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ABSTRACT

Annual, seasonal, and daily discbarge patterns determine many of the physical and
biological properties of a stream. Natural short- and long-term variation of streamflow is
piirt of the normal processes of a river or stream whereas artificial short- and long-term
fluctuations can disrupt the natural processes of a river. It is critical to recognize mid
identify such artificial fluctuations and disturbances to have a more complete
understanding of river systems. This understanding can be used to modify current
management efforts to achieve more natural flow regimes. A new procedure using dualtimescale graphs is presented to visualize streamflow characteristics and to measure
temporal change objectively. Theoretical development, procedural guidelines, and
interpretation of results are included in the development of this new approach.
The raster-based method is applied to two large river systems in the western United
States. Data from twelve U.S. Geological Survey (USGS) streainflow stations within the
middle and upper Snalte River Basin and upper Colorado River Basin were analyzed
using a dual-timescale raster-grid to identify flow signatures and disturbances. Patchanalysis and pattem-quantification tecliniques used in landscape ecology were applied to
dual-timescale raster-based hydrographs. Both river basins included gaging stations
where minimal human-caused disturbances have taken place within the respective river
basin. These stations function as control sites for interj^retation of grid-correlograms and
patch-analysis results.
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CHAPTER I
INTRODUCTION

1.1 Backgroiind
Annual, seasonal, and daily patterns of discharge detemiine many of the physical and
biological properties of a channel. The volume of water conveyed by a channel affects
water supply, riparian habitat, stream ecosystems, power generation, and recreation. It is
also important to know the timing of flow within and between years. Understanding the
temporal variability of the hydrologic regime can improve natural and water resources
management efforts,

1.2 The hydrologic regime
Stanford et al. (1996) discuss how river systems are disturbed and suggest a general
protocol for restoration of regulated rivers. They state that human-caused perturbations
"uncouple" important ecological processes linking ecological components in large rivers.
These disturbances are (a) water pollution, (b) food-web manipulation through
harvesting, stocking, and exotic invasion, and (c) alteration of wate,r, temperature, and
,material flux via dams, diversions, and revetments. Short- and long-term dynamics cause
the mosaic of flood-plain and channel structures to create a constantly changing habitat.
As a result, a patchy distribution of resources needed for different organisms occurs
within the heterogeneous landscape. One approach for river restoration is to allow a
more natural seasonality of flow. The questions then become "How is a natural flow
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defined?" and "What guidance can be given to managers to produce a more natural
flow?"
Poff et al. (1997) describe a set of discharge characteristics related to ecological
integrity and outline an approach where streamflow is a "master variable" correlated to
many physical and chemical properties of a river system such as channel morphology,
water temperature, and habitat diversity. These factors affect the abundance and
distribution of riverine species. They list critical components of the flow regime which
include magnitude, frequency, duration, liming, and rate of change. All components vary
on time scales of hours, days, seasons, years, and longer.
The magnitude is the volume of water moving past a point over a specified time
period. The frequency is the recurrence time period (typically years) of a discharge
above a specified level. The duration is the length of time associated with a specific
discharge. Timing is the day or days of the year a flow occurs. Finally, rate of change is
how the magnitude varies over a specified period of time (Poff et al. 1997).

1.3 Problem statement
Current methods are insufficient to describe the temporal variability of streamflow,
especially when records consist of thousands of data points. Olden and Poff (2003)
examined 171 different hydrologic indices that have been developed to explain some
aspect of streamflow. They tried to find a minimum number of uncorrelated
measurements needed to describe the hydrologic regime. These 171 indices either
summarize the general chai-acteristics of the f1,ow regime or describe a specific
characteristic of flow. By summarizing the data, infonnation about streamflow
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variability is either lost or false information is inadvertently introduced into analyses.
Some measurements, such as a moving average, can mask or lose information caused by
either natural or human influences. Using monthly averages reduces tlie amount of data
but can lead to arti ficial temporal-signatures. The homogenizing of data complicates and
hinders the identification of some streamflow patterns and impacts. Data examined with
prior knowledge of a specific disturbance has occurred; dismissing subtle, unknown, or
unidentified causes of variation as noise, may affect results and could cause biased
analyses and lead to erroneous conclusions. This paper demonstrates an innovative
approach to streamflow analysis through raster-based grid-pattern analysis techniques not
previously applied to strearaflow records.

1,4 Research hypothesis
Assuming that a streamflow record reflects the cumulative effects of any hydrologic
disturbance within a watershed it is possible, with the proper tools and procedures, to
identify and quantify streamflow variability on an inter-aimual and intra-annual
timescale.
Many indices require statistical methods to describe streamflow amounts and
variability. Annual hydrographs typically show average flow for each day of year over
some period of record, with some type of extreme or probability value above and below
the mean. Monthly-mean values become target discharges when trying to re-create a
more natural flow. Whereas these methods describe streamflow amounts, they are not
adequate to explain, temporal variability on a short-temi basis, nor are they adequate to
provide guidance in determining the natural flow pattern of a river.
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To reproduce natural flow-patterns, targeted discharge must replicate the temporal
variability within and between years. New tools are needed, such as the dual-timescale
raster-hydrograph and grid-correlognun to show daily- and yearly-flow volume and flow
variability simultaneously. The resulting pattern of patches for different flows at
different times of the year is central to characterizing, understanding, and replicating the
natural temporal variability of a river.
The raster-based methodology presented in this study allows for the identification,
quantification, and visualization of streamflow variations across daily, monthly, seasonal,
yearly, and decadal time-scales using pattern analysis developed for landscape ecology
and pemiits the calculation of a grid-based autocorrelation function.
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CHAPTER 2
PREVIOUS STUDIES

2.1 Traditional methods
Statistical and time-series analyses are well-developed and useful techniques for
hydrologists, engineers, natural resources managers, biologists, ecologists and other
professionals studying certain aspects of hydrology. Often researchers, resource
managers, and the general public wish to have a more complete understanding of
streamflow patterns. Data characteristics provided in the literature include averages
(mean daily-flow, mean monthly-flow, and annual volume) or extreme events (annual
peak-flow, annual or seasonal low-flow). Examples of such data characteristics include
those published by liritish Columbia Forest Service (1993), Brooks et al. (2003), Cochise
County (2002), Koehler (1988), Koehler and Ball (1998), Menard (1974), Pool and Coes
(1999), Richter et al. (1996), and The Nature Conservancy (1997).

2.2 Discharge indices
Ivong (1994) describes a method for assessing cumulative impacts on wetlands. She
notes that certain analysis techniques reveal different time-scales when disruption to
basic flow patterns may have occurred. Tliis information is significant when performing a
cumulative-impact analysis (CIA). She further notes that water-level patterns largely
determine the nature of wetlands. Historic water trends can explain changes to wetlands
and tlie resulting landscape-biotic composition. Characterizing these historic water-level
trends through hydrologic indices is one such approach.

Hydrologic indices may be simple or complex. Simple indices reveal features of
streamflow and include parameters such as mean, median, and range of flows. One
problem is that "simple indices fail to describe adequately periodicity, seasonal behavior,
or evolution of stream character resulting from land-use changes and channelization".
More complex indices may detect additional discharge patterns not possible with simple
indices. These more complicated metrics may yield more insight into a cumulativeimpact analysis. Time-scale analysis can compare relative short-term vs. long-temi
fluctuation in stage/levels of flow to determine complex patterns in the daily streamflow
record (Long 1994). The approach by Long uses fractal analysis and a root-mean-square
change over time. She concludes that streamflow and ground-water records are available
in many locales and may yield clues to define present wetlands whose current conditions
are determined, at least in part, by historic water conditions.
In another study. Olden and Poff (2003) applied 171 hydrologic indices from 13
publications to 420 long-term discharge stations in an effort to identify duplication and
redundancy. They found that many metrics correlated and that researchers have little
guidance to select a subset of indices adequately describing the main aspects of the flow
regime. Of the 171 indices in the study, 55 percent describe magnitude, 8 percent
frequency, 26 percent duration, 6 percent timing, and 5 percent flow change. The authors
state that guidance for selecting a minimum number of indices would be an important
contribution to the field of river research. Data visualization was not part of their study.
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2.3 Indicators of liydrologic alteration (IHA)
Richter (1i>99) states that hydrologists tend to use statistics like monthly or amrual
averages, flood-jxequency distributions, and multi-day (i.e. 7-day) averages to
characterize drought conditions. Ecologists, on the other hand, are concerned about the
duration of annual-flood pulses, high- or low-flow extremes, the timing of those
conditions, mid the rates at which water levels rise or fall. Richter et al. (1996) point out
that intra-annual as well as inter-annual variation of streamflow is essential to many
aquatic, riparian, and wetland species. Intra-annual measures include daily or monthly
averages, and extreme flow ranges within a year. Inter-annual cotnparisons consist of
examining any number of parameters from year to year to detect changes and trends.
Based on the work of Richter et al. (1996), The Nature Conservancy (TNC) has
developed softwai'e to compute 33 statistical values (Table 2.1) based on average daily
discharges (TNC 1997). The software manual states that when examining the 33
parameters before and after some event of interest, up to 66 values of central tendency or
"indicators of hydrologic alteration" are available for a paalicular analysis. For long-term
streamflow changes, a time trend analysis of any of the 33 parameters is available.
The premise of TNC software is that a specific parameter or set of parameters
measure change to the hydrologic regime. Several resource agencies currently use this
approach to document alterations to a river. However, the TNC software is limited when
quantifying temporal discharge variability. Temporal indices are limited to monthly
averages and Julian dates of minimum and maximum events. The software summarizes
daily dischtU'ges with measures of average, median, standard deviation, and coefficient of
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variation. Techniques are not available to tabulate the persistence of specific flows from
year to year. Additionally the association between parameters is not possible with the
TOC software.
Within the IHA, an approach is outlined v^'here the target parameter range of
variability (RVA) matches either the ±1 standard deviation orthe25"'-75''' percentile
range from a streamflow record period where "human perturbations to the hydrologic
regime were negligible" (Richter et al. 1997). The TNC software has become a widely
used and recognized method to evaluate hydrologic alteration. Table 2.2 lists the
limitations of the IHA approach. The raster-based analysis approach described in this
study can complement existing techniques such as IHA to overcome these limitations and
provide a more complete streamflow analysis witli greater data visualization.

