are listed in Table 1-1.

Regulated reaches should not be utilized in the analysis since the recorded flow
hydrograph does not reflect direct responses to snowmelt and rainfall inputs.

Gross and effective contributing areas for the basins is provided in the table. These

two parameters are defined conceptually (PFRA, 1983):
The gross drainage area of a stream at a specific location is that plane area,



enclosed by its drainage divide, which might be expected to entirely contribute
runoff to that specific location under extremely wet conditions. The gross drainage
boundary is the drainage divide (i.e. the height of land between adjoining
watersheds).

and _
The effective ... drainage area is that portion of the drainage basin which might be
expected to entirely contribute runoff to the main stream during a flood with a return
period of two years. This area excludes marsh and slough areas and other natural
storage areas which would prevent runoff from reaching the main stream in a year of

average runoff.

PFRA (1983) has delineated these areas for most prairie rivers and streams from
1:50,000 topographic map sheets. These estimates are somewhat subjective because
the map scale does not provide sufficient contour detail to determine the basin area
accurately. However, the PFRA figures still indicate the tremendous variability that

may be encountered, even when analyzing only the macro-scale environment.

The physiography of the eastern Alberta is relatively consistent. Macro-scale
features are demonstrated by the gross changes in elevation. The southwest comer of
the study area has an elevation of approximately 915 m above sea level. Proceeding
north, northeast or east to the far extreme of the area results in an elevation drop to
values in the range of 600 m. This is over distances of 200 to 360 km. Therefore, the
macro-slope of the land ranges from 0.0016 to 0.0009. This lack of a regional slope,
combined with a generally dry climate has resulted in a very poorly formed drainage
network. Macro-topography dominates the hydrology of the entire area by failing to
provide the energy slope sufficient to create a reasonable drainage network.

Within the region, the meso-scale topography is dominated by the effects of

glaciation. Ground moraine and hummocky moraine deposits dominate. Most of the



area is covered with large till plains with irregular surfaces, resulting in the formation

of many closed drainage basins with characteristic prairie sloughs and potholes.

1.4. Study Chapters

The following paragraphs provide a brief summary of the chapters that follow in this

thesis.

Chapter 2 provides a literature review of the hydrologic variables identified by the
opening discussion and study objectives. Section 2.1 provides an introduction to the
chapter. The discussion in section 2.2 focuses on the role of the soil system in
hydrology, particularly as applied to semi-arid plains. The topics include soil
properties controlling water storage in a classical active soil system; and a discussion
of snow-soil interactions. This is followed, in section 2.3, by a review of methods
available to model ET for large areas. Section 2.4 reviews a number of studies of
depression storage systems, on both the micro- and macro- scale, with particular
emphasis on the net runoff loss that has been observed or estimated for a number of
different locales and conditions. Finally, a number of studies of contributing area for
flatland basins are discussed in section 2.5. These include several studies that were

oriented to areas with similar physiography and climate to eastern Alberta.

The literature review addresses the hydrologic abstractions theorized in the study

objectives as being important to the study area.

Chapter 3 introduces a Three Phase contributing area conceptual model based on the
state of the soil system. The conceptual model hypothesizes that in the study area, the
soil phase controls runoff as follows. The frozen soil phase yields high runoff
volumes since losses are restricted to frozen soil infiltration, which is a relatively

minor loss. The active soil phase generally yields no runoff since the soil moisture



deficit in the study area is generally very high, hence any rainfall infiltrates. The
saturated soil phase is that area of the basin inundated and connected to the drainage

network - the runoff coefficient for these areas is assumed tobe 1.

Interpolation of climatic data proved to be a critical issue for this treatise. A
numerical spatial analysis methodology for detailed interpolation of climatic data is
discussed in chapter 4. The method is kriging, a technique for making optimal,
unbiased estimates of regionalized variables at specified grid intervals using structured
statistical relationships derived from a set of data values. This application is
theoretically correct if the point data values are accepted as regionalized variables; i.e.
z(x,y) is a regionalized variable if z takes its value according to location x,y. Spatial
analysis is utilized in later chapters to esﬁmate snowmelt runoff depths for all

elements of a one square kilometre grid over a drainage area.

Chapter 5 provides an assessment the annual snowmelt runoff volume. A drainage
basin is assessed on an element by element basis to determine the snowmelt runoff
volume for a number of years. The basin snowmelt runoff depth is statistically related
to the recorded runoff. This relationship provides estimates of the snowmelt runoff

contributing area and the depression storage deficit for the basin.

Chapter 6 assesses runoff from rainfall during the open water season. The output
from a soil water budget model for all stations indicates there is no rainfall runoff
from the active soil phase at any time. Therefore, any summer runoff that occurs

would have to be from the saturated areas of the basin.

An assessment of the dynamics of the saturated area of a basin is provided in Chapter
7. The saturated area in the watershed is studied by analyzing the hydrograph

response to rainfall inputs from spring and summer storms. A saturated area function
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based on detention storage is developed and used to simulate the response of the

outflow to summer rains on the saturated zone. The summer runoff from the saturated

area is demonstrated to be minimal.

Chapter 8 provides an assessment of the frozen soil area for a number of basins. The
role of the frozen soil phase as the major generator of runoff volume for prairie
watersheds is supported by the analysis and discussion. The difficulties in the analysis
are related primarily to the degree of regulation on the watersheds included. River
basins with significant runoff regulation and withdrawal for consumptive uses such as
livestock watering were difficult to include because the recorded runoff values do not
relate directly to the climatic input. There were very few basins with natural runoff
regimes, therefore the relationships developed were subject to statistical significance
problems due to the low n value. Nevertheless, the results support the hypothesis that
frozen soil runoff area is a constant for years in which there is sufficient spring snow
water equivalent to overcome the combined losses to frozen soil infiltration and micro
depression storage. Further, the results are applied with independently measured
values of channel lengths, basin slopes and depression storage areas to derive

relationships for basin depression storage and frozen soil phase area.

Chapter 9 provides a synthesis of the study, and a review and restatement of the

conclusions from the individual chapters.
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Table 1-1: Drainage Basins in the Study Area

PFRA Areas (km?) WSC Mean Annual

Pasin Name HSC St. Gross Effect Record Q 1000s m®
Alkali Ck. 05¢ck005 590.0 377.4 1962~ 2,140. N
Berry Ck. 05ch007 3721.3 2377.1 1964~ 11,400. R
05ch008 1546.2 1022.5 1967~ 11,500. R
Blood Indian 05¢ck001 694.6 604.2 1964~ 2,710, R
Buffalo Ck. 05£e002 709.1 247.6 1972- 5,650. N
Bullpound Ck. 05cg003 1473.7 1066.3 1964~ 3,650. R
05¢g002 209.3 200.5 1962-80 1,840. R
Iron Ck. 05£b002 3488.7 976.4 1965~ 18,500. N
05¢c5005 2261.5 twwsw 1954~ 76,800. R
Monitor Ck. 05ga003 1438.0 326.3 1954~ 3,310. R
Ribstone Ck. 05£4005 1830.1 697.0 1968~ 4,520. N
Sounding Ck. 05ga008 2995.6 868.4 1970- 2,570. R

In the far right column, R and N indicate the watershed is either regulated or

natural flow, respectively.



11

* |
o 50 + N
¢ 2
g
3]
= 40 +
-
-
S ¢
.9 | ‘ °
Z
2
= 20 + , .
<
] L ] " 1
% * s
< 10 -~ * .l
0 s ] '. . {:: -:.:..: :' A J. —
200 250 300 350 400 450 500 550 600
ANNUAL PRECIPITATION (mm)

Ribstone . Monitor , Berry

Figure 1-1: Runoff volume vs. annual precipitation for three basins in east

central Alberta.
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Figure 1-3: Southeastern Alberta watersheds and climate stations. Several
stations outside these boundaries were used where necessary. Study
watersheds are: 1 - Alkali, 2 - Berry, 3 - Blood Indian, 4 - Buffalo,
5 - Bullpound, 6 - Iron, 7 - Monitor, 8 - Ribstone, 9 - Sounding Creeks.
" Circles are climate station locations.
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Chapter 2
LITERATURE REVIEW

2.1. Introduction

The discussion in this chapter reviews the individual and interactive roles of the soil,
evapotranspiration, depression storage and drainage basin contributing area(s) in the
hydrologic cycle. This thesis contends these are the variables that control the basin
runoff. During periods when the soil water is frozen, soil related abstractions from
precipitation/snowmelt are varied but minimal. Depression storage and contributing
area are the major controls on the runoff yield. During periods when the soil water is
unfrozen, a high evapotranspiration rate results in rapid depletion of any available soil
water, so that runoff generally does not occur. Rainfall in excess of the soil
infiltration capacity collects in localized small depressions, and either evaporates or
subsequently infiltrates.

2.2. Soil Water Retention

Soil may be characterised as a combination of three different matter phases: solids,
liquids and gases. The solid materials are either mineral or organic in origin. The soil
mineral components are characterised principally by solids (grains), although some
amount of mineral material is contained in a dissolved state in the soil water. This is a
miniscule amount on a relative scale. Soil water occupies some portion of the

porosity,2 and soil gases, principally air, fill that portion of the voids not occupied by

250il porosity is generally defined as the ratio of the total volume of the pore space to the total
volume of soil. .
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soil water. The quammes of soil air and water vary inversely; largely dependent on
precipitation, the evapotranspiration potential and the water storage capability of the
soil.
2.2.1. Classical soil water definitions

Soil water has been classified as hygroscopic, capillary and gravitational (Hansen et
al., 1980). Hygroscopic water is molecularly bound to the soil grains, and does not
readily move into or out of the soil under the forces of capillary tension or
gravitational drainage. Capillary water is water in excess of the hygroscopic water
that does not readily drain out of the soil under the force of gravity. Gravitational
water is the water in excess of both hygroscopic and capillary water that will drain
from the soil under the force of gravity. The boundary between capillary and
gravitational water has been termed the field capacity of the soil, and is defined as the
volume of water in the soil after gravitational water has been drained. The lower limit
of capillary water is the permanent wilting point of the soil, and is defined as the soil
water level at which plants can no longer withdraw adequate water to maintain plant
needs. Capillary water is usually defined as the available water between the limits of
field capacity and wilting point. This water is ‘available’ for plant use. The available

water is considered as a reservoir for soil moisture budgeting.

These definitions are recognized as being theoretically incorrect (Hillel, 1980).
However, they are convenient for some aspects of hydrology and soil water

management.
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2.2.2. Properties controlling unsaturated water storage

The quantity of available water is affected by the intermolecular forces and tensions
within the soil matrix. These forces and tensions are affected most by soil texture and

structure, and the organic matter content of the soil.

The definition of available water as water in excess of the hygroscopic water that
does not readily drain out of the soil under the force of gravity is a simplification,
Water held against the force of gravity may be held by true capillary forces; it may be
water adsorbed to soil particles; and in the case of some soils (typically coarse grained
soils), water may be retained in micro pools on the upper grain surface (Ward, 1975).

2.2.2.1. Soil texture
Texture is a definition of the size of the mineral particles making up the soil. These
may range in size from gravel particles ( >1.0 mm in diameter) to sand ( 0.05 to 1.0

mm), silt (0.002 - 0.05 mm) and clay ( <0.002 mm) (Hansen et al., 1980).

Soil texture is used to classify a soil: sands are coarse materials, and sandy soils are
considered to be coarse textured. Silts and clays are medium and fine textured soils,
respectively. Soils with no dominant particle size; i.e. with approximately equal
percentages of sand, silt and clay, are generally referred to as loams.

The particle size that dominates the mineral matrix determines the size of the greatest
number of the pore spaces. Further, total porosity generally increases with decreasing
grain size, assuming the soil structure has not been destroyed (Brady, 1990).
Therefore, a soil with a predominance of fine grains will have a greater porosity and a
greater capillary attraction than one with larger grains.

Adsorbed water is generally electrostatically attracted to the surface of the soil
grains. The quantity of adsorbed water is dependent on the surface area of the grains.
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The specific surface of a soil is the total surface area of the particles in a given unit
volume of soil (Hillel, 1971). The specific surface increases with decreasing grain
size, and as particles tend from spherical to elongated shapes. Clay particles are
generally platy (Hillel, 1971) and therefore contribute a much greater surface area to a
given soil volume. The specific surface of a sand may be less than 1 m%/g while the
specific surface for a clay such as montmorillonite may as high as 800 m2/g (Ward,

1975).

A number of authors have developed estimates of available water storage values for

different soil textures. Some of these are presented in Table 2-1.

2.2.22. Soil structure

Soil structure is the interconnection of soil particles into composite granules or
aggregates. Structural formation takes place primarily in fine and medium textured
soils, whereas in coarse soils, grain sizes are typically too large to facilitate multiple
grain clumping (Hillel, 1971). A fine grained, well structured soil has a secondary
"pore volume" made up of the spaces between the soil granules. In this type of soil,
moisture storage is more difficult to define because the secondary pore volume created

by the structure has a ‘random’ nature.

Factors that influence soil structure include physical processes, organic matter decay,

physico-chemical colloidal interactions and soil tillage (Brady, 1990).

2.2.23. Soil organic matter

Soil organic matter contributes to the water storage capability of the soil. A given
mass of humus (organic material) has an colloidal ability to hold water that far
exceeds that of clays (Brady, 1990). The charged surfaces of humus particles act to

create and maintain the soil structural components as well.
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2.2.3. Soil water budgeting

Soil water budgeting is the process of determining how much water is present in the

soil profile, and accounting for the inputs to and outputs from the soil, as defined by

dt (2.1)

where %‘3— is the change in storage with respect to time, and I and O are inputs

and outputs, respectively.

Expanding equation (2.1) to a form for modeling soil water content at any time t

provides:

where S, ; and S, are the soil water storage at times t-1 and t and P = precipitation,
ET = evapotranspiration, DP = deep percolation to groundwater, and R = runoff;

during time interval t-1 to t.

The value of S at t = 1 must be known or estimated. P is aveilable from standard
climatic data and ET may be estimated with any of the methods discussed below. DP
is difficult to determine without detailed field data, but in an arid environment, it is
usually small enough to be neglected, except in exceptional cases. Shjeflo (1968)
supports the contention that there is virtually no classical deep percolation in arid and
semi-arid areas (classical being spatially uniform deep percolation of infiltration: in
excess of the currently available capillary storage). This is also supported by Freeze
and Banner (1970), who stated that "only very intense rainfall (i.e. 350 mm or more in
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-several days) will cause ... 2 water table rise, and this only under favorable conditions
of water table depth, soil type and antecedent soil moistre content.” Meyboom
(1966) reported that about 3% of annual precipitation contributed to groundwater
through deep percolations from a small slough.

The runoff depth R is the precipitation in excess of the infiltration capacity of the
soil. For an environment with a very low slope, a reasonable assumption is that the
soil infiltration capacity is equal to the available capillary storage, since very little
gradient exists to cause excess precipitation to run off. Practically speaking, some
infiltration continues after the soil has reached field capacity; therefore, the infiltration

capacity may be assumed to be greater than the available capillary storage.

2.2.4. Snow-soil interactions

The complexities of the interactions between the snowpack and the soil are rarely
addressed in hydrology. Some of the lumped hydrologic models that are currently
under use, such as the UBC watershed and flow model, do not present any method for
dealing with either vapour or liquid water transfer between these two entities (Quick
and Pipes, 1976). One prominent paper (Lvovich, 1980), in a review entitled ‘Soil
trend in hydrology’ does not make any reference to the interactive role of snow and

soil, preferring instead to concentrate completely on the role of the active soil phase.

This section presents a review of several papers that have begun the task of defining

the inter-relations of the snowpack and the soil profile.
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2.2.4.1. Guymon (1978)

Guymon reviewed snow-soil interactions as addressed in 39 papers dating from as
early as 1943. A number of these papers were from the 1950s, ’60s and early *70s;
and hence, may be considered as somewhat dated. In introducing the paper, Guymon
observed that the "paucity of a significant literature concerning snow-soil interactions
is surprising since it is presumed that in rﬁost cases one would have to deal with such

interaction to adequately deal with snow hydrology."

Theoretically, snow-soil interactions comprise a number of processes; including
multi-phase fluid movement in porous media under hydraulic and thermal gradients,
where the porous media conditions are under constant change due to fluid movement
and phase changes. Air temperature and boundary layer wingd conditions create the
temperature gradient between soil and the atmosphere, and hence influence the rate of

phase change and removal of water vapour to the atmosphere.

There is no practical physical or algorithmic method for simulating this system on an
extensive geographic scale. However, semi-empirical methods based on the principal
variables may be applied. A discussion of several applications follows.

2.2.4.2, Santeford (1978)

The interaction between the snowpack and a moss/soil layer was investigated over
three years for a site in the Alaskan interior. Snow pillow sites were monitored with
thermocouples at elevations of -30, -15, 0, 15, 30 and 45 cm from the soil surface,
both at the pillow and a control case nearby. The initial objective was to investigate
the effect of a snow pillow on the snowpack, soil temperature and moisture movement
regimes. Therefore, vapour barriers were places on the soil surface near the pillow in
an attempt to separate these two effects. Fall soil moisture conditions were sampled
prior to these installations. These conditions were measures again in spring, prior to

any appreciable snowmelt.
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Spring snowmelt typically occurred over a moss layer that remained frozen
throughout much of the snowmelt period. Melting that did occur in the moss was

quite late in the snowmelt period, and was limited to the upper layer.

Differences in the soil and snowpack moisture conditions between the snow pillow
and vapour barrier locations, and the natural site were quite remarkable. The natural
site recorded losses of soil moisture of approximately 20 mm (50%) for the three
years, while the two sites with vapour movement inhibited lost between 5 and 10 mm
(10-25%). However, the natural snowpack in early spring averaged about 30 mm
greater in water equivalent. Large ice buildups were found on the lower sides of the

vapour barriers.

Santeford concluded that under the temperature regimes for that area, there is a
transfer of moisture from the soil to snow overwinter. Snow pillow and vapour barrier
snowpacks provided close measures of the precipitation, but not of the total natural
spring snowpack. The discrepancy is about 25 - 30 percent of an average moisture
contained in the spring snowpack.
2.2.4.3. Gray et al. (1983)

This study took place in west central Saskatchewan. Soil moisture measurements
were taken to a depth of 1.6 metres at a number of sites using a two-probe gamma
density meter. These measurements were taken from early fall, through winter and

into spring beyond the end of the snowmelt period for a period of five years.

In assessing the soil moisture changes over winter, two depths zones were identified.
Zone one was identified as the apper 30 cm of soil, and was characterized as a depth
from which moisture losses over winter were common. Zone two is the greater soil
depth immediately below zone one. Typically this zone tended to gain moisture over
winter. Water loss from zone one was hypothesized to be principally in a vapour
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mode, while the lower zone probably had greater liquid water movements in response
to freezing and/or drainage related to frost penetration. The general result was that the
surficial zone typically tended to have lower moisture conditions in spring than were

typical of the fall.

A wide range of moisture changes were observed for both soil zones over the period
from freeze-up to the end of snowmelt. In some years, the layers would gain water; in
others water was lost. Both layers recorded losses in excess of 33 mm of water, and
gains of up to 15 mm for the upper zone, and 43 mm for the lower. On average, the
lower zone gained about 10 mm, while the upper zone lost about 3 mm. Spring
snowmelt infiltration would replace the moisture loss in the upper layer, but did not
tend to have any effect on the lower soil zone. The control mechanism was refreezing

of liquid snowmelt water in the upper soil zone.

Further changes in the soil moisture regime were not notable until the entire profile

had thawed.

2.2.4.4. Granger et al. (1984) and Gray et al. (1985)

These papers focused on the development and application of an empirical model to
simulate snowmelt infiltration to frozen soil. The depth of infiltration was related to
the depth of an impermeable ice-soil layer and the ice-water content of the soil above
the impermeable layer. The snow water equivalent at the beginning of melting was
also observed to affect infiltration to frozen soil (Gray et al., 1983; Gray et al., 1985).
The reasoning for inclusion of snow water equivalent is that infiltration will be subject
to some degree to the heat introduced to the upper soil profile by infiltrating

meltwater. However, no explanation of this physical phenomenon is presented.
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2.3. Evapotranspiration

Evapotranspiration (ET) is the sum of two processes: evaporation and transpiration.
Evaporation is defined as the vapourization of liquid water. In order for this change of
phase to occur, there must be a heat input, defined as the latent heat of vapourization
(L,). Transpiration, as a biological process, is much more complicated that
evaporation. However, for the purposes here, transpiration is defined as the net

transfer of soil water to the atmosphere by the vegetation system. Again, this is a

vapourization process, and requires the same input of (Z,) per unit volume of water.