TABLE 2.1. Summary of Indicator of Hydrologk Alteration (IH A) parameters
(The Nature CoBservaiicy 1997)

Statistics Group
Magnitude of monthly water
conditions

Hydrohgic Parameters
Mean value for each calendar
month

Ecosystem Influence
•
•
•
®
®
®
•

Habitat availability for aquatic
organisms
Soil moisture availability for plants
Availability of water for terrestrial
animals
Availability of food/cover for furbearing mammals
Reliability of water supplies for
terrestrial animals
Access by predators to nesting sites
Influence water temperature, oxygen
levels, photosynthesis in water column

12 parameters
Magnitude and duration of
annual extteme water
conditions

Annual 1-day minima

Balance of competitive, ruderal, and
stress- tolerant organisms

Annual minima, 3-day means

Creation of sites for plant colonization

Annual minima, 7-day means

Structuring of aquatic ecosystems by
abiotic vs. biotic factors
Structuring of river channel
morphology and physical habitat
conditions
Soil moisture stress in plants
Dehydration in animals
Anaerobic stress in plants
Volume of nutrient exchanges between
rivere and flood-plains
Duration of stressful conditions such as
low oxygen and concentrated
chemicals in aquatic environments
Distribution of plant communities in
lakes, ponds, flood-plains
Duration of high flows for waste
disposal, aeration of spawning beds in
channel sediments

Annual minima, 30-day means

Annual minima, 90-day means
Annual 1-day maxima
Annual maxima, 3-day means
Annual maxima, 7-day means
Annual maxima, 30-day means

Annual maxima, 90-day means
Number of zero-flow days (zero
flow)
7-day minimum flow/mean for
year (base flow)
12 parameters
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TABLE 2.1 continued

Statistics Group
Timing of annual extreme
water conditions

Hydrolo^ic Parameters

Ecosystem Influences

Julian date of each annual 1-day
maximum

•
«

Julian date of each annual 1-day
minimum

®
®

Compatibility with life cycles of
organisms
Predictability/avoidance of stress for
organisms
Access to special habitats during
reproduction or to avoid predation
Spawning cues for migratory fish
evolution of life history strategies.
behavioral mechanisms

2 parameters
Frequency and duration of
high and low pulses

Number of low pulses within
each year

•
•

Mean duration of low pulses
within each year

•
•

Number of high pulses within
each year
Mean duration of high pulses
within each year

9

Frequency and magnitude of soil
moisture stress for plants
Frequency and duration of anaerobic
stress for plants
Availability of flood-plain habitats for
aquatic organisms
Nutrient and organic matter exchanges
between river and flood-plain
Soil mineral availability
Access for waterbirds to feeding,
resting, reproduction sites
Influence bedload transport, channel
sediment textures, and duration of
substrate disturbance (high pulses)

4 parameters
Rate and frequency of water
condition changes

Means of all positive differences
between consecutive daily
values
Number of hydrological
reversals
3 parameters

Drought stress on plants (falling levels)
Entrapment of organisms on islands,
flood-plains (rising levels)
Desiccation stress on low-mobility
sti'eam-edge (varial zone) organisms
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TABLE 2.2 Limitations of the IHA method

LimUatkm

Item
1

Climatic effects or surface-water diversions not taken into account

2

Daily streamflow variability not determined

3

Bi-rnodal flow regimes not addressed

4

Hydrologic regime not described, only parameter differences examined

5

Entire discharge record not used

6

large number of parameters needed

7

Graphing and visualization tools limited

8

Temporal measurements limited

9

Some parameters highly correlated

10

Impact must be identified before analysis

11

Cross parameter analysis not available

12

Guidance lacking for mixed results

13

Range of Variability Approach (RVA) limits are arbitrary

14

Summarizes data with averages, medians, and occurrences

CHAPTER 3
GRAPHING AND VISUALIZATION TECHNIQUES

3.1 Temporal issues
Graphs of annual peak discharge do not convey the time of year an event occurred. It
is impossible to determine whether an event was the result of a single storm event or the
cumulative effect of multiple storms. For example. Pool and Goes (1999) state that the
upper San Pedro River watershed, in southeast Arizxma, has two distinct precipitation
seasons. Records show that changes in the seasonal distribution of precipitation have
occurred and have resulted in a change of hydrologic characteristics of the San Pedro
River. Specifically, the summer monsoon (typically from early-July through September)
dominated annual runoff before 1960, whereas during the period from I 960 through
2002, annual runofl' had a more even distribution between summer and winter (November
through Febraaiy) seasons. The result is that peak annual flows, which previously
occurred only during the summer, can now occur during either the summer or the winter
season.
When analyzing an tmnual-peak flow-series, data from different types of flow events
(rain-on-snow ranoff, tropical storm rainfall, or dam breaks, for example) could produce
misleading results because data are from different populations. Using a dataset with
different types of flow-events may violate the basic assumption that data have consistent
statistical properties over time. Unless graphing and analysis techniques are available to
show more temporal information, improper analyses might take place.

3.2 Data visualization
Access to large datasets is common with online websites such as provided by the U.S.
Geological Survey (IJSGS). Haan (2002) states that because of the large amounts of data
available to hydrologists, graphical display of the information is a usetlil initial step in
data analysis. The most common graph is a time-series plot of magnitude versus time.
However, the specific graphical technique used will depend on the purpose of the
analysis.
Keim and Kreigel (1996) note that visual data-mining techniques have proven to be
of high value in exploratory data-analysis and those techniques have a high potential for
mining large datasets. Graphs provide crucial information to the data analyst that is
difficult to obtain in any other way. The authors state, "Computing statistical measures
without looking at a plot is an invitation to mismiderstanding data". Graphs also clarify
complex relations between variables and pemiit pattern-detection. Visualization can
provide more information than a table of numbers, which often leads to new
understanding and decisions based on more information (Helsel and Hirsch 1991).
Koehler et al. (2002) proposed criteria for graphing hydrologic data to maximize the
information provided from a single graph (Table 3.1), Item 1 is consistent with Helsel
juid Hirsch (1991) who suggest avoiding artificial three-dimension graphs because some
data points can hide other data points. Item 2, comparing data within and between years,
is the visualization equivalent of the intra-annual and inter-annual variability referred to
by Richter et at. (1996). The remaining four items provide for a concise and efficient
display of infomation on a single graph.
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TABLE 3.1 Proposed Graphing Criteria for Hydrologic Data
(Kochlcr et al 2002)

hem

Graphing Criteria

J

Show all data equally well without biding or covering any data points

2

Compare data within and between years

3

Identify natural and artificial streamflow patterns

4

Display a large range and amount of data

5

Identify outliers as well as short- and long-term streamflow patterns

6

Keep graph size to a minimum

3.3 Pixel-based graphs
Another graphing technique to use on hydrologic time-series is a pixel- or rasterbased approach. Each pixel represents a single value of a dataset with assigned
coordinates and a color or shade to create a two-dimensional image. A raster-based
graph is not commonly used in hydrologic analyses.
Keim (2000) notes the basic idea of a pixel-based visualization technique is to
represent as many data objects as possible by mapping a value to each pixel and
arranging the pixels according to a defined coordinate system. Keim and Kriegel (1996)
state that the pixel-based method allows data properties to be determined from overall
brightness and color distribution with sharp borders representing discontinuities.
Visualization allows identification of similar attributes and associations by similar color
and contrast between two data points.
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The Areci bo Message shows the general principle of creating a raster-based image
from time-series data. Frank Drake, then professor of astronomy at Cornell University,
developed the content of the message sent from the Arecibo radio astronomy tacility in
Puerto Rico. The 1974 message was transmitted on a frequency of 2,380 MHz ami
consisted of 1,679 binary bits representing ones and zeros. The number 1,679 was
selected because it is the product of two prime numbers, 23 and 73. Figure 3.1 shows a
portion of the Arecibo Message. Time is plotted horizontally with either a 1 or 0
representing the data. The resulting figure does not provide any readily discemable
information beyond the value of the data points. However by displaying the same data
within a 23 by 73 grid, the message forms a symbolic picture 23 by 73 characters (Figure
3.2).

. . .0 0 1 0 0 0 1 1 1 0 1 0 1 1 0 0 0 0 0 0 0 0 0 . . .
FIGURE 3.1 Illustration of a portion of the binary Arecibo Message

Although the signal is artificial the Arecibo Message in Figure 3.2 demonstrates that
a time-series treated in raster-based manner can provide additional information beyond
the numbers that are contained within the dataset itself.
Although Keim and Kriegel (1996) express reservations that for most databases
"there is no standard mapping into Cartesian coordinate system, since the data has no
inherent two- or three- dimensional semaritics", this is not necessarily the case with timeseries data. By graphing subsets of data at some interval along the x-axis and stacking the
subsets along the y-axis, a rectmigular plot is possible.
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FIGURE 3.2 Raster-based image of the Arecibo Message.

Figure 3.3 shows a raster-based hydrograph of the Colorado River at Lees Ferry,
Arizona (AZ). Table 3.2 describes the patterns in Figure 3.3 (Koehler 2001), By
examining color changes along the x-axis, daily, weekly and monthly patterns are
revealed. Similai'ly, color changes along the y-axis show annual and inter-annual
patterns. Koehler and Ball (1998) used this technique to display flows 0.07 cubic meters
per second (mVs) or less for the San Pedro River at Charleston, AZ, using 60 years of
daily values (figure 3.4). This graph highlights the increasing number of low-flow days at
this location.
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FIGURE 3.3. Graph of raster-hydrograph, Colorado River at I.ees Ferry, AZ

TABLE 3.2. Hydrograph patterns, Colorado River at Lees Ferry, AZ.
Item
A
B
C
D
E
F
G
H
1
J
K
L
M
N

Description
Start of the new water year
Late season storms where flows are enhanced for months after the event
Autumn flow increase as riparian water use decreased
Decrease flow with increased icing in headwater regions
Christmas power regulation pattern
One day low flow when first diversion tunnel is closed on Glen Canyon Dam
Flow increases with spring thaw
Artificial flood of 1996
Seasonal flow increases from snowmelt runoff
Initial filling of Lake Powell
Low snow pack years with lower spring runoff
Stair step power regulation effect caused by the precession of weekly patterns
Multiple year effect on reservoir operations from 1983 El Nino
Start of Lake Powell reservoir operations
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DaEissi et al (2000) developed a database-query technique similar to the proposed
method used in this study. They Jbund that classical database browsers are not adequate
to support time-related tasks such as detecting changes with temporal attributes and
relations. Instead, a visual-analysis method, or "agenda", exploits the hutnan-visual
perception abilities and helps with the detection of irregularities and trends. In an
example of a proposed graphic interface, data are plotted in relation to MONTH on the xaxis and YEAR on the y-axis of a Cartesian coordinate system. The authors claim this is
an original approach to the problem.
Flow
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FIGURE 3.4. Graph of days with flow of 0.07 m'Vs or less,
Sitn Pedro River at Charleston, AZ (Koehler and Ball (1998).

A colored pixel-based method to display data can show a large amount of information
in a limited area (Daassi et al. 2000). One disadvantage of this approach is that users
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cannot easily compare two individual data elements. Keim (1996) also notes that this
method can show large amounts of data equal to current computer displays (about
1,000,000 data points). He observes this technique is especially useful for queryindependent data with a natural ordering (e.g. a time-series). One million daily data
points is equal to a period of 2,737 years.
Color is an important element in this graphing method. An image can use color
variation to display a third dimension and show scientific content. Proper tonal balance
and color variation yield new information and insights. Color is an important element
because a person perceives different color hues better than gray hues. Edges and other
hard-to-see features are more easily recognized (Villard and Levay 2002),
Helsel and Hirsch (1991) agree with the opinion of Villard and Levay, stating that
only a small number of shades can be distinguished on a graph or map. Up to five shades
of grey including black and white are easily recognized. More than five shades on a
graph become difficult to discern.

3.4 Spatial-pattern analysis
The methods used in landscape ecology and geographic information systems seem
out of place in examining hydrologic time-series data. However, by creating a rasterbased image, application of these techniques is possible. These methods provide a way to
quantify the patterns seen within the hydrographic image. Spatial-pattern analysis allows
quantifiable measurements of the subjective "clumpy", "dispersed", "random" or
"Ixagmented" properties of an image (Gergel and. Turner 2002). Turner et al. (2001)
provide an overview of landscape ecology and the patterns and processes involved. In the
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section on "Quantifying Landscape Pattern", the authors state the scientific need to
describe and quantify patterning. Many of the reasons to quantily spatial-patterns for
landscape-ecology analyses apply equally well to hydrologic analyses and include;

•

Documenting changes through time,

•

Comparing pattern differences and similarities,

®

Predicting how disturbances aft«ct the spatial-pattem, and

•

Determining how patterns influence the local ecosystem md physical setting.

Most software programs for spatial-pattem analysis handle raster-, or grid-based, data
such as aerial photographs, satellite imagery, field data, and maps. Tliese programs can
process hydrologic data when discharge values are assigned dual-timescale coordinates.
Measurements include cell group number, size, and shape. See Chapter 6 "Raster-based
Analysis" for a more detailed explanation of pattern-analysis applied to hydrologic data.
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CHAPTER 4
DATA MANIPULATION

4.1 Smoothing data
One concern with some hydrologic analyses involves data smoothing and averaging.
Haan (2002) states "aggregating data into averages over lime intervals may cause the loss
of information ...conversely, aggregation may make it possible to more clearly visualize
long-temn, trends because short-term variations about the trend may be removed". Shortterm variation may include usefol infomation. It is possible to view both short-term and
long-term trends simultaneously with a raster-based approach.
One reason often cited for smoothing data is to remove "noise". Whereas a measured
time-signal will always contain some noise due to random influences and inaccuracies,
the perception of noise and noise reduction depend on the prediction tool. Daily
variations often are seen as noise in the dataset. Elshorbagy et al. (2001) advise that
"smoothing the original data, by noise reduction, and using them for future analysis is a
questionable approach and therefore should be discouraged. The removed component
might contain the noise, but it may also carry part of the signal. However, seeking tools
for perceiving and removing the noise from liydrologieal data can be of a significant
value to the field of water resources, given that the removed component can be proved,
beyond doubt, to be noise."
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Analyses, such as discussed by Richter et al. (1996), specifically compute the 3-, 7-,
30", and 90-day maximum and minimum discharges along with mean monthly flows for a
specific location. Pool and Goes (1999) used annual discharges to calculate a 5-year
running average of annual streamflow volumes to identify long-term trends for the San
Pedro River in southeastern Arizona. By using multi-day summaries and running
averages, these studies risk losing useful information as the averaging process will assign
a single value for all days within the multi-day period, removing natural short-term,
variation.

4.2 Temporal analysis
Poff et al. (1997) list timing as one critical component of streamflow. When and how
often discharge occurs affects physical, biological, and chemical fluvial processes.
Quantifying the cyclical components of discharge is important to understanding the
temporal variability of a river. Temporal, or spectral, analysis is a technique used in
hydrology to examine the periodic components of discharge. It is the mathematical
process to describe complex waveforms as a sum of sine waves at various frequencies
and amplitudes. The Fast Fourier Transform (FFT) is a mathematical method of
performing a spectral analysis. Waveforms in this type of study are part of the daily
discharge records. With spectral analysis, it is possible to detect and quantify natural and
artificial short-term and long-term cyclical components, or signatures, in the flow record.
A spectral-analysis graph shows the variance distribution as a function frequency.
Greater variance associated with a specific frequency is represented as a spike on the FFT
graph.

43

Information on periodicities within a dataset is possible with a FFT graph. Also the
effects of data smoothing are seen when comparing FFT graphs for original and
smoothed datasets. An example applied to the Colorado River follows.
Only general discharge patterns are apparent in Figure 4.1 for the Colorado River at
Lees Ferry, Arizona (AZ). For example, yearly snowmelt peaks appear as periodic spikes
before the Glen Canyon Dam operation in 1963, To see more detail in the streamflow
data, either a series of graphs or enlargements of specific sections are required. Applying
spectral analysis to post-dam daily discharge shows cyclical signatures in Figure 4.2.
Distinct signal peaks occur at 2.3, 3.5 and 7-day periods associated with Glen Canyon
Dam regulated outflows. Weekend discharge regulation due to electric power demand is
the reason for these signatures.
Figure 4.3 shows the eftects of a 7-day moving average of the Colorado River at Lees
FeiTy, AZ, record. The periodic signatures seen in Figure 4.2 are no longer present. This
is a result of tlie time interval of the data and the moving average. Figure 4.4 shows the
results of spectral analysis applied to mean monthly averages for Lees Ferry. The signals
in Figure 4.2 are gone while new signals have been introduced. Smoothing data or
monthly averages redistributes and reduces short-term discharge variability and possibly
introduces artificial variability within other frequencies not present in tlie original daily
time-series.

44

10000

_1000

m

5
o
u.

100

Oct1921

Oct1931

Oct1941

Oct1951

Oct1961

Oct1971

Oct1981

Oct1991

Oct2001

Date

FIGURE 4.1. Graph of daily discharge hydrograph,
Colorado River at Lees Ferry, AZ (1921 through 2000)
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4.3 Swimniary

Manipulation of dalasets can remove existing streamflow traits or introduce false
traits. Either case could produce analyses with inaccurate information about streamflow
at a location. Using smoothed data or mean-monthly target flows could create a flow
regime with artificial temporal signatures. Altered or unnatural hydrologic characteristics
might become part of river management targets. Guidelines for re-introducing natural
streamflow vaiiability should reflect naturally occurring periodic cycles rather than using
flow targets based on manipulated data. Summaries of daily values usually include
average, median, standard deviation, or coefficient of variation. This research addresses
the shortcomings of current techniques by presenting a method to quantify both shortterm and long-term dischai'ge variability based on the entire original record of daily
values.
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CHAPTEM, 5
THEORY

5.1 Definitions
A time-series is a set of observations ordered in time with observations at times t = 1,
2,..., N 5 Vv^here Tsl is the number of observations separated by a time intervalj At (eq.5.1).
The series can be composed of quantities observed at discrete times, averaged over a time
interval, or recorded continuously with time (Helsel and Hirsch 1991).

{ X (t) } = X i (t),X2(t),...XN(t)

(5.1)

A single time-series is a realization and an ensemble is a set of realizations. Multiple
realizations are possible by breaking a single realization into shorter series. A time-series
may be composed of deterministic events, stochastic events, or a combination of the two.
Generally, hydrologic time-series are composed of a stochastic component superimposed
on a deterministic component. A time series is defined to be deterministic if future
behavior can be exactly predicted from, its past.
For a given time-series, the mean (eq. 5.2) and the sample variance (eq. 5.3) are:

memX(0'-

1 4/..-J

(5.2)
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„„,X(() = ^f(,r,(/)-I(())
A I

(5.3)

5.2 Trend analysis
Simple to complex methods are available to examine time-series data. One such
simple approach is a trend analysis where quantity is plotted against time. Dataset
characteristics detemiined from, this type of plot include .repetitive values (persistence),
increasing or decreasing values (trend), and outliers. For a given distribution, statistical
hypothesis testing can determine a level of significance achieved by a fitted line using
ordinary least squares. The Indicators of Hydrologic Alteration (IHA) program makes
extensive use of trend analysis (TNC 1997). The manual states that fiir a "no impact"
situation, a linear regression graph of parameters over time is an option to explore
gradual, cumulative impacts on a watershed.