2.3.1. Potential and Actual Evapotranspiration

Actual evapotranspiration is controlled by the water supply. If there is little water,
either on the surface (ponded or in the surficial soil layer) or within the soil root zone,
then very little ET can take place. If there is an unlimited water supply available, then
ET is governed by climate conditions, and by the vegetation type and stage of growth
(Gray, 1970).

The concept of potential ET (ETP) has been developed as the upper limit on ET.
ETP has typically been defined based on the assumption of a water supply adequate to
meet all vegetative needs (Thomthwaite, 1944; Penman and others, 1956). Given an
adequate water supply, meteorological variables, including radiation, temperature,
humidity and wind, are generally considered to have the strongest affect on ETP
(Ward, 1975).



-2.3.2. Formulas for Estimating ETP and ET

ETP and ET may be estimated with a number of techniques, including mass balance,
energy balance, mass transfer, or from empirical formula developed from ﬁcld
observations with lysimeters. Neither mass or energy balance techniques are
appropriate for use in this thesis. The analytical basis of the thesis applies a mass
balance to determine runoff. Therefore, the method cannot be used to determine ET.
Energy balance techniques require detailed radiation data that is not widely recorded.
For these reasons, the discussion here focuses on the empirical formulas and on mass

transfer techniques.

23.2.1. Empirical formulas for ETP/ET estimation

Much work has been carried out in developing empirical methods for estimating ET
relates to irrigation crop studies. These methods, including Blaney and Criddle
(1962), Jensen and Haise (1963), and many others, generally utilized climatic
parameters as indices to reflect the potential water use by a reference crop, given an
unlimited water supply. A representative empirical formula is the Jensen-Haise

equation:

ETP JH = Ct (T-'Tx) Rs (2.3)

where

ETPj;; = Jensen-Haise potential ET, mm water
T = Mean temperature for the time period, ° C
R, = solar radiation, mm water

C,=1/(38.-3.6E/305.) +73Cy)



C,=375/(ey-¢; ) mm Hg
T,=27.5-0.33(e;-¢; ) -E/1000
e, and e) = are the saturation vapour pressures for the mean maximum and mean

mxmmum temperatures for the warmest rponth of the year, and

E = station elevation in metres.

The potential evapotranspiration ETP predicted by a method like OJensen-Haise is
usually adjusted to estimate actual water consumption ET., by any crop with a

regionally defined, empirical coefficient K., (Krogman and Hobbs, 1976): that relates

the crop stage of growth and/or the percent of ground cover to the ETP calculation:

ET,, = K,, ETP 24

where ET,,, = actual evapotranspiration for crop co, K., = regional coefficient for the
crop, and ETP = reference potential evapotranspiration.

The application of Jensen-Haise is based on the assumption that there is an adequate
water supply in the soil for the vegetation to utilize. This is the case in an irrigation
situation, but during most of the time on the prairies, there is typically a moisture
stress situation so that water use and growth proceeds slowly. Even at a time when
there is adequate moisture, vegetation may not be capable of transpiring at the rate
predicted by Jensen-Haise because the biomass quantity is low, reflecting previous dry

conditions.
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2.3.2.2. Mass transfer techniques for estimating ETP/ET

Mass transfer techniques for estimating ETP/ET are typically based on the formula
first attributed to Dalton (Viessman et al., 1977):

E=flu)(e,—e,) 2.5)

where E is the evaporation, f{u) is a function of the wind speed, and e,, is the
saturation vapour pressure at the water surface temperature, and ¢, is the actual vapour

pressure of the air.

Penman(1948) developed a method for éstimating ETP based on mass transfer
techniques and a partitioning of incoming radiant energy to both evaporation and to

heating of the air. The mass transfer equation took the form of (Ward, 1975):

Ea=035(e,,~¢,) (1 + U/100) (2.6)

where Ea is a2 measure of the evaporation power of the air in mm/day; e,,, e, are as
in equation (2.5) with units of mm/Hg; and U is the windspeed in miles/day at a height
of 2 m above the ground. E will increase with increasing turbulent mixing

(windspeed) or with an increase in the vapour pressure gradient between the water and

the air. The net radiation (H) available for evaporation is estimated with:

H=A-B 2.7

where A is the incoming shortwave radiation and B is the outgoing longwave

radiation. H, A and B have units of mm/day. A and B are estimated as:
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A = (1-r) Ra (0.18 + 0.55 n/N) (2.8)
and
B =6 Ta* (0.56 — 0.09 e,9) (0.10 + 0.90 n/N) (2.9)

where 7 is the reflection coefficient of the evaporating surface; Ra is the theoretical
radiation total received at the surface, assuming no atmosphere; n/N is the ratio of
actual to possible sunshine hours; 6T is the theoretical reflected radiation, assuming
no atmosphere; Ta is the mean air temperature in ° K; o is the Stefan-Boltzmann

constant; and ¢, is as in equation (2.5).

Penman’s potential evaporation is determined by combining equations (2.6) and (2.7)
(Ward, 1975):

E=(AWH +Ea)(Aly+1) (2.10)

where Ay is a dimensionless ratio of A, the slope of the saturation vapour pressure
curve at the mean air temperature, and ¥, the constant of the wet and dry bulb

psychrometer equation; and E is the Penman potential evaporation.

Penman provides a detailed method for estimating both potential evaporation and

ETP. ETP is estimated by using estimates of the vegetative cover reflectivity for r in
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equation (2.8). Hansen et al. (1980) utilized a reflectivity of 0.23 (for a green growing
crop) to estimate the potential daily water use by alfalfa. Surface reflectivity varies
from 0.05 for open water to around 0.25 for an extended short greencrop (Ward,
1975).

2.3.3. Morton’s ET

Morton(1978) has developed a method for estimating regional evapotranspiration
based on a complimentary relationship between potential evaporation as estimated
with Penman’s equation and actual areal ET. The complimentary relationship
assumes that the regional climatic conditions are the result of the available water
supply, rather than the ET being a function of the climatic conditions.

Morton defines the complimentary relationship as
ET + ETP =2 ETW (2.11)
where ET is the actual areal evapotranspiration, ETP is the Morton potential ET, and

ETW is the ET rate that would occur if there was an unlimited supply of water.

In order for this relationship to hold true, then

d ETP dET _

+ ——

dt dt (2.12)

Equation (2.11) predicts that for a situation with no water available, ET=0, and the
ETP=2 ETW. With an increasing water supply, ET rises and ETP declines, to a point

where ET=ETP=ETW in a fully wet environment.

ET is a function of the available water supply, and is not easily determined.
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‘However, ETP and ETW may be estimated from routine climate data. The

complimentary relationship allows an estimate to be made of ET by rearranging

equation (2.11):

ET =2 ETW -ETP (2.13)

The Morton model is somewhat more complicated than ETP models discussed
earlier, but most of the complexity is due to the methodology adopted to predict
radiation components from sunshine durations, and to additional functions that allow

the model to be applicable over the globe (Morton, 1978).

The potential evapotranspiration ETP is defined for the Morton model as:

ETPy=DR, +(1-Lfy (v-vp) (2.14)

where

R, = net radiation for the surface (W/m?)

f4 = vapour transfer coefficient (W m2 mbar!)

v and v, = saturation vapour pressures for the air and dewpoint temperature (mbar)
D=(1+A/M)1

A = rate of change of saturation vapour with respect to air temperature (mbar ° C-1)
A=yp+4e6 (T+2737 /f, (mbar ° C1)

¥ = psychrometric constant (° C-1)

p = atmospheric pressure at station altitude (mbar)
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G = Stefan-Boltzmann constant (W m2 ° K-4)
€ = surface emissivity (dimensionless)
T = air temperature (° C)

Equation (2.14) is the Penman formula as modified by Kohler and Parmele in 1967
(Morton, 1978).

Equation (2.14) predicts that as the difference between the air and dewpoint

temperatures rises, evaporation will increase.

Equation (2.14) may be used in combination with equation (2.13) used to predict

regional evapotranspiration in two cases:

1. Areas sufficiently large that the effect of the regional water supply on
the regional airmass temperature and humidity are fully developed;

2. Areas small enough that evaporation from the area would not have any
significant effect on the overlying airmass.

The assumption in equation (2.13) that ETP in an arid environment is twice the
potential in a fully wet (humid) environment (ETW) was evaluated by Morton (1978)
for a number of areas where the total aridity and fully watered assumptions were met.
For two evaporation pans in southern California, one in an irrigated area, and the
second in a dry desert, the regression relationship between the two potentials for the

months of January to June was:

ETW =0.40 + 0.57 ETP

This relationship had a correlation coefficient R =0.995, and a standard error
SE.=0.5 mm/day. For July through December, the SE, and R values were the same
but the equation became
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ETW=0.36 + 0.518 ETP.

Both of these are quite close to the theoretical equation of

ETW = 0.5 ETP

thus supporting the assumption of equation (2.13).

Morton’s ET calculation offers a further advantage that other methods discussed
previously do not. There is no need for explicit maintenance of the soil water
reservoir because Morton’s technique calculates the ET based on the humidity of the
overlying air. A certain humidity level indicates that some quantity of water has been
evapotranspired. This lack of dependence on explicit knowledge of the available
water supply releases the modeller from the need to quantify the soil water reservoir.
Given an initial condition where the assumption of full available water holding
capacity is reasonable, the modeller may assume that prior to any runoff taking place,

rainfall must first replace the water that has been evapotranspired.

Morton has verified the use of the model for estimating the areal ET for periods of
five yeai's for 115 river basins world wide. These analyses included a large number of
basins on the Canadian plains. The model estimates of net monthly winter time
vapour transfer between the snow and the atmosphere (winter ET) have been validated
using the Spring Creek research watershed in Alberta, and with data from White
River, Ontario (Morton, 1978).

The Morton model estimates of "winter ET" are a reflection of the regional humidity.
No information is available regarding whether water transfer to the atmosphere
reflects a net loss from the snowpack, or from the soil, or some combination of net

watergain or loss by either. The Morton mode! may be used to estimate the net water
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exchange between the soil and the atmosphere during periods with no snow cover; and
to estimate the net water exchange between the snow and the atmosphere when there
is a snow cover on the watershed. During periods when the snow cover is in place, the
soil water content is assumed to be stagnant. Previous discussion in this chapter
(Gray, Granger and Dyck, 1983) reported average losses of about 3 mm of water from
the upper 30 cm. of the soil. The assumption made here is that treating the soil water
in the upper layer as stagnant is not unreasonable.

2.4. Depression Storage Studies in Prairie Soils

The role of depression storage in hydrology is qualitatively understood, but is very
difficult to determine quantitatively. Within the literature, there is no attempt to
define any boundary between what might be characterised as micro or macro
depression storage. The definition developed here is that micro depression storage is
storage that is sufficiently shallow that the combined effects of evapotranspiration and
percolation to the regional groundwater system effectively empty the storage within a
time frame of hours or days. A pothole or slough that maintains standing water

throughout the spring and summer would be a macro depression.

The role of depression storage in the runoff regime of low relief, prairie watersheds
is in significant dispute within the literature. A number of studies have been reviewed

that deal with two modes of depression storage: macro and micro depression storage.

2.4.1. Macro depression storage studies
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2.4.1.1. Meyboom (1966)

Meyboom carried out a detailed field study of the control exerted by phreatophytic
vegetation (willow rings) on the groundwater flow around a slough in the Allan Hills
of south central Saskatchewan. The Allan Hills are poorly drained, hummocky terrain
with a multitude of small, surficially closed drainage basins. The slough that Qu
studied has a well defined vegetation sequence typical of the aspen parkland of

Saskatchewan.

Piezometers were utilized to monitor the flow conditions along a tiorth south radius
of the slough for a period in excess of 400 days. The hydraulic head observations at
depths ranging from 1.5 to 15 metres were utilized to construct groundwater flownets

for the different seasons.

The investigation provides two positive results. First, the rale of the willow rings in
controlling the movement of water from the slough to the regional groundwater
system during part of the year is well defined. During periods when the slough
contains water, and for short periods thereafter, there is a groundwater mound centred
on the slough that results in both vertical flow of water to the regional system, and
lateral flow of water that raises the watertable in the vicinity of the slough. Early in
this period, there is little transpiration of groundwater (or soil water) by the willows.
Once the slough is empty, the mound subsides due to hydraulic outflow and increasing
transpiration by the willows. A groundwater table cone of depression is established as
the willows continue to actively transpiring water from the saturated zone. This
results in a reversed groundwater flow during the summer and fall, with water flow
towards the willow ring to replace transpiration losses. Water that flowed laterally
from the slough in spring flows laterally back to the slough (willow ring) in summer
and fall. This flov' continues after transpiration ceases in the fall until the watertable
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"depression under the willow ring has been eliminated. Once this has occurred, the
groundwater flow is inferred as normal by Meyboom, meaning the groundwater flow

near the slough follows the same trend as the regional groundwater system.

The net result of these changes is a seasonal reversal of the groundwater flow pattemn
around the slough. The spring groundwater mound beneath the slough is gradually
removed by vertical and lateral flow, and by transpiration from the willows. As the
hydraulic gradients outward from the mound decline to zero, transpiration continues,
so that into summer and fall, the watertable below the willows is depressed, and the

lateral flow pattern is reversed.

A second result of Meyboom’s work is the water balance analysis that estimates the
net contribution of the slough to the regional groundwater system for the period May
31, 1964 to june 1, 1965. The contribution to the regional groundwater flow is
assumed to be equal to the net, rather than gross, outflow from the willow ring. For
the period, the net contribution to the regional groundwater system is estimated as
10.7 mm as a depth over the drainage area around the slough. This was about 3
percent of the precipitation during the period of study. Meyboom indicates that during

wetter or drier periods, the net contribution would be significantly higher or lower,

respectively.

The slough setting will always be critical to the above interactions. Meyboom’s
study focused on one slough near the edge of the aspen parkland. Grassland sloughs
are surrounded by vegetation that may or may not be phreatophytic. Largely
permanent sloughs would maintain outflow longer, assuming outflow is in fact the
dominant condition. Sloughs in groundwater discharge areas have very different

hydrologic and ecologic regimes.
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2.4.1.2, US Geological Survey (1968)

The USGS conducted a number of related studies on the hydrology of prairie
potholes in North Dakota, including Shijeflo (1968), Eisenlohr and others (1972), and
Sloan (1972). This subsection is a summary of these three papers.

The North Dakota region is described- as a glacial drift plain of low relief, with
numerous local potholes or sloughs originating from the meltout of dead ice blocks.
The area has poorly established surface drainage, characterised principally by small
surficially closed drainages surrounding the sloughs. This description is typical of

eastern Alberta.

The dominant type of pothole in the North Dakota region is an effluent pothole - i.e.
the slough contributed positively to the regional groundwater system. Sloughs in
North Dakota that were felt to be dominantly influent are characterised by being at a

very low relative elevation.

Table 2-2 presents a budget for pothole 8 monitored by Eisenlohr (1972). The
seepage losses given are 152 mm (as a depth from the pothole) over a six month
period. This is about twenty percent of the total water loss that is recorded for the
pothole. However, this pothole had one of the lowest seepage rates of any of the
potholes under study. Seepage rates in severai of the other potholes ranges up to 2.7
times greater than that of pothole 8. High seepage rates to the groundwater system
were recorded for potholes with a significant phreatophyte population. Potholes that
were clear of phreatophytes had very low outflow seepage. The greater secpage losses
were hypothesized to be due to water outflow along channels created by old and
current plant roots. Pothole 8 was relatively free of phreatophyte growth. This is
evident from the low seepage losses, and from the low transpiration total reported in
Table 2-2.
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Runoff inflow to the potholes for the years 1960-64 was dominated by snowmelt
runoff over frozen soil. Shjeflo (1968) reported snowmeit to rainfall runoff ratios of
35:1, 1.4:1, 10.8:1, 1.1:1, and 1.6:1 for pothole 3. The average ratio of snowmelt
runoff to rainfall runoff for the five years is about 10:1. These ratios demonstrate the
general dominance of winter snows in the runoff interaction of the region. During
years in which the ratio is low, potholes were either going dry or had very low water
levels. For a pothole to retain standing water, a net annual gain from snowmelt runoff
is required. The sum of the losses from pothole 8 during the summer period was 686
mm, while the rainfall runoff and rainfall directly onto the pothole was only 521 mm.
The net loss of 165 mm would have to be made up from storage. The summer
precipitation total of 439 mm is 70 mm above the long term average.
Evapotranspiration and seepage outflow are relatively constant from year to year. The

only source of water to make up the deficit is snowmelt runoff.

Some of the sloughs in North Dakota either overflowed or had some evidence of
having overflowed in the past. However, no drainage pattern has been established
other than small closed basins. The lack of any channel network indicates these
sloughs do not linkup with surface drainage at any time. The only possible
contributions to streamflow from the potholes is through seepage to the regional
grouadwater table.

2.4.1.3. Card (1979)

Card’s study focused on developing statistical relationships for runoff as a function
of precipitation and temperasure. Within this process, a theoretical description of the
role of depression storage in prairie hydrology was developed from observations on
topograpltic maps and airphotos.

Card described depression storage as a medium for controlling the contributing area.
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Figure 2-1 presents a schematic representation of the theory. Successive depressions
fill according to the local runoff rate, and eventually begin to contribute to the
streamflow once the depression storage is full. The following points describe the
process with respect to the figure:

1. Depressions within area A of the figure are defined as directly draining

to the main channel network , and with insignificant depression storage
capability;

2. Area B contains depressions with significant storage, but that do
overflow and drain into area A and the channel network;

3. Area C depressions, when full, flow directly to the channels of area B;

4. A further number of depression storage defined areas may exist,
contributing in a similar manner once the storage capability has been
met;

5. Area N depressions show no evidence of ever having overflowed,
consequently there is no surface runoff contribution to streamflow from

area N.
Card assigned general levels of frequency of overflowing: area A contributes almost
always; area B less ﬁmquémly; and so on to area N that could potentially contribute,
but there has never been an event of sufficient magnitude.

The weakness in Card’s analysis is the use of 1:50,000 NTS sheets that do not have
sufficient resolution on either the horizontal or vertical (7.62 m contour interval) to
define the depression storage. Depending on the terrain, individual depressions may
or may not be casily recognized, and the storage capability may be very difficult to

define, even in relative terms.



38

2.4.2. Micro depression storage studies

2.4.2.1. Mitchell and Jones (1976), (1978)

The objectives of these studies was the quantification of surficial micro depression
storage and development of a depth-storage model. Elevation data were collected for
258 surfaces on five soils and three artificial surfaces with a 2.54 cm grid. The soils
and artificial surfaces were small laboratory bins. Surface areas dealt with ranges
from 91 x 91 cm impervious styrofoams to 1 x 2 m soil plots. Soil textures included

silt loam, silty clay and loamy sand.

The absolute relief on each surface was measured relative to the lowest point on the
surface (the lowest point became the elevation datum). Absolute relief was related to
the observed depression storage depth with a relationship

= b
Sq=a D (2.15)

where S; = micro depression storage depth, D = absolute relief of the surface and

a, b are regression coefficients.

The results of this study are presented in Table 2-3 (the regression were run by
Mitchell and Jones on data values measured in inches, therefore, inches are the units
presented here). The range of micro depression storage depths in Table 2-3 is quite
large, and represents a significant portion of the total surface relief. For example, the
loamy sand (L S), with an N value of 40, recorded a range of 2.8 to 7.9 inches of
relief. The micro depression storage range for this soil type was from 0.792 to 4.37
inches. Other soils demonstrated higher ranges, and the peak value recorded was
about 7.5 inches of storage. The RZ values are all very high, reflecting a strong
relationship between the micro relief and the micro depression storage.
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-2.4.2.2. Gayle and Skaggs (1978)
. This study investigated the relative roles of macro and micro depression storage for a

number of agricultural fields. All surfaces tested were disturbed with cultivators and
disks.