5.3 Autocorrelation
Streamflow does not occur in a totally random fashion. High daily-flows tend to
follow high daily-flows just as low daily-flows tend to follow low daily-flows. One
method to quantity the persistence of streamflow is through the autocorrelation function.
The terms autocorrelation, lagged correlation, or serial correlation all refer to the
comparison of a time-series data set to itself. Individual values are shifted (or lagged) by
a set time interval and compared with, non-lagged values. Autocorrelation uses both the
variance and the covariance of the lagged and o,riginal da.taset.
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The covariance is the averaged products of deviations from the mean for each data
point pair. Wlien the shift or lag is zero, unshifted data are compared to unshifted data (a
trivial situation) and the covariance equals the variance. Determining autocorrelation uses
time-series plots, lagged scatterplots, and the calculation of the autocorrelation function
r(k), which is the covariance divided by the variance (eq. 5.4). The autocorrelation
function is;

(5.4)

X(X,(0-X)=
(V4

where

i -• a specific data point,
k ~ the number of At lags, and
N = the number of data pairs.

The lag can be any time interval of interest such as daily, weekly, monthly, or yearly.
Plotting the autocorrelation function against the lag produces a type of scatteiplot called a
correlogram. Figures 5.1 and 5.2 are examples that show daily (At = 1 day) and yearly
(At = 365 days) correlograms for the San Pedro River at Charleston, Arizona. The shapes
of the correlograms differ. Whereas the daily correlognun shows a drop in r(k) as k
increases, the yearly correlogram shows a general persistence of r(k) as k increases.
Comparing con'elogram,s from two different timescales is a useful way to gain
information about a system.
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CHAPTER 6

RASTER-BASED ANALYSIS
6.1 The grid system
Using a two-dimensional, grid is central to the raster-based analysis. When data
systematically populate the grid, configuration properties of association, adjacency,
distribution, timing, and persistence are measurable and observable quantities. Typical
hydi'ologic indices or statistical measurements, such as the IFIA approach, can only
quantify the composition, not tlie configuration, of daily flows. Patterns that are ditlicult,
or possibly impossible, to identify with linear time-series graphs are recognizable with a
raster-based approach.
Time-series data are typically discrete measurements separated by some time interval
At. Researchers often confine time to a single axis but others have used dual-axis plots to
show inter-annual and intra-annual variation (Poff et al. 1997, Koehler and Ball 1998,
Koehler 2001, Koehler et al. 2002, Koehler 2003). Each data element has a short- and
long-terai component for use in a Cartesian coordinate system. The long-term
component equals some integer multiple of short-term component measurements. Such a
plot shows change in two time-scales simultaneously. By placing the day of year (shortterm component) along the x-axis with each successive year (long-term component)
above that of the previous year for the y-axis, a grid is created. Figure 6.1 shows this
concept for November 27,1985 (day 330 of year 1985).
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>

Short-term timescale "i" (daily)
FIGURE 6.1 Illustetion of re-ordering a daily time-series into a raster grid.

Any date contains coordinates within multiple timescales. In this example, the day is
the 27*'' day of a monthly cycle. November is the 1 i"' month of a 12-month yearly cycle.
The year 1985 is the 1,985"' year in a longer cycle dating back to the division between
B.C. and A.D. A common example of a gridded time-series is a desk calendar. The dates
form a grid pattern with short-term component (day of week) along the horizontal axis
and long-term component (week number) along the vertical axis (Figure 6.2).
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FIGURE 6.2. Illustration of a calendar example of a time-series grid.

Because any time-series record can be broken into subsets of the original record it is
possible to create a grid for any dataset. When converting a linear time-series to a
gridded time-series, the following relation exists:

N - mn

(6.1)

N = Number of obsei-vations (record length)
m = Length of record of interest (observations/period)
n = number of periods within the total record (periods).

Limits on m and n are:
1<

/J < N

(6.2)
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Using time-series terminology, such a conversion divides the realization, N, into n
shorter realizations of length m. A two-dimensional grid is possible only when n is
greater than one. The time-series remains linear when n equals one.

6.2 Grid autocorrelation
Linear to gridded conversion requires the following transformation (eq.6.3):

X0) => Z/Xt)

(6.3)

where

X ~ time-series value witliin a linear dataset,
Z ~ time-series value within a gridded dataset,
I - the sequential order of the time-series observation, starting at 1 and increasing by At,

ij = the gridded dataset coordinate, starting at (1,1) with short-term index i increasing by
At, and the long-term index./ increasing by an integer multiple of At.

The gridded data must meet the following conditions regarding identical statistical
measure of dataset mean and variance (equations 6.4, 6.5, and 6.6);

m
(6,4)
,/t.) (rci

^-(0 = Z(f)

(6.5)

v a r X (I) = var Z ( t )

(6.6)
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Equations 6.7 and 6.8 determine grid coordinates for a given / and m:

i = lot (I --• (int

j = int

-m)

+1

(6.7)

(6-8)

in which "int" is the integer part of the value. In this case, i is the short-tenn component
and / is the long-term component. One application would be to make / the day of the
year and/ the year.

Example: Determine the grid position of day and year for record number / = 10,204 and

m - 366.

/ = int (10204-(int

10204-1

10204--1

therefore:
Xi0204(t)

- Z322,28(0

An important distinction of a temporal grid as compared to a spatial grid is the
influence cells have upon each other. In the spatid case, each grid cell connects to each

adjoining cell It is possible to move in any direction (given topographic limitations), as
cells are continuous in all directions. In a temporal grid, only forward movement in time
is possible, as cells in the foture cannot influence cells in the past. However, examining
data in the surrounding cells helps in pattern detection. If values or changes are confined
to the x-axis, short-teim variability is apparent. Likewise, long-term variability is evident
if changes are confined to the y-axis. Aiding in the detection of short- and long-term
patterns is the raster-based approach to display large amounts of data in a limited area.
Examining data on diflerent timescales is helpful to understand hydrologic
characteristics. For example, Richter et al. (1996) used mean daily-flow data to calculate
3-day, 7-day, 30-day, and 90-day minimum and maximum flows. Observations used to
calculate these values are the short-term daily component, as well as part of a longer-terai
calculated value.
Creation of a gridded time-series permits new approaches for visualization and
quantification. Analogous to the shifting observations of a time-series for the
autocorrelation function calculation (eq. 5.4), Figure 6.3 demonstrates the principle of
shifting observations within a gridded dataset for which "A" represents tlie unshifted
source data, "B" represents a shift of one day. "C" represents the shift of one year, and
"D" represents a shift of one day and one year. Deteraiining the grid covariance and
variance allows the calculation of the grid autocorrelation function at a point shifted a set
number of days and years. The equation for the grid covariance is:
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Cov [(Z(,m,hkj)] -

nm^i^

,(0 - z).(z,.„ (<) -z)
'
/ .
.7 /

(6.9)

where
Z = the mean of the dataset,
k, = the lag in the i direction, and
k; = the lag in the j direction.

When kj and kj equal zero, equation 6.9 yields the grid variance (Golden Software 2002).
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The autocoiTelation function for the lagged dataset is the grid covariance divided by
the grid variance (eq. 6.10):
r(ki,kj) =

grid cov
grid var

(6.10)

The autocorrelation function value is plotted on a grid with coordinates (ki,kj). Wlien
kj is 0, the values are the same as a daily correlogram. When kj is 0, tlie values are the
same as a yearly correlogram (Figure 6.4).

tf>
D)
ro
CO

r(k)
Yearly lag 0

Daily Lags
...-2

-1

0

1

2 ...