Micro depression storage was measured using 40 cm diameter test plots treated with
a scil sealant to prevent any infiltration. Careful attention was given to minimizing
the disruption of the micro structure of the surface during sealing. Measured
quantities of water were evenly applied to the surface, until runoff began. Micro
depression storage was calculated as the total volume of water minus the runoff

volume.

Micro depression storage depths for the soil surfaces ranged from less than 1.0 mm
to 33 mm, depending on the soil type and surface operation (cultivated, planted,
harvested, etc.). Organic and sandy loam soils had generally low micro storage
values, ranging up to 4 mm. However, freshly cultivated organic soil consistently had
storage depths of 14 to 23 mm. Fine textured soils had values less than 3 mm except

in the case of fresh cultivation, where storage was consistently in the 7 to 8 mm range.

Macro depression storage was measured on flat cultivated fields with elevation
surveys. Surface storage took place in undulations in the furrow bottoms. Organic
and sandy soils demonstrated high macro storage capability in all cases, relative to
micro storage. These ranged from 13 mm for stubble type land to 33 mm for recently
worked soil. However, storage levels declined as rainfall and other elements
compacted the soil.

These results indicate small scale depression storage is highly variable, depending on
soil type and land use/tillage practices. A prediction was made that flatlands with in
the North Carolina Tidewater Region have macro storage values of 15 mm or more.



2.4.2.3. Summary - Depression Storage Literature

Major or macro depressions in a prairie environment interact to some degree with the
regional drainage (Card, 1979), but the very existence of macro depressions indicates
that most do not overflow and contribute to surface runoff to a significant degree. If
overflow does occur, major hydrologic events since the last glaciation would have

downcut the depression outlet, thereby deétroying the depression (Eisenlohr, 1972).

Micro depressions may account for significant regional water retention, with values
reported to be in the range of 10 mm up to 150 mm or more. This storage is very
difficult to assess for any area since the micro relief is the principal control variable,
and there is no practical explicit method for estimating the spatial variation in micro
relief over a basin of the area of interest to this study. The only approach that is
possible at this time for dealing with the micro depression storage capability of a basin

are implicit methods that estimate the micro storage over the basin.

2.5. Contributing Area

Contributing area is the most important parameter in prairie hydrology in many
situations, and yet it is the parameter for which there appears to be the least
understanding. A number of studies have been carried out dealing with contributing
area as either a static and dynamic factor in the watershed. Discussion of these studies

follows.

2.5.1. Contributing Area Studies
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2.5.1.1. Card (1979)

The investigation carried out by Card was outlined m the review of depression
storage literature. In making a case for the interaction of depression storage and
contributing area, Card presents the following supporting quotation (Stichling and

Blackwell, 1957):
Drainage area is usually regarded as the most obvious and readily available factor

in a hydrologic study of a basin. Accordingly, formulas and graphs have been
developed to determine the runoff characteristics of an area using drainage area as
the common denominator. However, the drainage area of streams in regions
subjected to glacial transformation and deposition is often difficult to determine. On
the Canadian prairies, for instance, great fluctuations in the drainage basin
boundaries have been observed in dry and wet years and in different seasons of the
year.

However, Card offers no evidence from Stichling and Blackwell, or any other source

that supports that quantitative observations have been made.

2.5.1.2, Taylor (1982)

The variation in storm runoff due to expansion and contraction of a saturated zone(s)
in two watersheds in south-central Ontario was investigated by Taylor (1982). The
study watersheds were located in an area with a thick glacial till cover, and with
numerous drumlinoid features composed of sandy till. The low lying swales between
the drumlins were typically wetlands that fluctuated in size, depending on the
available water and the season. Spring snowmelt typically provided the highest runoff
quantities. Both watersheds had very low general slopes (< 3 percent), with localized
slopes of around 8 percent on the drumlins. Significant portions of both watersheds
were reported t0 be very flat, and one of the watershed was undergoing a significant

urbanization.

The saturated areas were mapped in the field on a regular basis. Outflows were
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measured with several weir installations, and a network of rainfall and snow gauges

were used to record inputs. Snow water equivalent surveys were carried out as well.

A baseline relationship was developed relating the surveyed saturated area A to the
current streamflow volume and an antecedent precipitation index. The relationship for
A, as a function of streamflow provided a good statistical fit (R = 0.967); evidence

that the saturated area was interacting with the runoff network. The relationship was

A, =0.155 +0.0034 0

This relationship was used to forecast the quick runoff expected from 27 runoff
events. Initially, the predictions were not accurate, but this was found to be due to the
assumption of a static saturated area extent proportional to the antecedent discharge.
The actual area would expand quite quickly under conditions with a high moisture
index; i.e. spring and early summer. A better estimate of the extent of the saturated
area was achieved by using peak flow for an event, rather than the discharge at the
beginning of the event. Using peak flow resulted in a better estimate of the saturated
area, and a stronger relationship between predicted and observed quick flow runoff.
This is not surprising sirice peak flow and the extent of the saturated area are strongly
related. This method would not be functional for predicting runoff since the peak
runoff is required to estimate the mean size of the saturated area. However, Taylor
documents the rapid response of saturated areas to rainfall inputs in several low slope

watersheds.
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2.5.1.3. Gray, Landine and McKay (1985)

This paper focused on estimating the apparent contributing area for spring snowmelt
for Wascana Creek at Sedley, a 1634 km? basin located 50 km southeast of Regina,
Saskatchewan. The basin topography is characterised as flat to gentle rolling, with
poor drainage development because of the low regional relief. Most of the basin is
under cultivation, with dryland cer=+ ~s2 being the predominant crop.

Standard climatic and Water Su: a1 iow data were used to develop estimates
of the unit runoff potential : 2 = .a "apparent” contributing area for snowmelt
| runoff for a number of years. The data are presented in Table 2-4 and are plotted in
Figure 2-2. URP is defined as:

URP = SWE + PPT - INF (2.16)

where SWE is the spring snow water equivalent, PPT is any precipitation occuring
during snowmelt and INF is the infiltration to frozen soils. All values were in mm of

water.

A strong linear relationship was found here between URP (a length) and the
streamflow volume (1engt.h3) (12=0.947). The slope of the regression line must have
the units of length? (an area), and the intercept units of length3. Therefore, the sloﬁe
of the line represents the area over which URP is integrated to produce a runoff
volume. The fact the relationship is linear indicates the slope is constant, thereby
implying the spring snowmelt contributing area is a constant. This observation is
unexpected given the general assumption that prairie rivers operate with a variable
runoff area that increases with increasing runoff depth. The slope of the regression
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“line in Figure 2-2 is 0.332 - adjusting the units indicates the area would be 332 km?.3

The regression contributing area was different from the average of the "apparent”
contributing areas calculated by Gray et al., presented in Table 2-4. The apparent area
was the area that gave the closest estimate of recorded runoff volume for each year.
However, the URP values were not adjusted to reflect any losses to depression
storage. The intercept on the Y axis (runoff volume) as -3157534 m>. This value
represents the depression storage capability of the basin.

2.5.1.4. PFRA (1978), (1983), (1985)

PFRA (1978) assessed the gross and effective drainage areas for 1191 hydrometric
stations on the Canadian prairies. Gross and effective drainage area definitions were
adopted as follows:

The gross drainage area of a stream at a specified location is the plane area,
enclosed by its drainage divide, which might be expected to entirely contribute
runoff to that specific location under extremely wet conditions. The gross drainage
boundary is the drainage divide (i.e. the height of land between adjoining

watershed).

The effective drainage area is that portion of a drainage basin which might be
expected to entirely contribute runoff to the main stream during a flood with a return
period of two years. This area excludes marsh and slough areas and other natural
storage areas which would prevent runoff from reaching the main stream in a year of

"average" runoff.

Assessments of the gross and effective areas were carried out on 1:50,000 NTS map

sheets, as was the work carried out by Card (1979). Both of these studies depended

5This value is slightly different than the value reported by Gray et al. They adjusted the 1978 URP to
reflect snow survey data from the channel petwork - this adjustment was not applied to the other data
points. The regression here uses the unadjusted 1978 URY value.
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heavily on a conceptual, qualitative approach that began, particularly in the case of the
PFRA, with an assumption that the variable area concept was the governing cortrol in
prairie hydrology. This assumption has not been proven, and may not be proven with
qualitative assessments from 1:50,000 maps. The contour interval of these maps is
likely far too great to allow for resolution of small topographic features that control |
depression and detention storage. |

2.5.1.5. Holocek (1988)

This work presented a storage-effective drainage (SED) model that describes the
contributing area function of Spring Creek, a low slope basin that is characterized by
Holocek as both a prairie basin and a basin covered with pristine boreal forest. Spring
Creek is in fact a forested basin, and the prairie reference is most likely an indication
that the basin is relatively flat (John Taggart, Alberta Environment, Hydrology
Division, pers. comm.). The Spring Creek Watershed is 112 km?.

The SED model assumes the contributing area extent for any storm is dependent on
the basin water storage. With greater basin storage, the contributing area will be
greater. A runoff coefficient ¢ is defined as ¢=R/P where R is the runoff depth (mm)
spread over the maximum contributing area C, and P is the precipitation depth (mm).
The relative contributing area x,=A;/C, where A, is the actual area contributing for
event i. x; is therefore dimensionless, having Limits of 0 <x < 1. Holocek defines the
relative basin storage y; in the same manner. For event i, the relative basin storage
¥;=Si/Smax, Where S; is the actual basin storage, and 5,,,, is the maximum basin water

storage capability. Basin storage was simulated using mass balance techniques.

Fourteen selected flood events occurring between 1966 and 1983 were analyzed.
The data are included here as Table 2-5. The data have been plotted in three formats
in Figure 2-3. Figure 2-3A is a scatter plot of the actual runoff depth estimate against
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the basin storage, as estimated by Holocek’s water balance model. Holocek’s
principal thesis was that the basin storage at time t determined what the contributing
area would be for a storm beginning at time t. However, storage and runoff depth did
not relate that well (Figure 2-3A). This is not unexpected since there is no .
consideration given for the adjustment to basin storage that would occur from the
rainfall depth prior to significant runoff beginning. Figure 2-3B is a plot of basin
storage against the runoff coefficient ¢ = R/P, as defined earlier. This relationship
does allow for the initial losses to basin storage, and it is obvious from the figure that
the two parameters have a strong linear relationship. The break in the relationship as
the line nears the x axis is not unexpected. As the basin dries, the moisture conditions
reach a threshold point at which virtually all the area in the basin is at a low moisture
storage capacity, and hence, no runoff is generated because the soil is very dry, and all
rain is absorbed. For Spring Creek, this point appears to be around a basin storage
depth of approximately 110 to 120 mm. Below this threshold point, there is likely
only a very small wet area in the basin, and the runoff coefficient ¢ changes very

slowly with changes in storage.

Figure 2-3C presents the SED curve as Jefined by Holocek for the Spring Creek
watershed. ‘Ths curve is a plot of normalized basin storage and normalized
contributing area. The curve shape imposed upon the points by Holocek is presented
in the figure as well. This curve is defined by

Xg=0/(1+Bexp (¥Y,q)) (2.17)

where a, B and y have been defined with regression iterations as 0.780, 1021.317 and
-13.534, respectively. This equation was utilized to generate t::e curve in Figure 2-3C.

The SED model describes a basin response to rainfall events as a function of the
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basin water storage. The runoff depth from a given basin input varies linearly with the
basin storage for values in excesé of about 100 mm (Figure 2-3B). Below that
threshold value, the runoff coefficient, and therefore, the runoff, is minimal.

There has been some unpublished success with applying the SED model to several
other basins in Alberta (John Taggart, Alberta Environment, Hydrology Division,

pers. comm.).
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Table 2-1: Soil textixre and related moisture storage capability.

Scil Texture Approx. Water Storage cm/m
1 2 3

sandy 13.3 8. -
sandy loanm 12.3 12. 11.3
loam 15.6 17. 13.9
silt loam 19.9 - 16.0
clay loam 12.7 19. 14.6
silty clay 12.3 21. 12.2
clay 1.5 23. 13.9

1 = England (1970)
2 = Hansen et al. (1980)
3 = Osterveld and Chang (1980)



Table 2-2: Water budget for a prairie pothole, North Dakota (Eisenlohr, 1972)

May to Oct.

Component depth mm
evaporation .......c.cc0000000n ceseees 332.
transpiration .......cc.0000 cesssees 201,
net seepage outflow ........ cessoes .. 183.

Total Decrease .......... 686.
precipitation ...... cesececscesscssas 439.
Tunoff ......cccccc0ccnncune ceesesee. B2,

Total Increase® .......... 521.

computed decrease in storage ........ 165.

measured decrease in storage ........ 165.

Residual Error .....c.... 0

All values are depths on the pocthole surface.
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Table 2-4: Unit runoff potential URP, observed runoff and apparent

contributing area (Gray et al., 1985)

55

Unit Observed "Apparent”
Runoff Streamflow Contributing
Potential Volume Area
mm 10-6 m3 km?
1972 ~ 25.1 3.63 144
1974 90.0 24.00 267
1976 63.0 21.50 341
1978 16.8 3.00 188
1979 47.0 12.75 271
1980 26.0 4.25 163
1982 64.6 19.13 296

SWE
PPT
INF

SWE + PPT - INF

spring snox water equivalent
precipitation during snowmelt
snowmelt infiltration to frozen soil
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Figure 2-2: Unit runoff potential and volume relationship for Wascana Creek,
Saskatchewan (after Gray et al., 1985). The best fit line equation is
RUNOFF = 3.3E8 URP - 3157534, 2=0.947.
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Alberta, developed by Holocek (1988). The Y(est) and X(est) values
are the normalized basin storage and normalized contributing area.



Chapter 3
CONCEPTUAL MODEL OF PRAIRIE HYDROLOGY

3.1. Introduction

This chapter introduces the concept of a three phase runoff control model. The
model responds to the dominant soil phase at the time of rainfall or snowmelt. The
concept of a three phase soil model in hydrology was developed over a period of time
spent studying hydrograph response to climatic inputs. Several observations have led

to the current theory. These include:

1. Peak runoff events for most small prairie rivers are obviously snowmelt
based.

2. Summertime runoff responses to high intensity rainfall events are never
more than a small fraction of the average spring snowmelt runoff.

3. Rainfall events in summer provide an immediate runoff response whilc
snowwelt and rain on snow events have a significant delay in runoff.
The dictussion below hypothesizes this immediate response ¢ould only
occur from rainfall on a saturated area.

3.2. Conceptual Model of Prairie Runoff Functions

The conceptual model of prairie runoff functions hypothesized here represents a river
basin hydrologic response in terms of the temporal soil conditions. The three soil
conditions or phases are:

1. The frozen soil phase - deals with snowmelt and rainfall when the soil

water is frozen and, except for initial infiltration losses, essentially
impermeable.
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2. The active soil phase - deals with snowmelt and rainfall as inputs to the
active soil moisture system. Inputs are allocated to the soil moisture
deficit first, then depression storage and finally, to streamflow ronoff.

3. The saturated soil phase - deals with those areas within the watershed
directly connected to the channel network and fully saturated during the
runoff season. These areas are assumed to have a runoff coefficient of
1.0; virtually all of the rainfall contributes to streamflow.

3.2.1. Frozen Soil Phase

The short period of snowmelt over frozen &.::s generates most of the ruroff on the

prairies. Factors influencing the actual runoff depth include:
- soil moisture levels at freeze-up
- over winter soil moisture migration
- snow water equivalent
- net vapour transfer to the snowpack
- snowmelt infiltration to frozen soil
As is commonly expected in nature, these factors and their net effects are strongly

related.

3.2.1.1. Freeze-up Moisture Levels and Winter Moisture Migration

Th: proportion of liquid water in the soil mantle when freeze-up begirs determines
the initial condition for a complex thermal-mass transfer process. This process, in
response to gradients determined by soil and air temperature and humidity regimes,
continually transfers energy and water between soil layers, the snow pack and the
atmosphere. The moisture within the system is subject to gradients that draw it to the
freezing front (Hoekstra, 1966; Kinosita, 1975; Guymen, 1978). Liquid flow in frozen
soils is so closely coupled with heat flow that any dynamic modelling must address the
two processes simultaneously (Cary et al., 1978). Freezing of water at the frost front
inhibits effective soil porosity and permeability. If soil water content at freeze-up
were high, sufficient water will be available to create an impermeable frozen soil-ice

layer at a shaliow depth. With low fall moisture conditions, the ice layer will likely
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form at a greater - u ~ud may not block the soil to the same degree (Gray et al.,
{983). The Jegree ¢t .. ! permeability blockage would also depend on soil properties

such as texturs and structure.

Some moisture redistribution will take place prior to freezing. If the fall soil
moisture level was very high ia the surface layer (i.e. *he top 20-50 cm), and very low
in subsequent layers, then soil pressure (tension) and graviiztional gradients will causc
for some redistribution of soil water from the top layer to the deeper cnes. The effect
of the soil zooling as frost penetration begins wili slow this process. As the freezing
front migrates downward, the gradients will overcome the unfrozen redistribution

forces (Guymon, 1978).

The net result of the above process is an ice-soil lzyer at shallow depths (15-50 ¢m)
that restricts snowmelt jafiltration to the profile deps between the surface and the ice
layer. The depth of formation of the ice layer is theorized to relate to availability of
soil water. High water content would result in formation of a thicker ice layer at 2

shallower depth.

3.2.1.2. Net Vapour Transfer to the Snowpack

The moisture redistribution described above is a result of the winter soil "climate”.
The snowpack overlying the soil is an integral and highly variable part of this
"climate". The grincipal factor determining the magnitude of the temperature-
moisture gradients in the soil is the airmass temperature. Snow, at the soil-air
interface, affects the heat transfer, and therefore the vapour transfer, between the soil
and the air. Heat flowing from the soil cairies quantities of water vapour from the
upper soil layer and base of the snowpack to the upper snow depths, where the vapour
condenses and freezes due to the colder temperarares. This process results in a

gradual lowering of the ice-water content of the upper soil layex (the depth above the
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impermeable frost layer) over winter, with most of this moisture serving to enhance
the snowpack water equivalent. Santeford (1978) in a study comparing late winter
snow water equivalerits of natu+al snowpacks and snowpacks cut off from the soil with
a vapour barrier, recorded 25 to 50 percext higher snow water equivalents in the
natural snowpack. As well, the underside of th= vapour barriers were characterized by
iarge ice accumulations. He concluded th-; the = ismre transfer for most winters

represents approximately 25-30 percent of the natural snowpack.

3.2.1.3. Deptt: of Fresh Snowfall

Snov. acts a: an insulator cr resictor to the heat/vapour flo'w from soil to air. It
directly follows that a greater depth of snow will serve to slow the moisture transfer
out of the soil. Further, cne would expect that a deep snowpack will condense and
retain greater quantities of soil vapour. It appears likely that in most years the
snowpack retains most or all of the soil vapovr los.. However, in low snow years,
sigrificant portions of the soil vapour may escape to the airmass. Defining this
quantity woul ‘- very ditficult. Howevei, in a year of iow snowfall, runoff levels
will be minimal. Consequeutly the relative error i.e. the error in the combined

simulative analysis as a percentage of the total, will be large.

3.2.1.4. Snowmelt Infiltration to ¥rozen Soils

The theoretical basis of snowmelt infiltration into frozen soils is dominated by the
same heat and mass transfer variavles as over winter soil moisture variation.
However, on an empirical basis, the depth of infiltration may be related to the depth of
the impermeable ice-soil layer and the ice-water content of the soil above. A second
variable, the snow water equivalent at the beginning of melting, also affects
infiltration to frozen soil (Gray et al., 1983; Gray et al., 1985). The reasoning for
inclusion of snow water equivalent is that infiltration will be subject to some degree to

the heat introduced to the upper scil profile. While the snowpack exists, the prinicipal
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‘heat source comtacting the soil is meit-water. ‘'sherefore, greater quantities of
meltwater result in a greater heat input. to the soil. Subsequent expansion and melting

in the surficial soils creates greater storage capability.

3.2.2. Active Soil Runoff Phase

The runoff generated by the active soil phase is assumed to be negligible except for
very large rainfall events. In this case, runoff events are very rapid. The factors that

control the possibility of runoff are:
- soil moisture deficit

- soil infiltration capability
- depression storage
Aspects uf depression storage were discursed under the frozen soil phase. The only
difference in the operation of depression storage between the two phases in the active
soil phase maintains a minimal infiltration rate from depression storage. This rate
would be il during the frozen soil phase.

The Conceptual Model assumes soil infiltration capability is equal to the soil
moisture deficit. Once sufficient rainfall has occurred to meet this deficit, the surplus
begins to accemulate as micro depression storage. This approach to the soil
infiltration function implies the rainfall rate never exceeds the infiltration rate. This
assumption is theoretically incorrect, but is argued (0 be functional for the following
reasons. Precipitation in excess of the infiltration capacity will pond in local micro
depression storage. Infiltration will continue from these accumnulations. Continued
rainfall, if in excess of the soil infiltration rate, will partition between further
supplementation of depression storage and subsequent infiltration. This process may
continue for an extended period of time before depression storage is overcome.
During this time period, the soil moisture deficiency will be, for all intents and

purposes, satisfied.
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The occurrence of high intensity convective storms will not alter the above approach.
These storms are local in nature and therefore tend to cover only small portions of the
watershed. Even if an individual storm track does align somewhat with the drainage
network, the total rainfall necessary to overcome the combined effects of high initial
soil infiltrati 4 capacity and micro depression storage would have to be extreme. The
25 year return period 24 hour storm for the study area is about 100 mm. The chance

of such a storm aligning with any drainage basin is rminiscule.

3.2.3. Saturated Soil Phase

1w concept of the saturated soil phase in prairie runoff describes the hydrologic
response of inundated or saturaid areas Z.ectly connected to the surface drainage
network. The most notable examples are river valizy botte-mlands that are irundated
during spring snowmelt, and remain in that state for some portion of the runoff season.
Obviously, the actual channel network forms part of the sa;tmted phase. The
discussion in Section 3.2.2 illustrated the minimal chance of rainfall runoff from the
active soil phase. This, combined with the fact the saturated area has a runoff
coefficient of 1.0, presents strong support for the concept of the saturated soi! phase

being virtually the only source of runeff from summer rainfall.

The saturated area is a dynamic factor in the watershed. In the spring, shortly after
the snowmelt runoff peak, the saturated area is at its greatest extent. From that point
onward, 3 general declie in the area over summer will occur; interrupted by short

term expansion in response to rainfali inputs.



3.3. Summary

A conceptual model describing the hydrologic processes of arid prairie watersheds as
a function of the dominant soil condition(s) was presented. The three phases referto
frozen, active and saturated soil conditions. The discussion outlired the major
operational characteristics that are felt to domiriate each soil phase. Discussion and
analyses presented in the chapters to follow provide further assessments of the
viability of the three phase model for describiny prairie hydrologic processes.
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Chapter 4
BLOCK KRIGING ANALYSIS

A standard problem in hydrology ard many other fields is the accuracy of methods
used to estimate the variability in space of data measured at discrete locations. A
number of standard methods are available: including weighted averages; thiessen
polygons and isopleth mapping. However, each of these methods were deemed to be
inadequate for this study for the %90 ~vipg reasons. The climate stations in the study
area were spaced quite far apart, Teiat: % 0 the distances and areas involved with the
individual drainage basins. In a number of cases, there were no climate stations within
a basin (for example, Sounding, Alkali, Blood Indian and Buffalo Creeks), and often
the spacing of the stations near to the basins was found to be inadequate to provide a
reasonable estimate of basin conditions with either weighted averages or thiessen
polygons. Standard interpolation methods used in e contouring packages that were
available could not be depended upon i produce reliable results when using
irregularly spaced data. Attempts to relate single station data to hydrologic data with
the climatic/ hydrologic model met with limited success. This is not unexpected, and
is verified by the spatial plots presented analyses presented later in this treatise for
Ribstone Creek, and for the entire study area. These plots demonstrate there is a
significant variation in climate inputs over small distances in the study area. Results
were no better when several stations near a basin were used to develop a
"representative climate station” with weighted averages. At first there was no way to

determine if this was due to poor representation by the climate data; or the model.
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‘However, the results of the exercise with data from the spatial analysis support the
model as a reasonable representation of runoff events. Further, the spatial fields
developed for the accumulated snow water equivalent runoff (SWE) demionstrate a
great degree of spatial variation in the data, supporting the contention that neither a
single station nor group of stations using simiple interpolative approaches could

provide reasonable representation of the basin snow/soil water conditions.

There are a number of advanced methods that may be utilized to develop spatial
fields from irregularly spaced data. These include: (Waters, 1981).

1. Contouring.

2. Trend surface analysis.

3. Spline fitting/finterpolation.

4, Spatial autocorrelation.

5. Nonlinear surface fitting.

6. Kriging.

7. Doutle fourier analysis.

8. Multivariate statistical analysis.

The method used here to estimate the spatiai characteristics of the spring snow
conditions is kriging, a spatial interpolation technique that uses the semi-variogram
function describing the rate of change of the variable of interest in space. Kriging is a
costly approach to spatial analysis in terms of CPU time requirements. But in return

for this investment, kriging consistently returns higher surface correlations and lower
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Suiives error measures than any of the other spatial analysis and interpolation
techniques (Waters, 1981).

An additional reason for adopting kriging as the spatial analysis tool for this study is
the capability to interpolate to any element size. For individual basins, the kriging
program was used to predict the snow water equivalent for 1 km? elements over an
area covering the basin. From the kriging end, this was somewhat of an overkill, since
in many cases, the difference in values between adjoining elements was less than 1
r.um of water. However, the stream channel digitizing was carried out on a 1 km? gtid,

so it was advantageous to use the kriging routine to interpolate to the same scale.
4.1, Kriging Theory

4.1.1. The semi-variogram and nugg::+ vi:iiance

Kriging is based on the theory of regionaiized variables. A regionalized variable is
spread out in space (and/or in time) and demonstrates a certain structure that may be
mathematically described (Matheron, 1965; 1967). This definitior. is :pplicuble

most earth science and atmospheric variables.

The spatial dependence of the regionalized variable is c¥aracterized by the
semivariogram function, a measure of the similarity, on average, between points a
given d'stance h apart (Burgess and Webster, 1980). The semivariance is defined as

(Yates, 1948; Burgess and Webster, 1980a):

k) = 1/2 var [ 2() - 2(i+h) ] 4.1)

and is a measure of the average change between pairs of point a distance h apart.

The semivariogram is a plot of the mean value of y(h) for all points a distance h apart
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against h. Therefore, the semivariogram is a statistical definition of the structural
trend in the variable z in space. The semivariogram is determined with regression
analysis, and the correlation coefficient provides a measure of how well the function

describes the spatial structure of z.

The shape of the semivariogram is expected to be either linear or spherical, as seen in
Figure 4-1. One might expect that at some distance d, the relationship between data
pairs would decline such that the semivariogram would approach a slope of zero. Thxs
i3 shown in Figure 4-1, as both semivariograms reach distances with h=d, and the

function slopes approach zero abruptly (for the linear model) or &symptotically. Pairs

of points separated by distance h 2 d have no direct relationship with each other.

Theoretically speaking, the semivariogram should have y(h)=0 wi: x={). Howevex,
data errors always result in the function having a y intercept # 0. This value is termed

the nugget variance and represents the data variation over distances much smaller than
the sampling distance. These errors, if incorporated in the analysis, ten:: 1o ¥ive too
much weight to the local variation, as characterized by the m:3get variance, to the
point where the regional trend in the variable may be seriously masked. Block kriging
develops an esimate of the value f z(i) by using the mean value for a number of
points within a defined block size with point z(i) at the centre. The size of the block is
selected such that its dircensions are greater than the nugget variance distance The
distance is determined as the distance nesessary to shift the semivariogram function so

the x intercept = 0.



4.1.2. Equations for block kriging
The interpolation method used in kriging has been well defined by a number of
authors. The value of a regionalized variable Z at any location x; is determined as the

weighted average of the observed values in the region, ie. (Burgess and Webster,

1980b)

Zo = 7\.1 Z (xl) + AQ Z (XQ) + e 7&’, VA (xn) 4.2)

This is the equation for punctual (point) kriging, with the only difference being in
determining the weighting coefficient A. In block kriging, the semi-variances between
input data points and the interpolation grid points are replaced by the zverage semi-
variances between the input data points and all grid points within the region. The
cptimum combination of weights, ie the optimal vaives for A, are chosen for block V
such that the block estimation variance 62y is minimized. This value is defined as

(Trangmar et al., 1985):

n
o= X ME) Ry - 1VW)
i=1 (4.3)

where Y(x;,V) is the average semi-variance between the sample points x; in the
neighbourhood and those in the block V. ¥(V,V) is the average semi-variance between
points within block V, and 1y, is a Lagrangian pa-zmeter zssociated with minimization
(Lagrangian multipliers provide a methodology for determining maxima and minima
of a function). The within block variance ¥(V,V) accounts for the nugget variance

{local unexplained cr random variation arcund a point) and any variance associated
with samples occurriuig within the block. The equation for estimation variance for

punctual kriging is
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6%, = i AV + B

i=1 ' 1.4)

The third term of equation (4.3) is absent in equation (4.4). Hence, the estimation
variance for block kriging will always be less than that of punctual kriging because of
the removal of the unexplained error within the block (Trangmar et al., 1985; Burgess
and Webster, 1980b). This results in a smoother data field - Trangmar et al. (1985)
demonstrated improvements of up to 2U-» d in average estimation precision of block
kriging analysis ov¢ * punctual kriging. This bepefit is particularly advantageous when

regional patterns of a parameter are of greater interest than localized point estimates.

The Lagrangian multipliers for any block are solved subject to the constraint that the

given value at any input data point is returned.

4.2. Ap::.-ations
Block kriging hias been utilized in many different studies to estimate the spatial

variation/pattem of regionalized variables. A summary of the diversity of studies that

are in the literature is presented in Table 4-1.

4.3. Summary

The field of geostatistics, and specifically kriging, offers the best available
quantitative tool for estimating regionalized variable values and spatial trends.
Kriging allows the user to estimate the probable error associated with the estimate of

the regionalized variable at any point (block).

The benefit of this tool to sciences dealing with regionalized variables is significant.
Most modeling applications in hydrology and climatology are based on punctual data

that are often poorly placed for interpolation and extrapolaticn to other locations or
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-over the region of concern. Kriging provides a viable method for carrying out the
interpolative studies that are so necessary to these fields. This benefit is clearly
demonstrated by the improvements in results of the analyses of spring snow water

equivalent and runoff to be presented in the coming chapters.
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Chapter §

FROZEN SOIL PHASE ASSESSMENT
RIBSTONE CREEK NEAR CZAR*

5.1. Introduction

A major research thrust of many hydrologists during the 1970s and *80s has focused
on the theory of dynamic or variable contributing areas (Bevin and Wood, 1983;
Taylor, 1982; Anderson and Kneale, 1980; Lee and Delleur, 1976; Engman and
Rogowski, 1974). Dynamic area theory is based on the assumption that only part of a
watershed contributes to the runoff, and that the contributing area varies depending on
the basin moisture status. The interactions of soil water storage deficits (defined as
the availablc storage at any time), infiltration rates and rain or snowmelt input
determine the moisture status at any location. As infiltration capacity and/or available
soil water storage are cxceeded at any location, depressions begin to fill, and when this
abstraction is met, runoff begins contributing to streamflow. However, these
processes do not apply to the frozen runoff phase in prairie environments. In 4 frozen
soil, the soil water storage capacity and infiltration rate are both limited (as discussed
in Chapters 2). Local runoff occurs with relatively small inputs of snowmelt or

rainfall, because of the limited storage capacity of the frozen soil. Once this storage

45 version of this chapter has been published. Byme, 1989. Canadian Water Resources Journal,
14:2,17-28.
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-capacity is met, the local depression storage is the only parameter preventing

streamflow runoff.

The discussion following presents a series of analyses designed to assess the frozen
soil/snowmelt phase for a prairie watershed. A climatic model] is utilized to estimate
the winter precipitation WP, the spring snow water equivalent SWE and the spring
soilwater levels Gp at the beginning of snowmelt for a number of climate stations for
the years 1968 through 1980. Kriging, an optimal spatial interpolation technique, is
applied to estimate each of these variables for a one kilometre square grid over a
drainage basin. A third modeling step utilizes SWE and ep for each grid square,
determining the local snowmelt infiltration to frozen soils and the actual depth of
runoff. These values are integrated over the basin to develop a single runoff depth.
The final step involves regression analysis of the annual spring runoff depths and
volumes, to develop estimates of the depression storage losses and the frozen soil

phase contributing area.

5.2. Climatic Model for Determining Point Runoff Depth

The relaticnship of runoff volume due to snowmelt may be characterized

mathematically as:

m
RVOL,=( Y AREA1[S;+P;- INFS])-DS
= (5.1)

where:
RVOLS = snowmelt runoff volume
i = day counters for the winter/snowmelt period

m = last day of snowmelt



AREAL1 = frozen soil phase contributing 2rea

S = snowmelt on day i as equivalent water depth

P = rainfall on day i (depth)

INFS = snowmelt infiltration to frozen soil on day i (depth)

DS = the depression storage deficit (volume).

The intent here is to solve equation (5.1) to find values or functions describing
AREA]1 and DS. The solution to this equation is directly attainable under the

following basic assumptions. RVOL; may be estimated from Water Survey data by
using hydrograph separation techniques. P is a standard climate parameter for all
stations used in this study. Snowmelt S, for the purposes here, may be treated as a
lumped sum, the spring snow-water equivalent SWE. The climatic model calculates

SWE at a climate station as
ETDAY
SWE = Y [SNO; + P, - V]
i=Nov.1 (5.2)
where

SNO; and P; = daily snowfall and rainfall
V; = daily vapour transfer to/from snowpack to/from atmosphere
= Morton evapotranspiration
Vi could be either negative or positive, depending on the prevailing conditions.

ETDAY is defined as the date upon which the frozen soil phase of the conceptual
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model ceases to function. On ETDAY, the active soil phase begins, and precipitation

will be allocated to soil water and other losses ahead of runoff. For this analysis,

ETDAY was defined in an arbitrary manner as twenty days beyond the end of -

snowmelt, as determined by the snowmelt algorithm (Pipes and Quick, 1977 - see
Appendix C). It is of interest to note that ETDAY is a "hydrologic" date and will
occur on different dates for different stations, depending generally on the local station
climate each spring. In general, ETDAY occurs later with increasing latitude.

The snowmelt infiltration is determined with (Gray et al.,1985)

_ _ 0.584
INF =5 (1 - 0,) SWE (53)

ep = the degree of pore saturation in the top 30 cm of soil. INF is calculated using
the SWE on the first day of snowmelt.

The climate model was utilized to estimate, for the 1968 through 1980 runoff years,
the depth of winter precipitation WP, the spring snow water c¢quivalent SWE and the
spring soil water level Op at thirty-four climate stations within the study arca. SWE
was estimated with equation (5.2). For WP, equation (5.2) was utilized with V, set to
0. Op was assumed to be the fall soil water content, as calculated with the climate
model. Equation (5.2) was used to estimate the fall soil water content by setting the
counter in the equation from i = May 1 to October 31 of the previous year, The only
difference for the model is that the storage medium is the soil profile instead of the

snowpack.

Morton’s evaporation/evapotranspiration model (Morton, 1978) was utilized to
estimate the net vapor transfer to/from the snowpack. Morton’s model is based on the
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principle that regional temperature and humidity data reflect the availability of water
for evaporation/sutlimation. Earlier discussion of the complexities of the soil-snow-
atmosphere interaction does not preclude the use of Morton’s model to estimate the
net result in terms of the SWE. In fact, the resulis support the use of Morton’s model,
and suggest that adding greater complexity to the analysis may not provide sufficient
benefit to justify the efforts. No other functional sublimation/condensation model for

winter conditions has been found in the literature.

The relationship of WP, SWE and Op at any one station or group of stations to the
runoff for a particular basin is poorly defined, given the variability between the
stations, and the lack of knowledge on the relative response of a basin to inputs
defined for a climate station. Attempts to develop relationships using the climate data
from single stations, including stations located within a basin, did not provide
consistent results. Therefore, an analytical tool was required to estimate the spatial
variability of WP, SWE and ep.

5.3. Spatial Analysis of Modelled Climatic Data

In order to minimize the error involved in estimating the net basin input from climate
station data, kriging, a spatial analysis technique from the field of geostatistics, was
employed. Kriging theory and methodology is described in Chapter 4.

5.4. Determining Basin Values for WP, SWE and INF

The watershed selected for analysis is Ribstone Creek near Czar, Water Survey of
Canada (WSC) station 0SFD00S. Ribstone Creek was chosen because it lies very near
the centre of the study area, and is reported by the WSC to have natural flow

conditions.

Block kriging analysis has been applied to the climatic model output for thirty-four
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stations in order to estimate WP, SWE and INF for the years 1968-80. Each variable
was estimated for one km? elements over the basin. The semivariograms utilized for
each year are presented in Table 5-1. Figures 5-1, 5-2, and 5-3 present spatial fields of
these parameters for 1974, the year of greatest runoff.5 The spatial patterns of WP and
SWE are generally equivalent. Both demonstrate a trend from a minimal value néar
the basin outlet (WSC Station 05FD005) to a maximum in the southwestern comer of
the basin. The variation in WP and SWE over the basin is about 70 and 60 mm,
respectively. The extent of the variability illustrates why the results from a single
station did not accurately reflect the basin situation. The spatial distribution of Op
(Figure 5-3) for 1974 demonstrates a range of about 15% from the southeast to the
northwest for the figure, but the range is only 6-7% for the basin (area marked with
dots). This level of variability is typical of most years, as can be seen from the spatial

diagrams in Appendix A.

Estimates of WP, SWE AND 6, integrated for the basin, were developed with the
following methodology. The extent of the watershed is estimated from 1:50,000 NTS
map sheets by assigning each square kilometre as in or out depending on channel
contact i.e. if a channel was shown within the block on the map, then the block was
included; if no channel was shown, the block was excluded. There is undoubtedly
some error in this approach with regard to both the theoretical basis and possible
errors and omissions on the map sheets. However, the intent is not to define explicitly
the area of the basin, but only to define ‘relative areas’ that would be expected to have
the greatest impact on runoff. The relative area defined by the above process are
marked in Figures 5-1 and 5-2 with crosses, and in Figure 5-3 with dots. The
integrated value of WP and SWE for the basin for each spring was determined as the

SThe spatial diagrams for all years for Ribstone Creek are included in Appendix A.
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.mean of the kriged values for the one square kilometre blocks within the relative area.
SWE-INF was calculated for each grid square using equation (5.2) and the values of
SWE and Op estimated by the kriging analysis. The values of WP, SWE and SWE-
INF, integrated over the basin, are presented in Table 5-2. Figures 5-4, 5-5 and 5-6
present the relationships of WP, SWE and SWE-INF to the recorded spring runoff

volume.

5.5. Determining AREA1 and DS for Ribstone Creek

The 12 value for the analysis in Figure 54 is 0.72. Significant scatter of the data
points is notable and not unexpected, give 1 the approximate nature of the comparison.
The amount of scatter declines in Figure 5-5 (r2=0.79), due to the introduction of a
winter evapotranspiration, simulated in the modeling exercise with Morton’s
evépoﬂmpimion. This is a very approximate approach to take to modeling the
complexities of soil-snow-atmospheric interaction. However, even this approximation
results in a significant improvement in the quality of the relationship. The principle of
diminishing returns may be used to argue that developing a complex soil-snow-
atmospheric model may not be justified, particularly with the further improvement
gained in Figure 5-6, with the inclusion of infiltration parameters.