Daily lag

FIGURE 6.4 Diagram of grid autocorrelation vahie.s.
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The pattern produced by the autocorrelation function of a gridded tirae-series yields
insight into the consistency or disturbance of flow patterns. E.xamples of generated data
show various grid-correlogram patterns for various simulated conditions. Each grid uses
36,525 daily flows for a period of 100 years. The simulation dates are January 1,1900
through December 31,1999. Flows range from 0.0 to 1.0 discharge units.
Figure 6.5 displays a 100-year, uniform, random-distribution flow simulation. Figure
6.6 is the accompanying grid-correlogram,. As expected with a random set of values,
there is no correlation regardless of lag. The center of the graph indicates a correlation of
1.0, where there is zero lag in both the daily and yearly directions. The center value of 1.0
always represents perfect correlation of a dataset with itself. Figure 6.7 shows flow that
varies randomly along the x-axis producing daily variation whereas along the y-axis
flows are identical, producing no variation for the same day of year between years.
Figure 6.8 is the resuhing grid-correlogram. Figure 6.9 shows the situation where
discharge varies yearly but has identical daily flows within each year. Figure 6.10 is tlie
resulting grid-correlogram. The patterns of figures 6.9 and 6.10 are similar to those of
figures 6.7 and 6.8 except the orientation is rotated 90®. Figure 6.11 shows a
deterministic-flow simulation and figure 6.12 shows the associated grid-correlogram.
This grid-correlogram pattern is not evident in other simulations. The deterministic-flow
does not contain any random variation within or between years. The grid-correlogram
distinct pattern displays a region of higher correlation (an aura) along with linear zero
con-elation features not evident in other simulations. Figure 6.13 shows deterministicflow with random fluctuations. Each year has increasing streiimflow, as in Figure 6.11,
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except the start of the year has a uniform, random-distribution between 0 to 0.5 discharge
units and increases at a random daily-rate. The grid-correlograni yields a distorted aura
of higher coiielation values and distinctly wavy zero-correlation features.
Each case shows how random-flow or random fluctuations differ from a
deterministic-flow situation. In all instances, the maximum correlation is at the center of
a grid-con*elogram. For the first case of random-flow, the high-correlation is confined to
a single point. For the second case of random yeaily, but identical daily flows within a
year, the high-correlation is expanded from a single point to a line along the x-axis. For
the deterministic-flow case, the high-correlation has expanded along both the x-axis as
well as the y-axis, creating the high-correlation aura. When random fluctuations are
combined with the deterministic-flow, a distorted area of high-correlation appears.
These simulated cases aid in the interpretation of actual streamflow data as to whether
flows exhibit a random-flow signature, a detemiinistic-flow signature, or a combination.
Also, comparing grid-correlogram signatures from different periods of the flow record
provides insight into temporal changes that have taken place.
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It is assumed that natural tlow will behave similar to the flow in Figure 6.11 that
produced a detemiinistic-flow signature in the grid-correlogram. In this case there is an
expected smooth transition between yearly flows as compared to the distinct flow
changes in Figure 6.13 which produced a random-flow signature. This is especially true
for snow-dominated systems that have well defined high- and low-flow periods that occur
about the same time every year. Randomness can be introduced into the natural signature
in the form of sporadic rainfall events that creates infrequent high-flow. However, a flow
regime with severe random-fluctuation signatures would represent an unnatural, disturbed
system.
6.3 Patch analysis
The effort to link hydrologic regime properties to ecosystem function is why IHA
software was developed. Although the IHA approach is useful, the raster-based
approach, coupled with patch analysis, offers a more robust and complete set of metrics
with superior visualization. Additionally, natural-resource professionals femiliar with
landscape ecology techniques and geographic information systems (GIS) may interpret
patch-analysis results more readily than IHA results.
Patch analysis is possible when mean daily-streamflow values become raster cell
values. This allows quantification of the raster-based hydrograph using the color, size,
shape, number, and distribution of cell patterns. Metrics are possible for a group of cells
(a patch), all patches of a specific flow type (a category), or all patches of all categories
(a mosaic). Each patch property represents a streamflow characteristic. Natural and
altered streamJlows have different mosaics and thus different patch metrics. Quantifying
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how mosaics and patch metrics differ between locations, or change over time, allows
insight into processes affecting the hydrologic regime.

6.4 Patch properties
Table 6.1 compares hydrologic components with corresponding patch properties and
the associated measurement for each property. To evaluate sites with different record
lengths, percentages are used for measures of frequency, consistency, and rate of change
with mean values for patch size and shape. Aggregation-index values are for all patches
within a specific category.

TABLE 6.1. Hydrologic components with correspondiag patch properties
and patch measurements.
Hydrologic component
Magnitude
Flow frequency
Frequency of change
Flow change
Duration
Consistency
Distribution
Timing

Patch property
Category (color)
Number of cells per
category
Number of patches
Edge
(color change)
Cells per patch (size)
Shape
Aggregation
X-axis coordinate

Patch measurement
Number of categories
Percent of mosaic days
(frequency histogram)
Percent mosaic patches
Percent of mosaic edge
boundaries
Mean patch size
Mean patch shape
Aggregation index
Patch centroid
x-coordinate

Currently available software allows quantification of the patch measurements in
Table 6.1 except patch x-coordinate centroid. Examination of the raster hydrograph is the
method used in this reseai-ch to determine the timing of flows. Modification of software
to include this measurement represents one possible direction for future analyses.
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Turner et al (2001) list four patch-analysis properties appropriate for raster-based
hydrologic analysis.
•

Measurements should address a particular question or meet a particular objective;

•

The measurements should cover the range of potential values;

®

The behavior of the metric should be known; and

•

Indexes should be independent of each other.

One objective for this research is to use the hydrologic record to detect, identify, and
quantify inter-annual and intra-annual streamflow variability. To this end, patch
properties are examined to establish a relation to other more conventional hydrologic
measurements. The choice of a four- or eight-cell neighbor or adjacency rale (figure
6.15) atlects configuration measurements, but does not affect composition measurements.
To examine data along the two timescales of a gridded time-series, a four-cell neighbor
rule is used in this research. This rule considers only the four orthogonal neighbor (side,
not comer) cells of the cell of interest to determine patch membership.

Cell of interest

C
c
Eight-cell neighbor

Neighbor
Non-neighbor

Four-cell neighbor

FIGURE 6.15 Diagram of eight- and four-cell neighbor inle.
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Unlike grid-correlograms that use the flow record itself, patch-analysis requires
classifying the data into discrete categories. Such classification is used in hydrology
when developing histograms. In creating discharge histograms, Haan (2002) states the
selection of the category interval and the location of the first category can afiect the
appearance of a Irequeney histogram. The appropriate width for a category interval
depends on the data range, the number of observations, and the behavior of the data.
Sensitivity is lost if too few or too many categories are used. Too few categories reduce
detail and obscure the basic pattern of the data, whereas too many categories produce
erratic patterns of high and low frequencies. Table 6.2 lists suggested histogram criteria
from various sources listed by Haan.
TABLE 6.2. Histogram criteria
Source
Sturges (1926)
Steel and Tonie (1960)
Spiegel (1961)
Gan et al. (1990)

Category' nmrnber (no.) or category interval size (A)
Category no.= [1 + 3.3 (logio* number of observations)]
Category interval < 1(0.25 to 0.5) • standard deviation]
Category no. = 5 to 20
Category no. = 7

Turner et al. (2001) emphasize that category interval is critical to patch analysis.
They note the interval should match the research objective and have a consistent
classification procedure. To use patch analysis on a gridded hydrologic time-series,
discharge must be converted into a manageable number of discrete categories. The
number of categories directly influences the level of variabilit}' explained. An objective
for this research is to analyze 99 percent of the discharge variability with the number of
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categories consistent with histogram criteria listed in Table 6.2, Detailed below is a
method to determine the proper interval.
Figure 6.16 illustrates the concept of approximating source data by discrete
categories. As the category interval decreases, closer approximation to the source data
occurs. To detemiine the amount of variability explained by category interval, several
linear regressions between the source data and approximations based on interval are
calculated. Figure 6.17 shows the results for different intervals, with summaries listed in
Table 6,3.
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FIGURE 6.16. Source and classified data using a 0.25 interval,
Colorado River at Lees Ferry, AZ (1951).
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FIGURE 6.17 Graph of source vs classified data regression,
Colorado River at Lees Ferry, AZ (1951).

TABLE 6.3 Category statistics for various categoiy intervals
(Colorado River at Lees Ferry, AZ, 1921 through 2001)
Source
data
1.297
Min value
Max value
3.545
1705
Categories
]*
Slope
1*
* exactly 1 by definition

Inten^al
A = l.
I.
4.
4
1.263
0.654

Interval
A = 0.5
1.5
3.5
5
0.993
0.838

Jnterml
A = 0.25
1.25
3.50
10
0.994
0.955

Interx'al
A-=0.1
1.3
3.5
23
0.996
0.993

Interval
A = O.OI
1.30
3.55
226
1.000
0.9999

Equation 6.11 deteraiines the number of categories. Note that Range, is the data range
of the rounded dataset ibr the interval of interest, not the range tbr the source-data.
Interval is the interval of interest.

Number of categories = 1

Intei'val

(6.11)

The logjo transform of mean daily streamflov^ for the Colorado River at Lees Ferr}%
AZ, has 1705 unique values within the record of 29,222 mean daily values, Table 6.3
shows that 10 categories (0.25 interval, logio of the flow) account for 95.5 percent of the
source-data variability whereas 226 categories (0.01 interval, logioof the flow) account
for 99.99 percent of the viiriabilit}'. For the Colorado River at Lees Ferry, AZ, the 99percent level requires an interval between 0.1 and 0.25. For consistent analyses in this
research, all logio-transfonned discharge data are classified with an interval required to
account for at least 99-percent of the source-data variability.
The use of an interval to describe 99 percent of the variability of the source data
allows for a reasonable number of categories to manage yet maintains most of the
v£iriability of the original data. Table 6.4 is a comparison of histogram creation methods
with Colorado River at Lees Ferry, AZ. As shown below, the approach used for this
research meets or exceeds the criteria outlined in Table 6.2.
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TABLE 6.4 Histogram criteria applied to Colorado River at Lees Ferry, AZ
Source
Sturges (1926)
Spiegel (1960)
Steel & Torrie (1961)
Current research

Colorado River at Lees Ferry, AZ
29220 observations, categories = 16
categories = 5 to 20
Standard dev = 0.33, A = 0.0825 to 0.165
A = 0.15, categories -16 at 99 percent

6.4.1 Patch number
The number of patches of a specific flow category is a simple measure of the
fragmentation of the patch category, llie number of patches is limited in interpretive
value by itself because this metric conveys no information about patch area, distribution,
or density. However, the number of patches is valuable as the basis for computing other
metrics. A lai'ge number of patches may indicate frequent flow change such as a flashy or
regulated river system. Total patch number for a mosaic varies from zero (no flows for a
specific category) to half of the record length (a checkerboard pattern). Patch number is a
unitless quantity. The average days-per-patch is days per patch-type divided by the
number of patches for a specific tlow-category. The hydrologic relevance for a flow
category with a large patch number combined with a small average patch size indicates
rapidly changing streamflow.

6.4.2 Patch size
The location and size of each patch within a mosaic is useful information and is the
basis for many metrics. The total patch-area fbr each categor>- is equal to the number of
days for a specific level of discharge and is equivalent to a histogram. A category with a
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large patch area infers prevailing flow. Patch area varies from zero (no flow occurrences
for a specific categojy) to the record length (the same category for the entire record,
identical to one large patch). The measurement unit for patch area is days. Large patch
sizes indicate dominance for a specific flow category.

6.4.3 Patch edge
Patch edge is a configuration measurement. A linearly shaped patch has a lai-ger
perimeter, or edge, as compared to square or circular patch. Patch edge is low when large
blocks of consistent categories exist within the mosaic. Linear path shapes or several
small patches produce a high patch-edge value for a specific flow-category. Figure 6.18
illustrates patch-edge values for three configurations of a nine-cell patch. A larger edge
value indicates more linear distribution of flows, an indication of persistence.

1
1

1

1

Maximum edge = 20

Minimum edge = 12

Intermediate edge = 16

Figure 6.18. Diagram of number of edges for various nine-cell configurations.

6.4.5 Patch shape
Patch-shape is equal to the patch perimeter in cell edges divided by the minimum
perimeter of a square of the corresponding area. The con*ect equation to use for
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calculating the minimum perimeter of a patch is determined by the conditions listed
below. These conditions correct the perimeter-area ratio index for almost square areas
(McGaiigal and Marks 1995).
Shape

(6.12)
min Py

where
py
min pij

== perimeter of patch ij, (number of edges)
minimum perimeter of patch ij (minimum number of edges)

fly

= area of patch ij

n

= the side of a largest integer square smaller than ciij

m,

= Qij - n^

and given one of the following conditions:
min pn = 4n, when m = 0, or
min/»„• = 4n + 2, when n^ < % < n(]+n), or
min^ 4n + 4, when

> n(l+n).

6.4.6 Patch aggregation
Aggregation is a configuration metric and quantifies the dispersion and interspersion
of patches. It distinguishes how "clumped" patches appear. The measurement can range
from zero (dispersed) to one (highly clustered). Aggregation is affected by the
distribution and intermixing of patch types. Patch categories with a high proportion of
similar neighbors is an example of low dumpiness, likewise, patch categories with
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dissimilar neighbors have a high dumpiness. Hydrologic characteristics described by
contagion would be llow persistence, seasonality, or flashiness of a system.
The aggregation index equals the proportional deviation of the proportion of like
adjacencies involving the corresponding flow category from that expected under a
spatially random distribution. The FllAGSTATS program uses the following equations
(McGarigal and Marks 1995);
Given G,

gu

(6.13)

m

»ik - mm C;
11
j-M
y
Aggregation index •

Cl~P.
- for Gi < Pi and F,- <0.5,
P,

else

\-P

(6.14)

(6.15)

where:
= number of like adjacencies
gill

= number of adjacencies between grid cells of categories types i and k

min Ci = minimum perimeter of category type / for a maximally clumped category,
Pj

= proportion of the mosaic occupies by category type i

The hydrologic interpretation of aggregation is the distribution of flow-categories
within and between years. A higher value could indicate either the seasonality of flows or
a more random distribution of flow over the record period. Change in the aggregation of
flow-categories is an important indicator of flow-regime disturbances.
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6.4.6. Use of additional patch metrics
Within patch analysis, multiple metrics are available. The FRAGSTATS program
documentation lists numerous additional patch measurements (see McGarigal and Marks
1995). C'are in choosing the right combination of metrics is advised as many are
correlated, a situation similar to the 171 hydrologic indices examined by Olden and Poff
(2003). Turner et al. (2001) caution, "at present, it is easy to fall into the trap of
generating a lot of numbers without a clear idea or purpose and limitation of available
metrics", llie authors go on to state that the selected meti'ics should describe variability
with minimal redundancy. As this research shows, patch analysis for hydrologic timeseries is possible and provides new ways to analyze streamflow. The challenges facing
landscape ecologists regarding this method apply equally well to resource managers
contemplating using this approach on hydrologic data.

6.5 Summary
The conversion of hydrologic time-series to a gridded framework offers a variety of
new approaches, measurements, aiid visualization techniques. Data graphs include raster
hydrographs that display a large amount of information in a limited space by using dual
timescale axes. The gridded system also allows for new analyses such as the gridcorrelogram, which permits plotting correlation along a short-term and long-term
timescale. Patch analysis also allows new ways to describe and quantify daily
streamflow variability. A minimum, number of recommended patch characteristics by Li
and Reynolds have equivalent hydrologic properties when a linear time-series is
transformed into a gridded time-series.
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CHAPTER?
ANALYSIS FOR MIDDLE AND UPPER SNAKE RIVER BASIN
AND UPPER COLORADO RIVERS\ BASIN

7.1 Methodology
The raster-based analysis and visualization methods described in this research are
applied to stations on the middle and upper Snake River in Idaho (ID) and the upper
Colorado River in Arizona (AZ) and Colorado (CO). These river systems were selected
because of the similar characteristics that include snowmelt driven seasonal runofF and
highly-managed river systems with several dam and reservoirs along with numerous
irrigation diversions.
Both river systems have a control station where minimal artilicial-disturbances have
taken place. Artificial-disturbances are defined as dams, urbani^ation, and surface-water
diversions. Streamflow variability from droughts and wet climatic conditions are not
classified as artificial-disturbances. Control stations for tliis research include the Weiser
River at Cambridge, ID, for the middle and upper Snake River Basin and the San Miguel
River neai- Placerville, CO, for the upper Colorado River Basin. Analyses for ail stations
include items listed in Table 7.1. Interpretation is included with associated graphs.
Data preparation and patch metric graphs generation used Microsoft EXCEL (Version
2002). Golden Softwai'e SURFER (Version 8.00) generated all raster-based hydrographs
and grid-correlograms. Golden Software GRAPHER (Version 4.01) was used to prepare
flow-duration curves, while MAP VIEWER (Version 5.00) was used to prepare maps.
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TABIjE 7.1 Streaniflow site analyses
Item
1
2
3
4
6
7
8
9

Description, graph, or suminary
Station description
Raster-based hydrograph
Grid-correlogram
Percent of mosaic days
Percent of mosaic patches
Percent of mosaic edge
Mean patch size (days)
Mean patch shape index
Aggregation index

All raster and patch-analysis statistics were computed with the landscape ecology
application FRAGSTATS (Version 3.3). EXCEL, SURFER, GJ^PHER, and MAP
VIEWER are commercially available programs. FRAGSTATS is a public domain
program maintained by the University of Massachusetts and can be found at the website:
http://www.umass.edu/landeco/research/fragstats/fragstats.html). Source discharge data
are found at the USGS water resources website (http://www.usgs.gov).
Selection of stations allowed analysis of various hydrologic situations to be analyzed.
For the middle and upper Snake River, stations were selected to show less disturbed flow
patterns, large reservoir influences and downstream effects, reconstruction of less
disturbed flows from regulated discharges, and the effects of surface-water diversions.
Within the upper Colorado River, stations were selected to detect influences of "lowimpact hydropower" dams, large-resei-voir effects, and tributary influences. In all cases,
a flow description accompanies the station raster hydrograph and the flow category
closest to the flow-duration curve median value is indicated by an open diamond symbol.
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7.2 Middle ant! upper Snake River Basin

7.2.1 Physical setting
The middle and upper Snake River and associated tributaries drain parts of southern
Idaho, western Wyoming, northern Utah, northeastern Nevada, and eastern Oregon
(Figure 7.1). The upper Snake River Irom Jackson Lake, Wyoming to Brownlee Dam, on
the Idaho-Oregon border, is approximately 1,127 kilometers (km) long. The tributary
basins with the east and west sections of the Snake River Plain, drain more than 186,500
km^ (Lovell and Johnson 1999).
The upper Snake River includes that portion of the Snake River above Milner Dam.
The basin covers an area of about 93,240 km^ with 80 percent in Idaho, 15 percent in
Wyoming, 4 percent in Nevada, and 1 percent in Utah. The headwaters of the Snake
River are within Grand Teton National Park. The section of the river from Palisades
Dam to the Henrys Fork confluence is called the South Fork of the Snake River (Lovell
and Johnson 1999).
The middle Snake River extends from Milner Dam to Brownlee Reservoir,
downstream of the USGS gaging station at Weiser, Idaho. The middle Snake River flows
through the upper zones of the Snake River Plain Aquifer. Discharges below Milner Dam
are controlled by Idaho Water District 01 and the U.S. Bureau of Reclamation (USER) to
meet storage and irrigation diversion rights upstream from Milner Dam (Riggin et al.
1992).
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Figure 7.1 Map of middle and upper Snake River study area.

7.2.2 Climate
Air masses from the Pacific and Arctic Oceans influence the Snake River Plain
climate. Storms from the Pacific Ocean bring warm, moist air whereas the Artie Ocean is
the source of cold, dry air from the north. Summer brings Pacific air pushes into the
western basins over existing dry air masses. Unstable air masses result and produce the
thick, moist layer needed to generate summer thunderstorms. Winter brings colder Arctic
air that spills over the Rockies into the western basins. Pacifi,c air masses typically

replace the Artie air masses, although Arctic air can remain and produce long-lasting
inversions. Rainfall averages 250 to 380 millimeters (mm) per year, ranging from a low
of 170 mm in the Snake River canyon to a high of about 1000 mm in the Sawtooth
Mountains. Summer temperatures range between 20° and 30® C. Winter temperatures
along the Snake River do not often fall below -10° C. Higher elevation temperatures can
remain as low as -20° to -30° C for extended periods. Extreme temperatures are key
meteorological influences on environmental conditions within tributary watersheds
(Chandler 2001).