The decline in SWE (Figure 5-2) as opposed to the WP values (Figure 5-1) is quite
notable. However, a decline in snow-water equivalent over-winter is not unexpected
in east central Alberta. In some winters, warm, dry (chinook) winds result in
significant snow sublimation. Beaty (1975) reported sublimation/evaporation losses in
the range of 59 to 80 percent of the snowpack in the White Mountains of California,
an area with a cold, dry winter climate.

The regression equation in Figure 5-6 further improves the significance of the
relationship (r2=0.87), and provides the best basis for estimates of depression storage
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DS and frozen soil contributing area AREA1. DS is the only abstraction not directly
dealt with prior to the regression analysis. The regression equation dictates the y-
intercept has the dimensions of volume. Since the intercept is less than zero, it
represents an abstraction; in this case, the depression storage 1c:ses integrated over the
basin. The slope of the regression line has the dimensions of area; and as such, is an
estimate of AREAL. - Therefore, for Ribstone Creek, AREA1 = 320 km?, and the
depression storage capability of the basin = 5,900,000 m?, or 18 mm as a depth over
the contributing portion of the basin.

The AREALI value is virtually constant; this dictates the frozen soil (or snowmelt)
contributing area is a constant, once the basin frozen soil infiltration and depression
storage values have been met. This is contrary to the variable area theory generally
felt to be applicable to prairic watersheds by Card (1979) and PFRA (1985).
However, neither of these studies present supporting data. They simply subscribe to
the theory on the basis of qualitative assessment. PFRA (1985) estimated the £ross
and effective drainage areas for Ribstone Creek as 1830.1 and 697 km?, respectively.
They indicate the contributing area for a two-year event would approximate the
effective area; and would approach the gross area in an extreme flood. These are
geomorphological assessments: the areas are delineated on 1:50,000 NTS map sheets.
These values are both much higher than the estimate of AREAl. However, the
AREAL value developed here is felt to have a greater validity because it is found from
a detailed hydrologic analysis.

The magnitude of the DS abstraction implies there were essentially no contributions
to runoff from the frozen soil phase in 1968, 1973, 1977 and 1980. The SWE-INF
values.in these years were very close to the DS deficit (Table 5-2). Runoff in these
years would have been due almost entirely to the melting of snow and ice within the
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channel network. Estimating the volume of runoff that might be due to snow and ice
in the channel system from the analysis here is not feasible. Even a cursory
examination of the SWE vs runoff data for the low flow years reveals there is no
apparent relationship. This is not unexpected when one considers the relative error in
the analysis is very large for low flow years. For example, an error of 10 mm in SWE
is acceptable for 1974; but for 1968 and 1977, this error level is most of the predicted
runoff. Further, in low flow years, abstractions for local water use (such as livestock

watering systems) could add significantly to the error.

5.6. Summary

A detailed method has been developed for estimating two parameters; the areal
extent of the frozen soil contributing area, and the related depression storage losses. A
series of models are utilized: a climatic model with a daily time step provides
estimates of snowpack water equivalent over winter fall and spring soilwater contents;
snowmelt infiltration to frozen soils; and the spring runoff potential at a climate
station. The climate model runs have been carried out for the years 1968 to 1980 for
thirty-four climate stations in the study area. A spatial analysis (block kriging) model
provides optimized interpolation of climate station data to one kilometre square
clements over a watershed. A final program integrates the optimized spatial patterns
for the climate parameters into an estimate of the spring runoff depth over the basin.

An assessment for Ribstone Creek near Czar, a small basin on the eastern Alberta
prairies provides an estimate of a snowmelt contributing area of 320 km?% and a
depression storage abstraction of 18 mm over this area. The principal source of runoff
is from snowmelt over this area, but if the spring snow-water equivalent is not
sufficient to meet frozen soil infiltration capacity and the depression storage deficit,
then the only source of streamflow is the snow quantity that has drifted into the
channel network.
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Table 5-1: Semi-variograms for WP, SWE and Op for 1968 - 80

DIR | a =2 2 | 2
1968 0 23 .99 2.59 .98 | 0.35 .98
90 | 108 .91 2.83 .97 |
1969 0 | 215 .88 2.6% .91 | 0.3 .90
90 | 230 .95 3.32 .91 |
1970 0 | 382 .72 2.36 .72 | 0.62 .96
90 | 223 . .97 4.21 .98 | 0.52 .88
1971 0| 191 3 .78 4.13 .87 | 0.71 .71
90 | 208 5.65 .96 7.06 .99 | 0.16 .78
1972 0 | 404 3.41 .72 7.6 .99 | 0.37 .83
90 55 8.3 .95 7.78 .86 | 0.19 .99
1973 0 | 131 1.35 .99 0.61 .94 | 0.94 .98
90 | 141 2.06 .99 0.56 .87 | 0.76 .90
1974 0 ) 175 17.7 .92 15.6 .91 | 0.86 .95
90 | 177 24. .90 19.8 .90 | 0.86 .98
1975 0 [ 177 16.2 .85 13.7 .98 | 0.71 .99
90 34 26.3 .78 17. .73 | 0.2 .93
1976 0 | 551 0.66 .79 1.19 .75 | 0.31 .93
90 | =70 7.21 .98 €.18 .99 | 0.32 .99
1977 o 82 2.37 .93 2.73 .99 | c.5 .99
90 | 278 0.99 .71 0.6 .80 | 0.3 .99
1978 0 | 170 5.7 .99 6.4 .99 | 0.21 .96
90 | 203 3.42 .93 3.91 .90 | 0.31 .78
1979 0 | 445 1.86 .99 3.16 .93 | 0.7 .96
90 | 1.04 .96
1980 0 | 740 1.98 .86 .96 | 0.65 .89
90 |

Note

= Most cases were anisotropic, with angle of view = $0°
In cases with no values under DIR = 90°, the angle of
view was 180° (essentially isotrepic).




Table 5-2: Runoff depths and volumes for Ribstone Creek

yeaxr wp SWE SHE-INF SHOWMELT RUNOFF
mm mm mm ‘o
1968 17 29 13 260,192
1969 122 71 45 11,390,503
1970 119 €3 30 4,221,000
1971 134 74 40 ) 10,803,175
1972 127 - 80 36 252,000
1973 78 41 13 9,331
1974 228 163 102 29,203,773
1978 205 114 61 9,732,506
1976 110 67 27 1,079,338
1977 63 32 9 138,771
1978 95 59 30 266,982
1979 87 54 25 336,552

1980 100 53 21 93,475
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1973-74 winter. Relative area is defined by a dot in active elements.
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Figure 5-4: Relationship of WP and spring runoff, 1968-80.
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Figure 5-5: Relationship of SWE and spring runoff, 1968-80.
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Figure 5-6: Relationship of (SWE-INF) and spring runoff, 1968-80.
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Chapter 6

ACTIVE SOIL PHASE ASSESSMENT -
RIBSTONE CREEK

6.1. Introduction

A conceptual operational model for the active soil phase of prairie river basins was
discussed earlier. A central assumption of that discussion stated that very little, if any,
of the runoff for any basin within the study area results from runoff from the active
(vegetation growth) soil phase. This section presents an analysis of the active season
runoff potential for the climate stations near Ribstone Creek. The results of the
analysis support the contention of the conceptual model regarding little or no active
soil phase runoff. The operation mode of the active soil phase, as theorized in the
conceptual model, was discussed in Section 3.2.2. The reader is referred to that

section for background information.

6.2. Methodology

Attempts to verify the active phase theory must deal with a number of problems, the
greatest of which is the sheer physical volume of data that must be examined.
Assessing Ribstone Creek near Czar required a daily analysis of soil and climate
conditions for the period 1960 through 1981. This is a greater time span than was
possible for the frozen and saturated soil phases because the analysis did not require
runoff data, which was only available for Ribstone Creek for 1968 on. If the climate
model had predicted a number of significant active phase runoff events, the Water
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Survey data would have been very helpful in verifying the impact of the storm.
However, the lack of streamflow data was not a major problem since the model
presents evidence that there is minimal runoff from the active soil phase.

The climate model operated for the open season with

SOIL;=SOIL;_, + P; - ET; (6.1)

where SOIL, P and ET are the soil moisture deficit, precipitation and Morton
evapotranspiration for day i, i-1 etc. The equation was subject to several conditions.
A boundary condition at day 1 of the active soil season is required. The soil moisture
deficit on day 1 of each active season was initially assumed to be equal to the deficit
on October 31 of the previous year, plus any estimated snowmelt infiltration to frozen
soil. The validity of the assumption of no change in soil moisture deficit over winter
is admittedly questionable for several reasons, including:

1. There is no information available to verify the fall soil moisture deficit
as simulated;

2. Potential changes that could occur in the soil moisture level over winter
are ignored.
In spite of these reservations, the analysis is felt to provide a reasonable set of

results.

The model run for five climate stations under the above scenario results in there
being no runoff at any time from the active soil phase. However, recognizing the
weakness of the assumption (of no change in soil water over winter) led to a repeat of
the analysis with an assumption that the soil moisture deficit was 0 each spring; i.e.
the soil was set to field capacity at the start of each annual simulation. This

assumption is definitely incorrect, and is very conservative with respect to the
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"analysis. There were probably very few years in which the spring soil water in the
area of Ribstone Creek approximated field capacity. By starting the season with the
soil assumed to be at field capacity, the chance for runoff generation by the simulation
model is artificially increased in most years. The test hypothesis is that no runoff
occurs from the active soil phase. The chance of proving the null hypothesis is greater
if the initial soil water conditions are assumed to be at maximum each year.
Therefore, the assumption is conservative with respect to the test hypothesis. The data
presented here is for the case of the most conservative analysis with spring soil water

conditions assumed to be at the wettest.

Plots of the soil moisture conditions for five stations near to the Ribstone Creek
watershed are presented in Figures 6-2 to 6-6. The locations of the stations relative to

the stream channel network are shown in Figure 6-1.

The analysis utilized equation (6.1) with a condition that soil moisture conditions at
field capacity are at a datum of 0. This is obvious in each plot- the soil moisture for
the beginning of the year always runs at 0 for the initial months. The active soil phase
begins simulating once ETDAY has been past® Possible runoff events from the
active soil phase are displayed on the annual plots as one day peaks that extend above
y=0. For exami:le, in Figure 6-2 (1962) there is an apparent runoff peak in mid-July
that exceeds 60 mm and in September a small blip representing approximately 5 mm.
The July, 1962 storm is notable on Figures 6-3 to 6-6 as well.

The runoff occurrences at any station of a magnitude approaching 50 mm or more
were compiled by year and month of occurrence. The runoff depth at the other five
stations for each of the events was compiled as well. The data is presented in Table

. SETDAY was defined in earlier as the date twenty days beyond the end of snowmelt.
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6-1. The storm of July, 1962 is characterized by the values in row 1 of the table: the
estimates runoff depths for Coronation, Brownfield, Hughendon, Hemaruka and
Metsiko are 65, 110, 30, 70 and 35 mm, respectively. Eight storms that appear to have

had some potential to yield runoff from the active soil zone are notable over the

twenty-t\'vo year period 1960-81.

The net effect of each station on the Ribstone drainage was estimated using the
regression equation developed in Chapter 5 (see Table 5-1 and related discussion).
The estimated depth of potential runoff over the basin is presented in column 7 of
Table 6-1. Column 8 is column 7 minus the depression storage deficit for Ribstone
Creek as determined in Chapter 5. Values less than 0 were set to 0.

The data in column 8 indicates there were three events: July, 1962; June, 1973 and
May, 1977 (September, 1969 is ignored as inconsequential) that may have resulted in
basin wide runoff from the active soil phase at Ribstone Creek. This point in itself
supports the hypothesis to the degree that no appreciable quantity of runoff originates
from the active soil phase. Assuming these events did generate runoff, three days out
of twenty-two years is scientifically notable, but insignificant in terms of water supply
or management. However, several points argue the magnitude of these events is not

sufficient to have created runoff.

1. The storms were likely of a low intensity type, given that all of the
stations received a significant amount of rainfall. Therefore, the rain
would have continued to infiltrate while building up in the micro-

_ depression storage. This continuing infiltration would have absorbed

significant amounts of water.

2. As discussed previously, the analysis is conservative in terms of
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allowing runoff from the active soil phase. Inspection of the Coronation
plots for 1961 and 1962 (Figure 6-2) indicates tﬁe relative level of the
conservatism. In 1961, the soil moisture level at the end of the year is
less than -200 mm of water. This represents a 200 mm soil moisture
deficit from field capacity. This amount is neglected for spring 1962,
since the analysis sets the soil level back to field capacity. This
argument applies to the June 1973 and May 1977 storms as well. The
previous year deficits that were ignored in those cases were greater than

-100 and -75 mm, respectively.

3. The frozen soil phase analysis in Chapter 5 provided an estimate for the
snowmelt contributing area of about 320 km? for Ribstone Creek.
Assuming the runoff depths for the active soil phase did occur, then the
runoff volumes would have been approximately 15, 7 and 13.4 million
m>. Reference to Table 7-2 indicates the two bigger values would be
ranked second and third in magnitude for the period of record. In fact,
these three events are almost indistinguishable on plots of the annual
hydrographs for Ribstone Creek near Edgarton, a water survey station
downstream from Czar. The hydrographs are plotted in Figure 6-7. The

Edgarton station is used here because there was data for 1962 as well.

The discussion above is subject to one small caveat. The use of Morton
evapotranspiration is felt to be the most practical and accurate in a study such as this.
However, the results of the analysis lead to an observation that the Morton model may
overestimate areal evapotranspiration slightly, so that over a long period of time, the
cumulative error may amount to a significant amount. For the individual stations, the
deficits over 22 years ranged from 300 to almost 900 mm if the spring soil condition

~ was not reset (three stations just less than 300, and the other two with errors of 600
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and 900 mm). An error of 300 mm over twenty-two years is probably quite acceptable
- this is about 13.6 mm per year. However, the upper error for one station approaches
40 mm per year. One explanation for this may be the method with which Morton’s

model may have been derived. Morton ET is based on a closed basin analysis i.e.

ET=P~R 6.2)

where P is precipitation and R is runoff. However, in the case of many basins,
including Ribstone Creek near Czar, the micro-depression storage very likely does not
ever contribute to local streamflow, but instead infiltrates to the regional groundwater
system, and only becomes runoff outside the basin of interest. The estimate of micro
depression storage for Ribstone Creek was 18 mm. The average error in Morton’s ET
for the basin on an annual basis is 22 mm. Admittedly, this may be a coincidence, and
is subject to other conditions such as changes in long term basin storage.
Nevertheless, the feeling here is that Morton’s model would be improved by an

attempt to incorporate an open (as opposed to closed) basin analysis.

6.3. Conclusions

The analysis presented in this chapter strongly supports the contention that there is
virtually no runoff from the active soil phase for the geographic area characterized by
the climate stations in and around the watershed Ribstone C;éek near Czar in east
central Alberta. The Ribstone area is representative of a much larger area in eastern
Alberta and western Saskatchewan, to which the same hypothesis may be extended
with a reasonable confidence since Ribstone is near the northwestem border of the
area. Climate conditions become drier and hotter as one proceeds south. Therefore,

there would be even less chance of active phase runoff in the more southerly regions.

The conclusions here dispute the classical hydrologic theory of variable contributing
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area. It would appear that under most conditions, the theory of an expanding
contributing area with increasing rainfall depth does not apply in the study region for
this project. If there is a variable area that does function under these climate
conditions, it is likely the saturated area created by the spring snowmelt runoff. The

next chapter addresses this soil phase.

The author acknowledges that localized exceptions to the above discussion may
occur. In other words, it may be possible to measure runoff from some isolated
subsection of a drainage during the active soil season. However, the consequence of
this runoff in terms of watershed management and/or water supply is trivial in

comparison to the annual runoff.
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A

Annual runoff hydrographs, Ribstone Creek near Edgarton

Figure 6-7
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Chapter 7

SATURATED SOIL PHASE ASSESSMENT’
RIBSTONE CREEK

7.1. Conceptual Model of Prairie Runoff Functions

The runoff from flatland watersheds on the prairies of eastern Alberta is poorly
understood. Snow hydrology dominates the runoff picture in virtually all years;
rainfall runoff is only notable during time periods when there is a saturated or
inundated zone as a result of the spring snowmelt. A conceptual model defining the
runoff processes has been developed, and is discussed in some detail in chapter 3. The
discussion in this paper presents an analysis of the role of the saturated soil phase.
This phase is defined as the saturated (inundated) portions of the basin with direct
connections to the stream channel network. In the interest of brevity, only a brief

discussion of the conceptual model is presented here.

The Prairie Runoff (PR) Conceptual model represents a three phase theory of prairie
river runoff processes. The phases are defined in terms of the soil system: the frozen
soil runoff phase deals with snowmelt and rainfall when the soil profile is frozen and,
except for initial infiltration losses, essentially impermeable. The second phase, the

active soillphase, deals with snowmelt and rainfall as inputs to the soil moisture

7A version of this chapter has been published. Byme, 1989. Canadian Water Resources Joumal,
14:3,18-29
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system. Inputs are allocated to the soil moisture deficit first, then depression storage
and finally, to streamflow runoff. The third phase, the saturated soil area, deals with
those areas within the watershed directly connected to the channel network and fully
saturated during the runoff season. These areas are assumed to have a runoff

coefficient of 1.0; virtually all of the rainfall contributes to streamflow.

Chapter 5 provided an assessment of the relative role of the frozen soil runoff phase,
and the impact that depression storage losses have on the annual runoff volume. The
discussion here presents an analysis of the role of the saturated soil phase; including
estimates of the relative volume of runoff that is derived from the saturated area, and a

first approximation of the spatial variation of the saturated area over the runoff season.

7.2. Theory of Saturated Soil Phase Operation

The concept of the saturated soil phase in prairie runoff describes the hydrologic
response of inundated or saturated areas directly connected to the surface drainage
network. The most notable examples are river valley bottomlands that are inundated
during spring snowmelt, and remain in that state for some portion of the runoff season.

The actual channel network forms part of the saturated phase.

The saturated soil phase is critical to prairie hydrology because it is the source of
virtually all runoff during the open water season. This may appear somewhat
incredulous considering the saturated area is, at its greatest extent, only a small
percentage of the total watershed area. However, discussion presented previously
(Chapter 6 - Active Soil Phase) illustrated the minimal chance of rainfall runoff from
the active soil phase, i.c. the soil zone with active vegetative growth. This, combined
with the fact the saturated area has a runoff coefficient of 1.0, presents strong support
for the concept of the saturated soil phase being virtually the only source of runoff
from summer rainfall.
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" -The saturated area is a dynamic factor in the watershed. However, there is very little
information available to date on the scale of the area in relation to other basin
parameters; or on the variations in the scale of the saturated area over the runoff
season. Attempts to model the snowmelt response of Ribstone Creek were generally
frustrated by an observed commencement of runoff before sufficient snowmelt had
occurred within the model to allow any discharge. This phenomenon is noticeable in
Figure 7-1, the 1974 recorded hydrograph. Simulated snowmelt hydrographs would
have a similar volume of flow, but with a slightly higher peak then the recorded data,
and an abrupt beginning. The simulated hydrograph was based on snowmelt depth
and contributing area as determined in chapter 5. It is theorized the observed early
runoff response is due to actions of the saturated soil phase. The following

explanation is suggested.

The model assumes the entire basin is evenly covered with the simulated snow depth.
Under a standard modeling scheme, the snowpack is subjected to simulated melting at
the same rate over the basin. Therefore, simulated runoff begins from the entire basin
at the same time. However, this is not the most likely situation. The following
scenario is more probable: Snowmelt begins, and melt depths in excess of local
losses, principally frozen soil infiltration, begin to pool in the areas that will tecome
part of the saturated area once the depression storage deficit is overcome. This input
of relatively large volumes of water accelerates the snowmelt process in these areas,
principally by lowering the snow albedo, and secondly, by the meltwater heat input.
Consequently, there is a quick melt in a constrained area, the saturated contributing
area, and runoff begins at a date earlier than snowmelt modeling predicts. Two other
factors are important. The saturated area is by definition a topographic low.
Therefore, snow depths within the saturated area will be greater than the basin mean
depth because of wind transport (drifting) into topographic lows. This deeper
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snowpack would have a greater water storage capability and a greater cold storage.
These two factors will tend to counteract the rapid melt discussed above. However,
data to be presented (section 7.6) demonstrate the maximum extent of the saturated
zone for Ribstone Creek is about 25 percent of the snowmelt contributing area. Since
the saturated area is receiving runoff from an area much greater in extent, it is

reasonable to assume the quick melt process within the saturated zone will still

dominate the early spring runoff.