7.2.3 Snake River Aquifer
The aquifer beneath the Snake River Plain is a critical component of the river
hydrology. The subsurlace geology is composed of layered basalt flows with sediments,
and covers an area of approximately 2.8 million hectares. Total aquifer thickness is an
estimated 1,500 meters with ground-water flows confined mainly to the upper 100 to 150
meters. Total ground-water storage in the upper 150 meters of the aquifer is estimated to
be 250 to 370 million cubic meters. Ground-water flow in the upper part of the aquifer is
generally from east-northeast to west-southwest (Riggin et al. 1992).
Human activity has affected the aquifer. Approximately sixty percent of total
recharge to the aquifer is derived from irrigation with surface water. Most ground-water
discharges through springs and seepage losses in two major upper basin reaches, although
pumping withdrawals contribute significantly to the aquifer's total losses (IMNH 2003).
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7.2.4 Dams and surface-water diversions
Within the study area of the middle and upper Snake River study area, the Idaho
Department of Water Resources (IDWR) lists 381 dams above Weiser, Idaho with a total
storage capacity of 9,411 million cubic meters. Two reservoirs, Palisades and American
Falls, contain forty percent of this storage whereas most of the remaining sixty percent of
storage is distributed among 341 dams each with a storage capacity of 10 million cubic
meters or less. Of these 341 dams, 240 have a storage capacity of less than 0.5 million
cubic meters. There are 763 major surface-water inigation diversions above the Snake
River at Weiser, Idaho. Based on surfece-flow diversion estimates, approximately 25,900
million cubic meters is used for isTigadon on an average annual basis (IDWR 1999). An
assumed 20 percent of irrigation diversions of the middle and upper Snake River become
return flow (5,180 million cubic meters) and re-enters the river system an average two
months after the diversion takes place (Ondrechen 2000).
Diversions above the Mihier gage irrigate approximately 769,000 hectares of
agriculture. Snake River streamflow below Milner can be near zero from April through
September due to upstream diversions for irrigation. November through March typically
shows relatively constant flows primarily infl,uenced by ground-water inflow from
springs north of the Snake River (Riggin et al. 1992).
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7.2,5 Middle and upper Snake River Basin discharge stations
To characterize the hydrologic regime of the middle and upper Snake River in Idaho,
raster-based hydrographs, grid-correlograms, and patch analyses are applied to the USGS
gaging stations listed in TABLE 7.2.

TABLE 7.2 Middle and mpper Snake River Basin stations
Station

USGS I D

Area
(km^)

Weiser River at Cambridge, ID
Snake River at Irwin, ID
Snake River at Heise, ID
Snake River at Milner, ID
Snake River near Murphy, ID
Snake River at Weiser, ID

13258500
13032500
13037500
13087995
13172500
13269000

1,570
13,500
14,900
45.000
108,500
179,200

Elevation
(m above
msl)
808
1,632
1,529
1,238
692
636

Number
of Flow
Categories
15
17
22
11
14
14

Weiser River at Cambridge, ID
The Weiser River was selected as a site within the Snake River watershed with
minimal disturbance. No large urban areas exist on the watershed and the Idaho
Department of Water Resources (IDWR) does not show any major irrigation diversions
on the Weiser River above Cambridge, ID (IDWR 1999). The Lost Valley reservoir, with
a storage capacity of 9 million cubic meters, is 91 km upstream of the gaging station. The
USGS station website reports irrigation diversions for about 4,937 hectares, based on a
1966 determination (Crowfoot 2001). Figures 7.2 through 7.10 show the raster-based
hydrograph, grid-correlogram, and patch-analysis graphs for the Weiser River at
Cambridge, Idaho.
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Figure 7.2 Graph of raster hydrograph, Weiser River at Cambridge, ID

The raster hydrograph shows a strong snowmelt signature from days 150 to 270. A
severe drought is seen in 1977 with the lowest flows during days 320 to 330. This is
consistent with Ondrechen who noted extreme drought conditions in 1977 (Ondrechen
2000). Accompanying this drought was an absence of late-fall, early-winter storm events
(days 1 to 120) seen elsewhere within the flow record. A longer drought is seen from
1988 to 1995. As with the 1977 drought, a lack of late-autumn, early-winter events is
evident. All water-years show minimal events during days 290 to 360, the August
through September period. The grid-correlogram of the flow record for the Weiser River
at Cambridge is shown in Figure 7.3,
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Figure 7.3 Graph of grid-correlogram, Weiser River at Cambridge, ID

Even with periods of drought and decreased iate-fail and early-winter events, the
grid-correlogram shows characteristics similar to deterministic streamflow as discussed
in section 6.2 (Figure 6.12). An area of 0.5 and greater correlation extends along the yaxis with zero-correlation values appearing as slightly wavy lines along the y-axis. The
overall distribution of correlation produces a distinctive aura-like pattern showing a
smooth transition, with high autocorrelation, between flow rates. Even periods of
droughts are observable for several years resulting in high autocorrelation between years.
Figure 7.4 shows a flow-duration curve for the period 1939 through 2002. A flowduration curve does not display probabilities nor return-period values. The curve simply
shows discharges as a percent of the total record. Median discharge for the Weiser River
at Cambridge, ID, is 6 m7s and is highlighted on all patch-analysis graphs. The median

87
discharge is the point where half of the discharges are greater than this value and half of
the discharges are less than this value.
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Figure 7.4 Graph of flow-duration curve, Weiser River at Cambridge, ID

At higher discharges, streamtlow exceeding 170 nrVs occurred only 0.1 percent of the
time within tlie period of record. At low discharges, streamflow exceeded 0.4 m^/s 99.9
percent of the time. Figures 7.5 through 7.10 show the results from the patch analysis
and include the items listed from TABLE 7.1. Interpretation of the patch- analysis graphs
follows Figure 7.10.
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Figure 7.5 Graph of percent of mosaic days, Weiser River at Cambridge, ID
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Figure 7.6 Graph of percent of mosaic patches, Weiser River at Cambridge, ID
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Figure 7.8 Graph of mean patch size, Weiser River at Cambridge, ID
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Figure 7.10 Graph of aggregation index, Weiser River at Cambridge, ID

Patch metrics for this station present additional insight into the streamflow record.
The percent of mosaic days (figure 7.5) is equivalent to a histogram. In this graph a
bimodal distribution shows that flow category of 3 m^/s is confined to late summer and
early fall and is typically after the spring snowmelt period. This would indicate a strong
ground-water component to the system. Also of note is that both the lowest and highest
flow-categories

represent a small portion of discharge. The second peak at the 30 m'/s

flow category indicates snowmelt-influenced discharge.
The distribution for percent of mosaic patches is different than the percent of days,
indicating two sepai'ate attributes of flow-categories

are represented. The values for

percent of mosaic days represent a composition measurement whereas the number of
patches represents a configuration measurement. The higher number of patches at lower
flow-categories

would be consistent with ground-water influences for the Weiser River

baseflow. This is also consistent with mean patch size being largest for the lower flow
categories. The percent of mosaic edges distribution is similar in shape to the percent
days graphic except the peaks within the bimodal distribution are more similar in value.
This is consistent with more days tbr a particular flow category allowing for more patch
perimeter.
Of note is the flow category with the largest patch size (2 m^/s) is not the median (6

mVs) or the category with the highest number of days (3 nrVs). Higher discharges
exhibit more dispersed and random distribution due to either rainfall events or rain on
snow events as seen in Figure 7.2 whereas the extreme low discharges exhibit more linear
and aggregated structure for this station as shown in Figure 7.10. These traits are

consistent with droughts. Rather than single-day events, droughts tend to be multi-day
events. This is in contrast to high-discharge storms that are typically short-duration or
single-day events. Low flow-category values in figures 7.8, 7.9, and 7.10 are consistent
with drought characteristics.

Snake River at Irwin, ID
The Irwin, ID, streamflow gaging station is located 2.4 km do wnstream of Palisades
Reservoir and 3.2 km upstream of Palisades Creek. Palisades Dam regulates flows at the
site. This site pennits the analysis of the observed streamflow record at Irwin (Figure
7.11) and Palisades change in storage (Figure 7.13). Adjusted streamflow data accounts
for change in storage at Palisades (Figure 7.15). Grid-eorrelograms for Irwin observed
data, change in storage at Palisades Reservoir, and adjusted Irwin streamflows are shown
in Figures 7.12, 7.14, and 7.16.
Examination of the observed streamflow raster hydrograph reveals several discharge
patterns. The lowest flows occurred around day 30 in 1957. This is coincident with the
beginning of Palisades Dam operations. Drought and low-discharge patterns are present
for 1960 through 1964, 1970,1978 through 1982, 1988 through 1995, and 2001 through
2002. Stair-step patterns associated with weekend discharge regulation are seen for 1962
through 1969, Also seen are special regulation operations for days 175 through 185 in
1988.
Daily discharge values for the Palisades Dam raster hydrograph were determined by
converting the monthly change in storage to an, equivalent daily discharge for the month

93
(Figure 7.13). In reality, the daily flow would fluctuate but data on a shorter time interval
were not available.
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Figure 7.11 Graph of raster hydrograph, Snake River at Irwin, ID (observed flows)
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Figure 7.12 Graph of grid-correlogram, Snake River at Irwin, ID (observed flows)
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Figure 7.13 Graph of raster hydrograph, Palisades Reservoir monthly change in storage
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Figure 7.14 Grid-correlogram, Palisades Reservoir monthly change in storage
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Figure 7.15 Graph of raster hydrograph, Snake River at Irwin, ID (adjusted flow)
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Figure 7.16 Graph of grid-correlogram, Snake River at Irwin, ID (adjusted flow)