This saturated phase "quick melt" would result in a slightly lower runoff peak
because at least some of the saturated phase snowmelt will have already runoff,

resulting in a lower peak basin storage value.

The saturated area is at its greatest extent during the period of highest flows. From
that point onward, a general decline in the area over summer will occur; interrupted by

short term expansion in response to rainfall inputs.

7.3. Developing a Representative Basin Climate File

Assessment of the frozen soil phase was carried out with spatial analysis techniques
of modeled spring snow water equivalent SWE data from a number of climate
stations. This same approach is not feasible with the assessment of the saturated area,
because of the temporal and spatial variability of individual rainfall events. Instead,
the modeled estimates of SWE for the basin that were developed in Chapter 5 were
related to the individual station SWE values with multiple regression techniques. The
regression equations are assumed to be a reasonable reflection of the relative

contribution of each the climate stations to the net basin rainfall.

For Ribstone Creek near Czar, the climate stationé utilized to determine the net basin
rainfall during the open water season are listed in Table 7-1, along with the station
values for SWE for each year.
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The daily climate data files for the five stations listed in Table 7-1 were combined
into a representative precipitation file for Ribstone Creek. No specific information
had been developed regarding temperature variation between the stations. Therefore,
the daily maximum, minimum and dewpoint temperatures recorded for Coronation
were assumed to be representative of the entire basin. However, the regression
equation developed in Table 7-1 from the modeled station SWE and the spatiaily
analysed basin SWE was utilized to estimate the net daily basin rainfall for application
in the saturated soil phase analysis.

7.4. Basin Storage - Outflow Relationship

A storage outflow curve is required in order to assess the role of the saturated area.
The curve was developed using the snowmelt method (Pipes and Quick, 1977) that has
been incorporated in the Prairie Runoff Model (PR Model - developed to reflect the
Three Phase Conceptual Runoff Model), and the recorded Water Survey of Canada
renoff hydrograph. The methodology was straightforward, The snowmelt model was
run for the 1974 season, with the snowpack water equivalent that was estimated in

Chapter 5. According to that analysis, the total runoff due to snowmelt is

RVOL = 1000 [SWE - INF - DP] AREA (7.1)

where:

RVOL = runoff due to snowmelt in cubic metres, SWE = spring snow water
equivalent in mm, AREA = maximum frozen phase contributing area in sq. km., INF =

snowmelt infiltration losses in mm, and DP = depression storage losses in mm.

The net snowmelt runoff in 1974 was:
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RVOL = 1000 [163 - 61 — 18] 320 = 26,880,000 m (1.2)

The maximum discharge occurs in response to the peak basin storage value. The
snowmelt model determined that snowmelt had finished two days prior to the date of
maximum mean daily discharge. Therefore, the peak basin storage value Sj, assuming

a two day lag in movement of snowmelt to the saturated storage area; may be

estimated as
(=Y
§;=26880,000- ) Q;86400.
i=1 (7.3)

where Q, = recorded daily runoff in m3/s, i = the first day of snowmelt, and j = the
date of peak basin storage. The second term on the right hand side of Equation (7.3) is
simply the volume of outflow from the basin from the beginning of snowmelt to the
day previous to peak basin storage. Using Water Survey of Canada data yields

¢=D
Y 0;=6601m%s

i=1
Therefore, the Sj is
§;= 26,880,000 ~ 66.01 (86400] = 21,200,000 m3 7.4)

This provides a second point for developing a linear storage-outflow relationship.

The first point is (0,0). The storage outflow relationship for Ribstone Creek near
Czar, based on this analysis, is

Q;= 9.867E-1 §; 15
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7.5. Assessing Saturated Area Variability

'I'he'role of the saturated soil phase is assessed on a daily basis; using the storage-
outflow relationship, the recorded Water Survey of Canada runoff hydrographs and
the basin rainfall data developed from the data in Table 7-1. Table 7-2 contains
estimates of the saturated area extent as a function of the basin live storage. These

estimates were developed with the following methodology.

First, the storage outflow relationship was used to generate the daily basin storage
from the WSC recorded daily hydrograph. The basin storage variation provided a
direct reflection of the response of the hydrograph to a rainfall input. Second, dQ, the
net change in discharge due to the rainfall input on day (i+1) was determined as

d0;=(Q;= Q1) +(Qi2- Q1) (7.6)

Third, the estimates of dQ were input to the basin storage-outflow relationship to
estimate dS, the change in basin storage due to a rain input to the saturated soil phase.

The areal extent of the saturated soil phase is then calculated with

AREA; = dS; / (1000 RAIN)) .7

where rain depth is in mm and the area is in square kilometres.

The above analysis was carried out for rainfall events that fit the following criteria:
1. The rainfall depth was greater than 5 mm. Values of less than 5 mm are
subject to greater relative error in measurement, and would therefore

introduce a greater error to the analysis.
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2. Rain events occurring during a rapid decline in the hydrograph were not
used. Attempts to estimate dQ, in this situation are subject to large error

because the daily rate of decline in discharge is much greater than dQ;.

3. For time periods with basin storage levels below 100,000 m3, only

rainfall events in excess of 10 mm were used.

4. Periods of several days of small rainfalls were neglected because of the
difficulty in isolating a rain event with a hydrograph response.

Finally, it is important to note that none of the storms were of sufficient magnitude to
cause any simulated runoff from the active soil phase. Therefore, it is reasonable to
assume the recorded hydrograph response is due to the direct input of rain to the

saturated area, rather than to any runoff from the unsaturated zones near the channel

system.

7.6. Discussion

Figure 7-2 is a scatter plot of the estimates of saturated area against the total basin
storage volume for the same date. The saturated area SAREA varies in a non-linear
fashion with incfeasing basin storage (Table 7-2 and Figure 7-2). The general shape

of the data curve indicates a function of the form

SAREA;=a exp (b §)) (7.8)

would fit the data reasonably well. Equation (7.8) is a semi-logarithmic function that
may be linearized by plotting the In(SAREA,) against S; (Figure 7-3).

The data in Figure 7-3 are reasonably linear for basin storage values in excess of
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1,000,000 cubic metres. However, below this value, there is a wide scatter that serves
to lower the significance of any statistical analysis. The failure of the data in this
range to display any reasonable progression is not unexpected, given the combined
error in the input data and the analysis is likely on the same order of magnitude as the
estimates; values. Two regression analyses relating the live basin storage to the extent
of the SAREA are preéented in Table 7-2; Comparison of the two analyses reflects the
above discussion. The R2 values for the regressions for all dates and for those dates
with storage in excess of 1,000,000 m3 are 0.635 and 0.865, respectively. The
problem with the latter analysis is the relatively small number of data points (n=8).
However, there was no way to improve the situation. For the period of record
available, all storm events that met the criteria presented above have been included in

Table 7-2. Nevertheless, the relationship is still instructional.

Figure 7-4 is a scatter plot of the data points with basin storage in excess of
1,000,000 m3, with a best fit regression line of the form of equation (7.8). The
standard error is 11.6 km2. The curve in Figure 7-4 does not provide a complete
picture of the variability of the saturated soil zone. For storage values in excess of
3,070,220 m3, there is no information. The upper boundary on the saturated zone
would be the extent of the floodplain. Once the floodplain is inundated, greater
discharges would have little effect on the SAREA because the valley walls are very
steep relative to the bottomlands. The saturated zone is therefore limited to the
lowlands encompassed by the river valley. This suggests the SAREA function is
subject to a limiting sill at some storage level. Extrapolation of the regression line
suggests that at a storage level in excess of 5,000,000 m3, the SAREA approaches the
size of the snowmelt contributing area of 320 km2. It is unlikely that the saturated
area reaches that extreme - the suggestion here is the upper extent is likely reached ata

storage volume in the range of 3,000,000 m3.
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As live storage approaches 0, the SAREA approaches 5.45 km?. The accuracy of
this value is open to question. However, theoretically one would expect the residual
ponding (depression storage) within the channel system to have a small areal extent

once runoff has ceased.

7.7. Modelling Three Phase Runoff Response

This section presents comparisons of daily hydrographs simulated with a hydrologic
model based on the Three Phase Runoff system with recorded Water Survey of
Canada data. The representative basin climate file is used as input to a simulation
program combining the climatic model with a hydrologic model capable of simulating
the conditions for each area (seil phase), and-of combining the various areal responses
with a linear storage routing routine. For Ribstone Creek near Czar, the area of the
frozen soil phase (snowmelt runoff area) was set to 320 km? (as determined in chapter

5), and several SAREA phase functions were utilized.

Figure 7-5 presents the first of these simulations. The WSC recorded hydrograph is
represented by the solid line; the simulated hydrograph is the dotted line. The right
hand x axis is a bar chart of basin runoff equivalent depth. This value is calculated as
an equivalent runoff depth from the gross area - i.c. the frozen soil runoff area. For
example, for a 40 mm rainfall, with a saturated area of 80 km?, the basin runoff

equivalent depth would be 40 * (80/320) = 10 mm.

The simulated hydrograph in Figure 7-5 is the basin response to runoff from the
frozen and active soil phases. This figure has been included to demonstrate the model
response to these two inputs. The SAREA function was set to zero for the entire
season. There is a very good fit between the two snowmelt peaks, given the
approximate methodology used to derive a storage-outflow relationship. The greatest
variability in the two hydrographs is in the recessional limbs, where the recorded
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runoff shows small peaks in response to rainfall events. No such variation is notable
in the simulated hydrograph - therefore, the model is indicating that at no time was
there a rainfall depth sufficient to exceed the combined soil moisture and depression
storage deficits. The only runoff response is from the snowmelt (frozen) soil phase.

The SAREA phase has been ‘turned on’ in Figure 7-6. The function used for Figure
7-6 is given in the figure and in Table 7-2, and is the regression line for the data points
from Table 7-2 with storage in excess of 1,000,000 m3. The use of a SAREA function
results in the recession limb responding to several small peaks corresponding to those
on the recorded hydrograph. However, beyond the middle of June, the simulated
hydrograph fails to respond to three distinct peaks that are observable on the WSC
hydrograph. For the peak beginning about July 14, there is only a minimal response.
This could be due to underprediction of the SAREA, but it is more likely due to
inaccuracies in the storage-outflow routing that allows too much outflow from May 1
to 20. Simulated basin storage declines too quickly; is too low after mid-June, and
therefore, the SAREA is predicted to be much lower than it would be. An attempt was
made to develop a storage-outflow function with a variable K value. However, it is
difficult to justify modifying the routing function without supporting data. The model
shows a modest response to an input on August 14, but does not react to the second
small peak on August 22, The former response is likely somewhat muted by the
routing routine. However, the latter recorded peak is somewhat surprising, given the
climate data does not report any significant rain. Without a rainfall input, the model
could not respond. Regardless, the overall fit of the two hydrographs in Figure 7-6 is
very good.

Figure 7-7 presents a simulation with a SAREA curve that neglects the data point for
May 18, 1974. This point provided the highest estimate of SAREA in the analysis
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(83.5 km?). By eliminating this point, the slope of the curve was flattened somewhat,
resulting in a lower peak SAREA value and slightly higher values of SAREA during
low flow conditions. Qualitatively, the function results in an expected decline in the
quality of early season responses, and improves those later in the summer. However,
the only justification that may be offered for eliminating this point is it appears (in
Figure 7-4) to have the greatest deviation from the regression line.

Two model simulations for 1969 and 1971 for Ribstone Creek are presented in
Figures 7-8and 7-9. These were two of the major runoff years other than 1974. These
simulations were carried out with the basin climate data file as input, and using the
SAREA function used to generate Figure 7-6. Both simulations provide a reasonable
fit of the recorded hydrograph. In 1971, the WSC hydrograph demonstrates a number
of responses to rainfall inputs, and the modeled output mirrors these responses very
well. However, it is observable that the simulated small peaks on the recessional limb
of the simulated output are delayed by one or two days, compared to the recorded
responses. In both figures, the main snowmelt modeled peak proceeds the recorded
peak. This inequity is principally a routing problem. At this time, the model only has
one routing time lag function for all inputs. The figures reflect a lag time of two days
- this value is less than the apparent snowmelt lag time, and greater than the saturated
area response time. Neither is surprising. One would expect that snowmelt, as a type
of porous media flow, would have a relatively slow response time. The saturated area

response is likely measurable in portions of the day.

The results presented in Figures 7-6 - 7-9 are subject to a number of uncertainties,
including errors related to the very approximate basin storage-outflow analysis
presented earlier. Another source of error is the input rainfall depth. Summer rains

are typically convective storms in this area, and these are notoriously patchy in areal
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‘coverage. Rainfall recorded at a station may have had little or no impact within
distances of a kilometre or less. This is likely the reason for the varied response of the
modeled and recorded hydrographs in late April - early May, 1969. The climate data
indicates two periods with light rain on several concurrent days. The first period has
received a much larger recorded input, and the model reacts with a small peak.
However, the recorded flow reacts very little to the first rain, and significantly more to
the second. The modeled data shows very little response to the latter rains, yet these
were of greater importance to the runoff. The input climate file was obviously not
truly representative of the basin climate situation in this particular case.

7.8. Conclusions

An assessment of the relative role of the saturated soil zone in generating runoff from
a small prairie river is presented. The analysis argues the variable area concept does
not apply to the frozen soil phase - once certain abstractions have been met, runoff
occurs from a more or less static area. However, the saturated soil phase is very
dynamic, and responds to rainfall inputs in direct proportion to the current extent of
the saturated area. A relationship describing the saturated area variability as a
function of the basin detention storage has been derived.

A hydrologic model has been developed to reflect the hydrologic functions of the
three soil phases: frozen, active and saturated. The model, though still in the
development and evaluation stage, has demonstrated an accurate response to inputs

that reflects the recorded hydrograph quite well.
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Table 7-1: SWE (mm) values for stations near Ribstone Creek
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1 2 3 4 5 6

1968 66. 70. 24. 45. 27. 48.
1969 59. 91. 77. 96 37 71.
1970 59. 84. 77. 47. 17. 63.
1971 90. 92. 38. 61. 39. 74.
1972 95. 103. 47. 78. 59. 80.
1973 32. 55. 40. 57. 17. 41.
1974 182. 208. 146. 118. 102. 164.
1975 146. 134. 82. 135. 36. 114.
1976 84. 73. 25. 66. 32. 67.
1977 55. 14. 26. 35. 10 32.
1978 90. 56. 36. 45. 58. 59.
1979 98. 50. 56. 34. 50. 54.
1980 66. 34. 87. 817. 35. 53.
X Coef. .279 .358 .111 .127 .048

R squared = .9929

S.E. of Y estimate = 3.548 mm

1 = Brownfield 2 = Coronation 3 = Hughendon

4 = Metiskow 5 = Wastina Hemaruka

6 =

analysed SWE for Ribstone Creek
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Table 7-2: Assessment of the extent of the saturated area for

Ribstone Creek

date rain(mm) dQ(m/s) dsS(md) S (m%) SAREA (km?)
690514 6.85 0.08 81062. 1145000.* 11.8
700613 22.65 0.19 192522. 123619. 8.5
700630 28.26 0.25 253319. 37491. 8.0
700701 12.46 0.16 162124. 169217. 13.0
710527 21.88 0.09 91195. 809606. 4.2
710605 17.03 0.13 131726. 639376. 7.7
710623 19.78 0.03 30398. 332534. 1.5
710723 38.92 0.11 111460 166177. 2.9
740518 7.52 0.62 628230. 3070220.* 83.5
740604 20.08 0.41 415442. 1469247.% 20.7
740606 11.23 0.20 202655. 1925220.* 18.0
740705 5.33 0.01 10133. 846084. 1.9
740708 6.85 0.02 20265. 772115. 3.0
740814 22.93 0.05 50664. 24319. 2.2
750518 4.95 0.19 192522. 2624379.* 38.9
750519 13.7 0.46 466106. 2735840.* 34.0
750524 5.99 0.21 207721. 2391236.* 34.7
750603 5.8 0.08 81062. 1013274.* 14.0
750626 21.5 0.17 172257 545141. 8.0
750703 11.7 0.08 8l062. 545141. 6.9
750704 5.22 0.05 50664. 596818. 9.2

for all data for storage >1E6 *
Area=3.63 exp(8.97E-7 Store) Area=5.45 exp(7.71E-7 Store)
R squared = .6356 R squared = .8694

Degrees of freedom = 19 Degrees of freedom = 7
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Figure 7-1: Ribstone Creek hydrograph, Water Survey Data.
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Figure 7-5: Recorded and simulated (broken) hydrographs. The SAREA curve has
been turned off, thus the smooth recession limb.
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Chapter 8

FROZEN SOIL PHASE ASSESSMENT
FOR SEVERAL BASINS

8.1. Introduction

The analyses of the hydrologic processes within Ribstone Creek have demonstrated
the principal source of streamflow runoff is the spring snowmelt. Quantification of
the useable runoff is dependent on knowing the spring snow water equivalent (SWE)
and the frozen soil infiltration (INF) over the basin, and the snowmelt contributing
area (AREA1). AREAI] was determined for Ribstone Creek using a detailed spatial
analysis model to interpolate SWE-INF to one kilometre square elements over the
basin. Extensive amounts of computer time and onerous digitizing and data entry
were required to define the grid elements to be included in the analysis (see discussion
in section "Frozen Soil Phase Assessment - Ribstone Creek near Czar"). This section
presents essentially the same analysis for a number of basins, with the only changes
being to an element size of ten by ten kilometres for the SWE-INF spatial
interpolation, and a simplified hydrograph separation technique. These changes made
the application of the techniques more feasible over a number of basins.
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8.2. Spring runoff depth - spatial patterns

In order to carry out the AREAI analysis for a number of basins, two variables must
be estimated on an annual basis for each basin; the net spring runoff depth (i.e. SWE-
INF as defined earlier) and the snowmelt runoff volume. The climatic model, in
combination with the spatial analysis (kriging) program, may be used to determine the
SWE-INF values and interpolate them for a grid over any area. In this case, the data
was interpolated over the study area, using a grid element size of ten by ten
kilometres. The data matrix for each year was contoured within a Geographic
Information System (GIS) package produced by TYDAC Technologies of Ottawa.
The spatial fields of spring runoff depth over the study area were produced for the
years 1960 to 1980. These maps are presented in Figure 8-1.

The runoff shown on the maps in Figure 8-1 demonstrates the extreme variability in
runoff depth that may be experienced over relatively short distances. The spring
runoff depth is contoured with greater depths of runoff represented by increasingly
darker gray shades. Digitized streamflow data overly the map, with Water Survey of
Canada stations for basins of interest numbered with reference to the legend.

Coronation, the only major clima¢ station within the study area, is labeled as well.

The gray scale mapping of spring runoff depth is very useful in that the reader can
easily follow the changes. However, one must refer to the legend to establish the
relative change for each gray scale change. For example, in 1960 spring runoff depths
over the study area ranged from zero in the southeast to peak values of around 30 mm
in the southwest. The 1974 map indicates there were very dry areas in the southwest,
with runoff depth as low as a few millimetres. Heavy runoff occurred over the north
half of the stud¢ :x.~ion, with large pockets of runoff with values in excess of 140 mm

northwest of Coronation. Two recognizable pattemns ar« notable: the clearest is that
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the southeastern area is almost always within the driest section. The second is that in
a number of years, notably 1968, 1970, 1971, 1972, 1974, 1976, 1978, 1979, 1980 and
1981, a tongue of the heaviest runoff extends from the northwest/west out to the
region of Coronation. This pattem is weukly discernible in several other years. This
observation is somewhat disturbing, sirce it indicates that Coronation, as the oﬁy
level one climate station in the region, is not very representative of the surrounding
region in many years. A quantitative assessment of the data confixms this. Using
Coronation data to represent the Ribstone Creek basin (WSC station number 8 in
Figure 8-1) results in an overprediction of about 14 percent in the basin spring runoff
xlepth, as compared to the analysis carried out on a one kilometre square gi'id.s

The grid data used to generate Figure 8-1 is applied in the analysis to c%Clue the
basin spring 1 :noff depth. The relative area of the basin for inclusion w::; wgitized
based on the ten km? grid - a grid element was judged to be "within" the basin if a
stream channel fer the basin was shown with that element on a 1:250,000 NTS map.
If the block is "within" the basin, then the runoff depth for that block was included in
calculating the basin runoff depth. Each included element was weighted equally in
this calculation.

However, the use of a coarse analysis always has the potential to degrade the quality
of the results. The relative changes in the error level associated with this analysis over
the one km? grid are significant, but not to a level to negate the value of the coarse
analysis. The predicted values for basin runoff depth for Ribstone Creek using the ten
km? grid relate very closely to the data for the one km? grid. There is an
underestimation of about six percent with the coarse analysis (i.e. 1 km?=1.059 {10
km?} - 0.65 ), but the standard error in a regression between the two data sets is very
small (< 1 mm) and the correlation is very high (R>=0.9988).

¥regression analysis Y = 1.138 X - 1.12, (R?*=.978)
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" This presents a question of whether to apply a correction factor for all the
watersheds, based on the Ribstone Creek data. Most of this error would be due to the
coarse grid - each element of the coarse grid is 100 times the area of the fine grid,
therefore, large areas are included that likely do not directly control streamflow runoff.
The srror may be characterised as random, since the grid overlay may, by pure chance,
tend to "fit" more closely to the fine grid representation for some basins than others.
Therefore, there is no justification for applying a corrective factor derived from

Ribstone Creek to the coarse znalysis for any other watershed.

The combination of simplifications in the analysis used in this section results in a
small drop in the significance of the relationship of rumoff depth and volume for
Ribstone Creek. The drop is notable in the change in the R? values. Using the
detailed analysis for Ribstone produced an R2=0.87, while the R2 value for the coarse
grid analysis is 0.847. This decline is not considered to be a problem; both values are

highly significant.
8.3. Simplified hydrograph separation

Analysis of frozen soil contributing area for a number of basins requires an estimate
of the spring runoff volume for each year for each basin, utilizing hydrograph
separations. For the Ribstone Creek analysis, a computer program was written that
approximated the spring hydrograph recession curve with an exponential decline
 function, and plotted the theoretical recession curve against the Water Survey
hydrograph. The placement of the theoretical recession curve could be visually
appraised for the best fit to each year, and the spring runoff was calculated as the total
runoff minus the volume above the theoretical recession curve. The method used in
this section involved penciling in a theoretical recession curve on the hydrograph, and

estimating the spring runoff volume with a planimeter.
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The question that immédiately arises is what level of error may be introduced with
the simple planimeter analysis. Again, the Ribstone Creek data may be utilized to
verify the results. Regression of spring ‘unoff volumes estimates by the two
techniques indicates the simple analysis estimates approximately four percent lower
than the .computer based technique. There is no justification for declaring either to
have greater validity. "I'he very high corr;elation (R2=0.993) simply confirms that both

are likely accurate.

8.4. Multi-basin #nalysis of frozen soil contributing area

The spring runoff depth (SRD = (SWE-INF)j data for the watersheds of
consideration is presented in Table 8-1. Table 8-2 contains the estimates of the spring
runoff volume for each basin, as developed with the planimeter analysis of the Water
Survey of Canada recorded hydrographs.

The results of the regression analyses relating the SWE-INF data to the spring runoff
data are presented in Table 8-3. Column 1 is the basin names; columns 2 and 3 are the
y intercept and slope for the regression line; column 4 is the square of the correlation
coefficient; column 5 is the size of the sample set (dictated by the available Water
Survey data); and the column 6 provides the Water Survey of Canada description of
the basin flow conditions. Four of the watersheds have been described as regulated
and four are streams with natural flow conditions. The regulated streams generally
demonstrate a poor relationship to the estimated runoff depths; while three of the four
natural flow watersheds have very high correlations. This is not unexpected - during
years of low and average streamflow, the recorded streamflow hydrograph for a
regulated watershed would not reflect natural conditions since signi{’-ant percentages
of the runoff is undoubtedly stored and/or diverted for other uses. This does not occur

for the basins with natural flow, so there is a much stronger relationship.
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Alkali creek is the only natural flow watershed that does not have a good correlation
with the runoff depths (r?=0.131). Several points may be offered as to why the model
appears to fail for Alkali creek, while providing good results for the other natural flew
creeks.

1. The Alkali creek region is the driest area in the province, evidenced by
the interpolated data images presented in Figure 8-1. The precipitation
totals in the region are, on average, the lowest in the province, and the
ratio of runoff to precipitation would also be low. Therefore, the relative
error in the simulated runoff depth is very high, and may completely
obscure the runoff relationship in many years. The data from Table 8-1
for Alkali creek support this contention. No other basin has such

consistently low runoff depths.

2. There were no climate stations with a retsonable period of record either
within or near Alkali creek. Medicine Hat, Hemaruka and Pollockville
were the closest stations, at approximate distances of 200, 160 and 140
kilometres, respectively, from the centre of the Alkali watershed.

Extrapolation of the climatic data over such distances is likely invatid.

There are four basins in Table 8-3 that have statistical relationships between
simulated runoff depth and recorded volumes with a correlation that justifies
estimating AREA1 and basin depression storage loss¢z. These are Buffalo, Iron,
Ribstone and Sounding creeks. The Sounding Creek data are not as good as the three
natural flow creeks, presumably because of the flow regulation on Sounding Creek.
However, the fit is judged to be sufficient to provide some rzasonable estimate
(R%=0.655 -> R=0.81). The same argument can be put forward for Monitor creek, if

in a much weakened state! Nevertheless, the inclusion of Monitor creek is desirable
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since there are only five data points in total, and exclusion of twenty percent of the

useable data points is not practical at this time.

The Monitor creek regression plot of runoff depth versus spring runoff veclume
demonstrates a significant scatter of the data points. However, :*:2 1965 data point has
by far the greates: deviation from the regression line, with a runoff volume of greater
than 12.6 million cubic metres and a very low runoff depth of 28 mm. This deviasi::

could be due to any of the following potential problems:
1. Water Survey data errors;

2. climate data error;
3. error in the modeling program.

Taitial discussions with Water Survey of Canada staff in Calgary re;;.rding the 1965
runoff year for Monitor creek indicated the data ad been reviewed several times and
were felt to be a good estinzic of the flow volumes. However, the peak discharges
that were recorded exceeded bankiull discharges, with significant volumes of water
flowing over the bridge and road at the survey statior site (pers. comm., John
Anderson, WSC, 1989). . The technician indicated the discharge in excess of bankfull
was measured. However, measurement under these conditions would have been

difficult, and quite possitly subject to error.

There is very little chance the climatic data could be in exror since the anaiysis is not
dependent on a singie station, but is built upon interpolated data from a number of

stations.

One other source of error may be the modeling process. Three major phases are
incorporated in the modeling process: fall soil moisture determination; overwinter

moisture transfers {(represented by Morton ET); and spring snowmelt infiltration to
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frozen soils. Figures 8-1 (1965), 8-3 and 8-4 represent the output steps for each
modelirg phase.® The overwinter precipitation (WP) for Monitor creek was about 120
mm of - ¥ e<uivalent (Figure 8-3) and the spring SWE value was approximately 47
tian of was:. “"ure 8-4). The data in Table 8-1 has a SRD of 28 mm for Monitor
creck, therefore, the spring snowmelt infiltration was 19 :nm (since SRD=SWE-INF).
Reic. - ice to the values of WP, SWE and SWE-INF in Table 5-2 indicates the range of
possible values for each parameter. The values of WP ana INF for Monitor ir; 1965
fall well within these ranges. However, the Morton ET is very high for 1965 for

Monito:. This is a second possible area of error.

Neither of these possible sources of ¢rex may be explicitly checked. Prior to 1968,
the climatic data is not as dependable simply because mors diva was missing or
unrecorded, and substantial data transposition was carried cu: in order to have a
complete record at all stations. However, the stations nearest to Monitor creek did
have relatively complete records for the 1564-65 time period. The sunshine data used
prior to 1968 is also suspect. Only thrze stations in the province, the Edmonton
Municipal airport, the Lacombe Research Station and fuffield were collecting
sunshine data prior to 1968. The 1960-67 sunshine data for all other stations was
estimated using post 1968 regression relationships between these three stations and the
other thirty one stations. No glaring error is noticeable in the sunshine data for these

three stations, and hence, there is no justification for any type of adjustment.

The above discussion presents a weak argument for exclusion of 1965 from the
Monitor creek analysis. This exclusion would be disconcerting, since 1965 is an
important year for flow discharge. Exclusion does increase the fit of the Monitor

creek data to the rest of the analysis, but that is no justification whatsoever. The

SThe maps of «inter snowfall and SWE depth for a1l years are included in Appendix B.
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‘conclusion was drawn there is not sufficient grounds for excluding the 1965 data year

from the analysis for Monitor creek.

The depressien siorage DP and AREAL estimates for the five basins are »resented in
Table 8-4. The table alsc includes estimates of the gross and effective areas as defined
by the PFRA (1985). There is no strong ilationship between the AREA1 values and

either PFRA area.

8.5. Relating AREA1 to basin ;s v shology

The analysis in the previous section provides estimates of AREA1 £ five basins.
An irmediate question that aris:: is whether there is any method for predicting
AREA1 with some characterisic geomorphic variable that may be measured easily
from a map or airchoto. The logical parameter to ccnrider is the basin drainage

density.

Drainuge density (DD) is defined as the quotient of the sum of the channel lengths
and the total drainage area; ie. a length ¢ -..annel per unit area. Typically, drainage
density . defined using the area of the basin as established by apparent regional
drainage divides on contour maps. This treatise has already disputzd this method of
determining area for a basin on the prairies, and in so doing, implicitly argues that
drainage density may not be defined in the "usuai” manner. Instead, drainage donsity
must be defined by using a good estimate of the contributing area for the basin, such

as the AREAL1 values developed here.

Drainage density is a function of the climatic, soil, vegetative and topographic
characteristics of a region. For the five basins of interest here, one may safely state
the vegetative and topographic characteristics are quite consistent. Soil conditions

over the study area typically demonstrate a high degree of local variation, but are quite
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consistent on the macro scale. The soils are formed largely of glacial till deposits with
thicknesses ranging up to sixty metres or inie {%ardy, 1967). Local deposits of loess,
sand and gravel overlay the till in some a:i.s. However, these local deposits do not
impact seriovsly on any of the basins of interest here. Therefore, the drainage density
variations between the study basins will be attributable in large part to variations in the
climatic conditions that result in the rﬁajor runoff events; principally, the spring

runoff. This hypothesis is tested in the following analysis.

8.5.1. Determining drainage density

In order to calculate drainage density, a method for determining the total length of
channe! within a basin was required. This analysis initially planned to use a small
map measuring device with a revolution counter for a small wheel that could be run
aleng a line of interest, with the resulting number of revolutions being sczled to
estimate the distance covered. This device proved clumsy to operate on the 1:250,000
scale maps that were initially selected for channel measurement (critesia for selecting
this scale is discussed below). The task was onerous, and application to a number of
basins would result in severe eye strzin. Typically, one would need to repeat the
process for a basin a number of times, and then take the average of the trials. The
availability of a 200 dot per inch (dpi) computer scanner and software allowed for
developing an accurate and efficient method for measuring channel length. The

method operated as follows.

An experienced draftsperson with a high quality draiting pen and paper would trace
the basin channels on a clean sheet of paper. The traced image was run through the
scanner at high resolution (300 dpi) and stored in POSTSCRIPT format. The image
clarity was always checked with the scanner software editor. This image, after

interpretation by a simple program, was transferred to the University of Lethbridge
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VAX mainframe system. At that point, a Fortran program was used to intrepret the
hexadecimal POSTSCRIPT code to determine the total number of pixels that were

part of the channel system.

Several problems had to be dealt with before the method could be used with
confidence. First, the drafting pen was supposed to be 0.35 mm, which would
theoistically be 4.13 pixels wide. The width was consistently wider than this due to
ink bleeding outwards slightly from either side of the line. Further, the scanner would
turn on a pixel if any small portion of the pixel crossed a line. A number of trials were
carried out to study the variation in line width, depending on line orientation to the
scanner grid. For a large number of Lixcs, with random orientation to the scanner grid,

the average pen width was 8.36 pixels, with a variation of about 1 pixel.

Once the average pen width was determire:d, the channel length could be calculat: .
in the following manner. The program interpreted the hexidecimal code to count the
total number of pixels that had been activated in the image. Dividing the total number
of pixels by the average line width in pixels resulted in a mathematical representation
of the channel length, one pixel wide. For a 1:250,000 map, a pixel length represents
21.17 metres. Therefore, the channel length is this value times the number of pixels

left after division. Mathematically stated, the channel length is
L = [ Total pixels/8.86] 21.17 8.1)
This method was used to determine the channel lengths for the five basins being

analysed. These valves are presenied in Table R-5.

The choice of 1:250,000 maps for measuring channel length may appear to be
incorrect, since a map scale of 1:50,000 is available and would provide much greater

detail on small and intermittent channels that may exist within the basin. The feeling
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here is these channels are only in existence due the control exerted by the larger
channels that dominate flow. Each.major channel is flanked by a contributing band or
corridor, and minor channei+ are incorporated within this area. The 1:50,000 maps
were felt to contain an almost confusing amount of detail; while the 1:250,00¢ :uaps

would probably provide a more accurate representation of the main channel system.

8.5.2. Drainage density and runoff depth relationship

The discussion above theorized that AREA1 values and the drainage density should
be a function of the runoff depth SRD. 'The drainage densities for the five basins, and
the parameters utilized to calculats them, are presented in Table 8-5. A fourth
parameter, SRD-DS is also included. This parameter is the average runoff depth for
each basin (T'able 8-1) minus the depression storage deficit for the basin in mm (Table
§-4). The Monitor and lvionitor2 rows represart the ouiput data for Monitor creek

with 1965 data includzd and excluded, respectively, as discussed earlier.

The analysis that may be carried out on the data in Table 8-5 is somewhat limited by
the number of points. A rigorous analysis is not justified and would be open to
questions of statistical significance. Nevertheless, it is beneficial to plot the drainage
density and (SRD-DS) data, and perform basic statistical analyses, keeping in mind
the small data set and including a definitive significance test. The data plots do

provide a functicnal relatio:xship.

Figure 8-5A is a plot of drainage density and SRD-DS3 from Table 8-5, with Monitor
creek inciuded. The plot demonstrates a stvong linearity of the two parameters, with
the Monitor creek point having the greasest divergence from the general trend. The
retention of Monitor creek data to this point has been with the intention of maintaining
as many data points as possible. However, the evidence in Figure 8-5A indicates the

data point is not adding to the relationship; in fact a large eircr is added by retaining it.
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The data plot in Figure 8-5B demonstrates a good linear relationship between SRD-
DS and drainage density. However, the fact there are only four data points bring the
significance of the fit into question. In order to deal with this, a students t test of the
correlation coefficient R was adopted (Guttman et al., 1971):

Ir| [(n~2)03)
[(1-r%)05] (8.2)

This value for the correlation coefficient here is t = 7.63, a value that indicates R is

statistically significant at the 1 percent level,

Th relationship in Figure 8-5B may be used tc estimate the drainage density for any
basin in the study area, and from that value, the AREAl parameter may be
approximated. This would aliow a water manager to estimate the natural spring water
yield for any of the rcguiated basins in the study area, and to a limited degrees, for
similar physiographic areas adjacent ‘o the area from modeled values of SRD if some
method were available to determine the micro depression storage of the basin. The
next section addresses possible methods for determ’aing the micro depression sturage

of a basin.

8.5.3. Determining micro-depression storage for any study area basin

The micro depression storage of a basin is a function of the micro topography, as
discussed earlier. There is no practical method for mapping the topographic variation
at the contour level that would be required for explicitly determining depression
storage for a number of basins. The question that is deait with here is whe'her any

relationship may be developed from parameters that may be measured off a standard

topographic map.
An obvious parameter to consider in investigating depression storage is the channel

v
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“slope. Mitchell and Yones (1976, 1978) and Gayle and Skaggs ( 1978) indicated micro-
depression storage was a function of the local micro-relief. This concept may not be
directly transferable to this study, but it does provide a starting point. Most of the
depression storage that is notable or: 1:50,000 NTS maps and on 1:60,000 aizphotos is
not connected to the channel system. The depressions that are linked to the drainage
network are always within the lowland sections of the basin. Therefore, the
depression storage should be rciated to the local relief of the main channel in the lower
sections of the basin. In order to test this hypothesis, the main channel slope (Sy) was
measured on a 1:250,000 map for the lowest section of the channel network. The Sp
for the lowest section was assumed to be the slope between the two lowest contours to
cross the channel prior to e basin outlet. The slope data for the four basins is
presented in column 2 """ ¢ 2-6. There was no strong relationship between Sy and
the calculated values of depression storage. A second empirical parameter, the area of
depressions (Apg) connected to the channel network, was added to the analysis. This
parameter could be estimated very easily with the use of the 300 dpi scanner. Traced
images of the depression storage areas were scanned at 300 dpi. For a map scale of
1:250,000, each pixel represented an area of 448.07 m2. The program written for the
channel length analysis was modified to siw:ly count pixels and multiply by the area
per pixel. No adjustment was made for pen bleeding since the areas were wide blocks

of black, and any thickness added by bleeding would be negligible in comparison.

There was no strong relationship between the Apg and depression storage; but a
multiple regression of Sy and Apg to DS resulted in the equation given in Table 8-6,
with an apparently strong correlation coefficient. Relating DS to these two parameters
is certainly justified on a theoretical basis. Again, the concem is whether the
correlation is actually significant, given the small number of cases (n=4). The basis of

standard significance tests is that the sample be large enough to represent the
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population. The t test statistic used above is not directly applicable for a multiple
regression, and most statistics reference texts implicitly suggest a standard
significance test may not be applied below n=>5 for one degree of freedom, and n=6 for
two degrees of freedom (as is the case here). "~ ere is no way to increase the n value;
therefore a more robust test that does allow the use of smaller samples is needed. The

test that has been selected is a randomization test, fashioned somewhat after

Edgington (1980) and Costanzo (1983).

Randomization theory allows one to assess the probability of a given set of results
occurring by chance from a random sample of the population. An order test is applied
to the data after randomization. The ranking of the observed statistic in the ordered
data provides an estimate of the probability of the observed statistic having occurred

by chance.

The hypothesis that will be tested here is whether one or more randomly chosen sets
of Sp and Apg might generate results at least as good as those in Table 8-6. Consider
the current pairing of Apg and S to be random. This pairing is one of 24 possible
ways to pair these variables; the notation here labels the original pairing 1234. If one
variable is kept in this order, then the second may be arranged in 23 other ways - basic
probability states for N different variables, there arz N! arrangemcnts (permutations).

The permutations are presented in Table 8-7.

The two variables, paired in all possible permutations, were used to generate DS’, an
estimate of the depression storags for each of the four basins, using the multiple

regression equation. The randomly generated sets of DS’ were tested against the input

values of DS, with the intention of minimizing 0=, ., (DS~ DS’), for all

permutations. The results of this analysis are presented in Table 8-7. The original
pairing 1234 appears first in the table, and has the lowest value of the test statistic Q.
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The tabulated results provide the following con=iv:sions. First, the probability of a

random sample generating a set with greater significance then the regression equation

is less than 4.2%. Second, the regression equation has a significance level P 2 95.8%.

The application of the regressica equation in Table 8-6 allows one to predict the
depression storage deficit for any basin in the study area. The method may be
extended beyond east central Alberta if the user is satisfied the climatic, soil and

vegetative characteristics are consistent with the study area.

8.6. Suimnmation

The spring ruroff depth for eight watersheds in eastern Alberta was simulated for a
grid with 10 x 10 kilometre elements. This distributed data was utilized to estimate
the runoff river basin runoff deth for a num . of watersheds. These data were
related to the spring runoff voluia: »#trii:utable to snowmelt. The resuits were ::sed to
estimate the frozen soil phase (snowmelt) contributing area for the basins; ind the

basin micro depression storage capability.

The analysis could not provide functional results for watersheds that were listed as
regulated by the Water Survey of Canada. This is expected since the WSC data that is
available would not reflect natural runoff conditions in many years. The basis of the
the analysis assumes a natural relationship between the spring runcff depth and the

r..:off volume.

The resuits of the snalysis for three of four basins with natural runoff conditions
were very positive. Estimated values of snowmelt contributing area and depression
storage deficit were utilized to develop relationships for estimating each from
geomorphological data recorded from standard National Topographic Survey maps.

These relationships may be utilized to estimate the two parameters for any watershed
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with climatic and physiographic conditions similar so those of the study area. These
estimates may be applied with estimates of the SRD to determine the amount of spring

runoff that would be derived from the watershed.



169

8.7. References

Costanzo, C. M., 1983. Statistical inference in geography: modern approaches spell

berter times ahead. Professional Geographer, 35:158-165.
Edgington, E. 1980. Randomizstion Tests. New York: Marcel Dekker, Inc.

Gayle, G.A. and R.W. Skaggs, 1978. Surface storage on bedded cultivated lands.
Transactions of the ASAE. 21:101-109.

Hardy, W.G., ed. 1967. Alberta, A Natural History. Edmonton: M.G. Hurtig,
Publishers.

Knudsen, Daniel C., 1987. Computer-intensive significance testing procedures.

Professional Geographer, 39(2):208-214.

Mitchell, J. K. and B. A. Jones, 1976. Micro relief surface depression storage:

analysis of models to describe the depth storage function. AWRA Water Resources

Bulletin, 12, 6.

Mitchell, J. K. and B: A. Jones, 1978. Micro relief surface depression storage:
changes during rainfall events and their application to rainfall-runoff models.

AWRA Water Resources Bulletin, 14, 4.



170

LT

ST
8T
61
92
€
LT
8¢
LS
9
Le
1 X4
(4§
Lz
S
(48
9e
te
€
LT
L
L
0

furtpunog ©uUO3BQTH ICJTUOR

Lz

€T
0¢
ve
62
8

92
8S
L6
€T
1 43
8t
62
14 4
ST
I
€
8t
9

(4
8T
S

v

8T

9T
91
6T
Lz
4

114
62
1 £
9

9¢
ve
eI
Tt

9

~

“
re
8¢
1 4
se
1
9
T

0ot

L
TE
EE
ob

81
1€
IT
L
11 4
LE
11
St
oe
ot
114
k1]

LY
LT

uoxyx

9T

Tt
114
LA
12

oT
ve
14

Lz
82
et
Le

ot
St

NOweO

punodriTng otezing

se

LT
Lz
ce
ve
0T
9T
(7] 8
08
61
-1
62
(44
124
44
ot
8T
14 4
3

11
T4
8

9

L A®

(48
&t

ureuw

I86T
086T
6L6T
8L6T
LL6T
9.61
SL6T
VL6T
EL6T
cL61
TILE6T
oLeT
6961
8961
L96T
99671
S961
P961
€961
2961
¥96T
0961

"spaystaeam 8o 105 ww w (qyS) ydap jyouns Suudg -8 siqe],



171

619¢cT
ccevvl
6626599
29021V

SZEE9TZ
0L6066LE
000021IST
TTILTIVPL
9680LE
0008967
oooocey

S0819

8ZeL8T
61I8PZT
6tevet
LED6VT
000080T
0000912
$008028
00008082
8ZeZLeT
SZr991
000v8SOT
oooveoe
00096021
veggee

iviocy
ESSLST
C80LELT
88ESSTIT
SE0S0T
9LELIVI
6G92Z8S2e
SETPO92ZT
TLO00TZ
F29L9€
TLYZSEL
6S0TISTE
06008268
009S8LT
S9EELS?
885292
qeero9ct
SE0SOT
PCZEST
Lyvesr .
SE0S" .
Lvesel

Burpunog euo3zsqry I03TUORN

6Z6LTILS
Z80L6T9
ESTSEEST
90L00TIC
£SE0S0T
8TILLEOS
6G2099ST
9LILE6TIECT
Tv69LLS
c88680L
v69.682¢
88EEB00T
a66LESES
V6CSSLST
v688YIY
6CTLIVIS
PZro1I6T

& & X

G o
A i

ucxr

8ESLSC
PSTBLEY
EETIVICT

YL9SPSZE
€CEe91e
8291TLIY

C9CISLT
9veeyot
vvLevov

ZXZ XX

7609S2¢t
€S6S€EBZ
o0o0vorY
CBOEELT
SEBL66
62E89vC
6S8EVYOY
0009S96T
000SsveE
0000912

punodyIng orezsng

00006
SLZ6SY
T8807S
S989¢tY
18809S
9LILISC
000Z6€ET
OvOEBLTIY
LLLSBIT
C9LTBOT
089TTILOY
00CZ6EET
ovoeZIiLSe
S9G2011
00¢006ST
ovvssey
009s0TY2

Axzzog

0

6869V
LEGTBC
6LGEG

0

azesee
v.LBEIS
aoLeeey
YLYEVPED
6LEEG
TY6PPSE
PLBESS
CIVI9EST
0
YL99SYT
SOLSTET
LYIELSYT

TTeATY

T861
0861
6LET
8L6T
LL6T
9L6T
GL6T
vL6T
EL6T
ZL6T
TLET
0461
6961
8961
L9961
9961
S961
¥961
€961
2961
1961
0961

'spaysiarem Yo 103 (¢wr) sswnjoa yyouns Suudg :z-g ajqey,



172

‘v3IRpP FO 8IWOA = N purv OTISTIR]S
UOTRIOIXOD = Y o .N&uc IV =g Am..s ebvxo3s uorsseadep-ox0oTW UTBRQ = W

pejernbey g7 SS9°0 “Ive 9LT‘9€2Z’'2~  Hurpunog
Tean3eN p1 LY8°0 "SIE 96E’'SES ‘S~  euojzsqrTy
pejeInbey 2z 96V 0 "96T vee ‘258~ FOJTUOR
TeInjeN L1 98L°0 i :1X: 000 ‘000 ‘€T~ uoxx
pejeInbey L1 vLI'O "92€ 269 ‘€665 ‘2~ punodiTng
TeznjeN 01 £€S8°0 ‘LYZ 298’‘1€2 ‘2~ otezzng
pejernbey 91 92z 0 ‘902 ZIv‘zot- ‘ur pootd
pejernbey LT I8€°0 ‘268 LS LIV ‘v~ Lzzeg
TeanjeN LY IET"0 "€02 29s’'voe TTeATY
UOTRTPUOD
MOTH N zd a A" 4 urseq

"SUISEq BUIqIY SUTU JOJ Blep uoissaiday :¢-g Iqey,



173

‘pejRUTWITe® ®3ep G961 UITA viep Ind3ano ST ZIOCITUOR

‘eqep (S86T) Wuad,

‘898 ‘9662 “eve °6 ‘9LT‘9€Z ‘2~ . bHutpunog
°L69 - *O0€8T ‘STE ’8T "96€'G€S 'S~ suolsqTy
‘92t "8EYT "SLT ‘S *Z2G0’'LY8~ ZI0JTUOCH
‘92t “8EVT ‘961 i 4 ‘pZ8‘2s8- IO0JTUOR
"9L6 "68VE ‘8L8 ST *000 ‘000 'ET~ uoxx
"Lye "60L "8ve 6 *z98’'1€2'2~ otezznd

<= = === - ™ ----- > W ¢

®ATQ0©3JO ssoxb TYaEIY ebezo3zs uorsseadep urseq

#Oﬂ@.ﬂﬂ wvaa

*S3)RWLT}S? 1o1op a8e101s uoissardop pue VAUV :p-8 2lqeL



174

Table 8-5: Drainage density and runoff depth relationships.

channel drainage
basin length AREAl density SRD-D8

kn knm 1/km mm
Buffalo 61. 248. 0.246 16
Iron 300. 878. 0.342 15
Monitor 169. 196. 0.862 14
Monitor2 169. 175. 0.966 13
Ribstone 254. 315. 0.806 9
Sounding 260. 242, 1.074 8

Monitor2 is output data with 1965 data eliminated.




Table 8-6: Depression storage, area and channel slope data.

175

basin slope water area DS DS’
km? mm mm
Buffalo 0.004354 0.972 9 9
Iron 0.00145 22.34 15 16
Ribstone 0.000725 26.15 18 17
Sounding 0.000967 17.58 9 9
D8’ = -13.1 + 4758.3 glope + 1.007 area

R = ,941,




Table 8-7: AREA1 and depression storage deficit estimates,

176

Permut. Buffalo Izon Ribstone Sounding Sum
of X2 DS’ DS D8’ DS D8’ D8 D8’ D8 |DS-D8’ |
1234 8.60 9. 16.30 15. 16.68 18. 9.20 9. 3.22
1243 8.60 9. 16.30 15. 8.05 18. 17.83 9. 20.48
1324 8.60 9. 20.13 15. 12.85 18. 9.20 9. 10.89
1342 8.60 9. 20.13 15. 8.05 18. 14.00 9. 20.48
1423 8.60 9. 11.50 15. 12.85 18, 17.83 9. 17.89
1432 8.60 9. 11.50 15. 16.68 18. 14.00 9. 10.22
2134 30.11 9. -5.22 15. 16.68 18. 9.20 9. 42.86
2143 30.11 9. -~5.22 15. 8.05 18. 17.83 9. 60.12
2314 30.11 9. 20.13 15. -8.67 18. 9.20 9. 53.12
2341 30.11 9. 20.13 15. 8.05 18, -7.52 9. 52.711
2413 30.11 9. 11.50 15. -8.67 18, 17.83 9. 60.12
2431 30.11 9. 11.50 15. 16.68 18, -7.52 9. 42.45
3124 33.95 9. ~5.22 15. 12.85 18. 9.20 9. 50.83
3142 33.95 9. -5.22 15. 8.05 18, 14.00 9. 60.12
3214 33.95 9. 16.30 15. -8.67 18, 9.20 9. 53.12
3241 33.95 9. 16.30 15. 8.05 18. -7.52 9. 52.71
3412 33.95 9. 11.50 15. -8.67 18. 14.00 9. 60.12
3421 33.95 9. 11.50 15. 12.85 18. -7.52 9. 50.12
4123 25.32 9. ~-5.22 15. 12.85 18. 17.83 9. 50.53
4132 25.32 9. -5.22 15. 16.68 18, 14.00 9. 42.86
4213 25.32 9. 16.30 15. -8.67 18. 17.83 9. 53.12
4231 25.32 9. 16.30 15. 16.68 18, -7.52 9. 35.45
4312 25.32 9. 20.13 1i5. -8.67 18. 14.00 9. 53.12
4321 25.32 9. 20.13 15. 12.85 18. -7.52 9. 43.13
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Figure 8-1, - continued.
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Figure 8-1, - continued.
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Figure 8-1, - continued.
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Figure 8-1, - continued.
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Chapter 9
SYNTHESIS

9.1. Introduction

The preceding chapters provided several analyses of the hydrologic processes on the
prairies of eastern Alberta. The intent was twofold: first, to address the objectives
stated in chapter 1; and second, to test the hypothesis of a three phase soil system
being the critical control mechanism for of runoff for the watershed in the study area.
In effect, these two intentions were complementary. The objectives focused on the
precipitation phase, and the resulting snowmelt and/or rainfall runoff; and the soil
system and contributing area, two parameters that are strongly related under the
conceptual discussion of the three phase system. The role of detention and depression
storage in the runoff process was addressed. These two processes combine to create
the saturated soil phase that is theorized to be so critical to the possibility of any runoff
beyond the snowmelt runoff period.

The three phase model was introduced in section 3.3 with the following discussion.

The Prairie Runoff (PR) Conceptual model represents a three phase theory of
prairie river runoff processes. The phases are defined in terms of the soil system:
the frozen soil runoff phase deals with snowmelt and rainfall when the soil profile is
frozen and, except for initial infiltration losses, essentially impermeable. The
second phase, the active soil phase, deals with snowmelt and rainfall as inputs to the
active soil moisture system. Inputs are allocated to the soil moisture deficit first,
then depression storage and finally, to streamflow runoff. The third phase, the



saturated soil area, deals with those areas within the watershed directly connected to
the channel network and fully saturated during the runoff season. These areas are
assumed to have a runoff coefficient of 1.0;

9.2, Conclusions

1. The frozen soil phase area that contributes to runoff in most years varies
little, and may be assumed to be a constant. Several points support this
contention. First, the soil is frozen, and incapable of interacting with the
snowmelt runoff (after initial infiltration). The variable area concept is
based on the soil infiltration/storage functions interacting to reduce
runoff potential on a distributed basis as a function of the soil properties
and moisture storage levels. Since snowmelt infiltration into frozen soils
is limited, the controlling mechanism for contributing area is depression
storage and thus, topography. Second, the quantitative arguments
developed from the analyses in Chapters 5 and 8 demonstrate a strong
linear relationship between snowmelt runoff depth (SWE-INF) and
spring runoff volume. The linearity of this relationship imposes a

constant area on the frozen soil phase.

2. There is no runoff from the soil system beyond snowmelt that
contributes to the streamflow recorded in the study basins in the vicinity
of Ribstone Creek or to the south and east of Ribstone, within the study
area. The extent of this lack of runoff to the north and western sectors is
unknown, but is theorized to be a significant distance. Chapter 6
presents a series of analyses of the active soil phase for a number of
climate stations near Ribstone creek. The analyses, based on
assumptions that favoured the generation of runoff, failed to demonstrate
any occurrence of runoff from historical climatic data. At the very least,



this analyses supports the contention that there is minimal runoff to
streamflow from the active soil phase; and in that case, only in very rare

events, and insignificant quantities relative to snowmelt runoff.

3. The saturated soil phase is virtually the only source of runoff in addition
to snowmelt. The analyses in Chapter 7 support this contention; as do
the occurences of relatively small runoff peaks associated with summer
rainfall. The volume of runoff typically does not relate directly to the
depth of rain. Instead, the volume relates to the current discharge level
in the basin. If the rainfall occurred shortly after snowmelt, the volume
would be greater than that from a similar storm occuring later in the
season. There would typically be no runoff associated with rainfall on
the basin once streamflow had ceased, even in the case of very heavy
storms. Therefore, the occurrence of summer runoff would have to be
related to antecedent moisture conditions; and in this case, to the extent

of the saturated phase in the basin.

4. Depression storage is a dominant factor in controlling runoff volumes
from all soil phases; and, the mode of depression storage interaction with
runoff is assumed to be micro-depression storage. Two magnitudes of
depression storage were identified; micro and macro. The macro storage
had been assumed by many researchers to exert a dominant control over
the streamflow runoff on the prairies, and this is the case to some degree.
However, macro depression storage is typical of closed drainage basins
that do not interact with the stream channel network. Large depressions
within a channel network would be destroyed as a major storage
depression by erosion of the outlet. Most of the larger depressions are



low points that serve as the focal point of a closed drainage basin. The
water level in these depressions would be a function of the evaporation
rate, groundwater interaction (net influent or effluent) and the size of the
closed basin. The analyses in Chapters 5 and 8 show that depression

storage losses in every snowmelt runoff event are significant; and

constant. This is inconsistent with the nature of major depressions, since
they will have varied available storage, depending on groundwater
interaction and seasonal evaporation. Therefore, the depression storage
losses associated with snowmelt must be sufficiently small to be
completely depleted before the next snowmelt. This depression storage
has been termed micro depression storage here, and is defined as storage
that is depleted in each year by evapotranspiration and percolation to the
regional groundwater system. Therefore, the storage is always empty in

the spring, and depression storage losses are always constant.
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WP, SWE and 6, Spatial Fields
for Ribstone Creek, 1968-80
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Figure A-15: 1969 SWE spatial field in mm H,0 equivalent.
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Figure A-24: 1978 SWE spatial field in mm H,0 equivalent.
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Figure A-25: 1979 SWE spatial field in mm H,0 equivalent.
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Figure A-28: 1969 Op spatial field in mm H,0 equivalent.
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Figure A-30: 1971 Op spatial field in mm H,0 equivalent.
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Figure A-31: 1972 ep spatial field in mm H,0 equivalent.
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Figure A-32: 1973 Op spatial field in mm H,0 equivalent.
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Figure A-33: 1974 8, spatial field in mm HoO equivalent.
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Figure A-34: 1975 6 spatial field in mm H,0 equivalent.
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Figure A-35: 1976 Op spatial field in mm H,0 equivalent.
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Figure A-36: 1977 OP spatial fie:.; inmm H,0 equivalent.
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Figure A-37: 1978 8, spatial field in mm H,0 equivalent.
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Figure A-38: 1979 6 spatial field in mm H,0 equivalent.
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Figure A-39: 1980 Op spatial field in mm H,O equivalent.
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Appendix B

STUDY AREA WP AND SWE SPATIAL
FIELDS, 1960-81

The WP and SWE spatial pattems over the study area are highly varied on a spatial
and temporal basis from year to year, and demonstrates a significant spatial variation
within each year. This appendix contains the grey level contour maps for both of
these parameters for the period 1960-81.

Ocassionally, an image may have several contours with very erratic or square shapes.
These are due to large areas having values approaching 0. Roundoff error in the
programs would result in there being no distinct pattern; hence the contouring routine

would produces an erratic image.
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Appendix C
SNOWMELT ALGORITHM

The analyses in several chapters required an estimate of the daily snowmelt as a
depth of water. The method that was selected was developed for use in the UBC
watershed model (Pipes and Quick, 1977). The method recognizes there are three
main sources of energy which produce snowmelt: convective heat transfer from warm
air; net radiant energy gain from shortwave and longwave radiation exchanges; and
latent heat gain/loss from condensation or evaporation on the snow surface.

Radiation and humidity data are not readily available for remote areas. Pipes and
Quick developed a simplified melt formulation using air temperature to estimate the
three energy sources. The convective heat transfer is represented by the mean daily
temperature above freezing. The daily temperature range is considered to represent
the net radiant energy gﬁn during the day. However, radiation melting only occurs if
the minimum temperature is above freezing. The minimum temperature is utilized as
an approximation of the dewpoint. If the dewpoint (minimum temperature) is below
freezing, then the radiant energy is assumed to produce sublimation, rather than
melting. The condensation to or evaporation from the snowpack is a function of the
range of the difference between the dewpoigt and the freezing point.

A snowpack that has been subjected to cold weather will have temperatures well
below the melting point. The affect of antecedent temperature conditions on the
snowpack are quantified with a cold storage equation containing a decaying function.



9

Pipes and Quick refer to this equation as a negative melt budget. The negative melt
decay function limits the affect of daily temperature conditions to the previous ten
days (give or take one day). The negative melt formulation is

TREQ; = ANMLTF x TREQ, | + TMEAN, D

where TREQ; and TREQ, ; are the snowpack cold storage values on days i, and i-1,
TMEAN,; is the mean temperature on day i, and ANMLTF is the decay constant.
ANMLTF = 0.85 was suggested as an appropriate value for a prairie situation
(Michael Quick, Civil Engineering, UBC, pers. comm.).

When the snowpack cold storage has been exhausted, snowmelt begins. The daily
snowmelt is determined with the open-area melt equation

MELT; = PTM (TMAX; + TCEADJ x TMIN)) (C2)

where i is a day counter, MELT,; is the melt depth (mm), PTM = 1 mm/ ° C, (point
melt factor), TMAX is the maximum daily temperature, TMIN,; is the daily minimum
temperature, and TCEAD] is the energy partition multiplier, defined as

TMIN; + T, /2
XTDEWP +T,12 €3)

TCEADJ =

T, is the daily range of temperature, and XTDEWP = 18 ° C. XTDEWP is a reference
dewpoint controlling energy partitioning between melt and sublimation. The
constants used were taken from the laboratory and field calibrations carried out at
UBC (Michael Quick, Civil Engineering, UBC, pers. comm.).

For a day with TMAX = 10 ° C, TMIN = 2, TCEADJ = 0.273, and the daily

snowmelt would be 10.6 mm.
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