The results illustrate that reservoir management has a tendency to add randomness
into the fl,ow-signature. In this case the dam operation will cause spikes in flow as water
is released that creates daily randomness in the flow signature. During drought periods.
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flow levels become artificially low even during the snowmelt period because of increased
storage, creating yearly randomness into the flow-signature.
The li-win observed streamflow grid-eorrelogram (Figure 7.12) shows disturbed
streamflow where the zero-correlation lines are wavy and the area of higher correlation
values produces a distorted aura pattern as compared to simulated detemiinistic
streamflow (Figure 6.12). The Palisades change of storage grid-correlogram is very
similar to the random simulation shown in Figure 6.10. Figure 7.16 is the gridcorrelogram for adjusted Irwin flow. In this case, when Palisades Reservoir storage
increases, the equivalent flow adds to Irwin observed flow and reflects an increase that
would have occurred if the dam were not in place. Similarly, subtracting the equivalent
daily flow of Palisades Reservoir storage decreases the Iiwin observed discharge. This
removes the volume of water that would not have been present otherwise. The resuhing
grid-correlogram indicates the adjusted Irwin discharge has less random fluctuations as
compared to the obsei-ved record. The high-coixelation area shows a deterministic
signature with the zero-correlation lines tracking along the y-axis as compared to gridcorrelogram, of the observed discharge (Figure 7.12).
The flow-duration curve (Figure 7.17) contains lines for both observed and adjusted
discharge data for the Irwin site. The two discharge distributions are similar when flows
are greater than the median position. The adjusted discharges are greater than the
observed record for flows less than the median. For extreme low flows, the observed
record shows a leveling off when discharges are equal to or less than 0.2 m^/s. Results
from the patch analysis are shown in Figures 7.18 through 7.23.
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Differences between obsen'ed and adjusted Irwin flow-category patch metrics
illustrate the changes that have taken place with Palisades Dam regulated discharges. The
percent of mosaic days (Figure 7.18) shows a reduction of tlie adjusted peak. Percent of
mosaic-patch values show a similar distribution between the observed and adjusted flowcategory cases with the adjusted situation having a slightly higher percent of 100 mVs
flow-category days (24 percent versus 17 percent). Percent of mosaic edge is comparable
to the percent of mosaic days. The observed situation shows a noticeable decrease in the
160 m^/s flow category. Patch shape and aggregation show the observed flow-categories
to be linear in the 20 m^/s flow-category range whereas the observed and adjusted values
are more aggregated at the higher flow-category range.
Since Palisades Reservoir source data were end-of-month values, the adjusted flowcategories for Irwin show a monthly, not daily, discharge pattern. Because discharge
factors were based on end-of-month reservoir contents, observed Irwin low flows
sometimes resulted in neai" zero adjusted values. As such, patch metrics for flows below
10 mVs were not graphed. This situation illustrates the problem of combining data from
two different time-scales. In all other parts of this research, data are from a daily timeseries except the climatic drought time-series example at the end of this study. In that
case, data are from a monthly time-series.
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Figure 7.17 Graph of flow-duration curve, Snake River at Irwin, ID
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Figure 7.18 Graph of percent of mosaic days. Snake Ri ver at Irwin, ID
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Figure 7.19 Grapii of percent of mosaic patches, Snake River at Irwin, ID
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Figure 7.20 Graph of percent of mosaic edge, Snake River at Irwin, ID
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Figure 7.21 Graph of mean patch size, Snake Ri\'er at Irwin, ID
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Figure 7.22 Graph of mean patch shape. Snake River at Imin, I'D
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Figure 7.23 Graph of aggregation index, Snake River at Irwin, ID

Snake River at Heise, ID
The Heise station allows for comparisons before and after Palisades Dam began
operation. The streamflow gaging station is 72,5 km downstream of the Irwin gaging
station and 74.9 km downstream of Palisades Dam. The USGS station home page notes
that diurnal fluctuations due to power-plant operations and electrical production occur
during winter. No significant tributaries enter the Snake River between the Irwin and
Heise gaging stations (USGS 200rb). The IDWR lists 21 surface-water diversions
between the Irwin and Heise streamflow gages (IDWR 1999). It is unknown when
surface-water diversions began.
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The raster hydrograph (Figure 7.24) shows a distinct low-flow period for day 40 of
water year 1957 (Nov. 1956) and is coincident with the beginning of Palisades Dam
operations (IJSGS 2001b). Earlier than 1925, the graph shows that daily data appear
consistent on a monthly basis as evidenced by days 1 through 180 that display linear
features at monthly intervals. Because of this, grid-correlograms and patch analysis do
not use this period of record.
Records show droughts occurring 1930 through 1940. Influence of Palisades
Reservoir regulation has produced more low flows as compared to the earlier part of the
record, seen from day 1 through day 210. Additionally, reduced snowmelt runoff
occurred from day 210 through day 300, causing a decrease in snowmelt peak flows
while extending the period of snowmelt flows later into the year for water years 1957
tlirough 1960 as to the pre-dam conditions. Also seen is the extension of flows equal to
or greater than 170 m^/s from day 1 through day 150. The extension of these higher
flows happened twice in the 43 years of pre-dam conditions. During the same timeframe
(day 1 through day 150) post-dam conditions show flows equal to or greater than 170
mVs occurred in 19 of 44 years of record. Drought periods of 1980 and 1987 through
1995 are evident in the raster hydrograph. The grid-correlogram of Figui'e 7.25 is for
1911 through 1951 and shows an intact aura with less random fluctuations and zero-

cojTelation lines tracking along the y-axis. Figure 7.26 is the grid-correlogram for years
1960 through 2000 after Palisades began operations and shows a distorted aura and wavy
zero-correlation lines consistent with simulated deterministic streamfl,ow containing
random fluctuations (Figure 6.14). The flow-duration curve (Figure 7.27) shows median

103
flow as 110 nr'/s before Palisades Dam and 149 m^/s after dam construction. Patch
metrics are shown in Figures 7.28 through 7.33. Eixplanations of patch analyses are listed
after the figures.
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Figure 7.24 Graph of raster hydrograph. Snake River at Heise, ID
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Figure 7.25 Graph of grid-correlogram, Snake River at Heise, ID
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Figure 7.26 Graph of grid-correlograrn, Snal«e River at Heise, ID
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Figure 7.27 Graph of flow-duration curve. Snake River at Heise, ID
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Figure 7.28 Graph of percent of mosaic days, Snake River at Heise, ID
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Figure 7.29 Graph of percent of mosaic patches, Snake River at Heise, ID
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Figure 7.30 Graph of percent of mosaic edge, Snake River at Heise, ID
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Figure 7.31 Graph of mean patch size, Snake River at Heise, ID
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Figure 7.33 Graph of aggregation index. Snake River at Heise, ID
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The patch metrics for the Heise station indicate flow-category patterns before
Palisades Reservoir construction are similar to Cambridge and adjusted Irwin llowcategoiy patterns. The Heise tlow-categories for I960 through 2000 show a tri-modal
distribution in the percent days, percent edge, mean patch-size, mean patch-shape, and
the aggregation index. The Heise flow-categories for the 1911 through 1951 period show
a bi-modal distribution of most patch measurements, similar to the Weiser River at
Cambridge, ID site.

Snake River at Milner, ID
USGS gaging station remarks indicate that American Falls Reservoir, l.ake Walcott,
Milner Lake, and other reservoirs with a combined usable capacity of about 5,800 million
cubic meters regulate streamflow at Milner. The lower Milner Power Plant began
operation November 1992. Considerable surface water is lost to the Snake River Plain
aquifer above the station. Siuface-water diversions occur for irrigation of about 602,000
hectares above and about 176,500 hectares below Milner. Agricuhural irrigation return
flow into Snake River takes place downstream, of Milner. Diversion of the most of the
Snake River streamflow during iiTigation season occuixed before 1993 (USGS 2001c).
The raster hydrograph for Milner (Figure 7.34) shows periods of flow of 50 m^/s or
less. The low periods are 1930 through 1942, 1955 through 1965,1988 through 1995, and
days 280 through 365. With the addition of the power plant in 1992 (Idaho Power 2003),
weekend-regulation patterns begin to appear in the hydrograph. The grid-con-elograni
(Figure 7.35) shows the result typical ol'a streamflow regime similai" to deterministic-
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flow with random fluctuations (Figure 6.14). A flow-duration curve and patch metrics in
Figures 7.36 through 7.42 quantify the Milner station raster hydrograph.
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Figure 7.34 Graph of raster hydrograph, Snake River at Milner, ID
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Figure 7.36 Graph of flow-duration curve, Snake River at Milner, ID
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.Figure 7.37 Graph of percent of mosaic days. Snake River at Milner, ID
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Figure 7.38 Graph of percent of mosaic patches, Snake River at Milner, ID
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Figure 7.39 Graph of percent of mosaic edge. Snake River at Milner, ID
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Figure 7.40 Graph of mean patch size, Snake River at Milner, ID
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Figure 7.41 Graph of metm patch shape, Snake River at Milner, ID
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Figure 7.42 Graph of aggregation index, Snake River at Milner, ID

The patch-analysis results show larger mean patch sizes at the 0.3,10, and 300 m'Vs
flow-category levels. The control station of Cambridge shows most patch measures have
a distribution skewed to the left. The Milner station, however, shows no such pattern witli
most graphs showing a skew to the right, indicating the effects of regulation and reservoir
operation as well as surface-water diversions for irrigated agriculture.

Snake River near Murphy, ID
The major influences at this station are regulation by American Falls Reservoir, 420
km upstream., and by C..1. Strike Reservoir, 65 km upstream. Surface-water diversions
above the station are used for irrigation of approximately 764,840 hectares (USGS
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2001c). Diurnal fluctuations are caused by the Swan Falls hydroelectric plant 6.8 km
upstream, the first power plant built on tlie Snake River. Originally built in 1901, the
facility was rebuilt in 1918, and again in 1994, when a new powerhouse was completed
(Idaho Power 2003). Active storage for Swan Falls is 8.4 million cubic meters. (US Army
Corps of Engineers 1999a).
The raster hydrograph (Figure 7.43) shows that the spring snowmelt that typically
occurs during days 210 through 270 is inconsistent. Periods with little or no snowmelt
runoff include 1930 through 1943,1958 through 1962, and 1988 through 1995. Low-flow
conditions are seen in 1999 and 2000. Other noticeable features include a weekend
regulation pattern from 1950 through 1960, and consistent low flows after day 270.
Extreme low flows are seen in 1981 and 1992 in days 240 to 300.
The grid-correlogram (Figure 7.44) shows a streamflow pattern similar to
deterministic-flow with random fluctuations (Figure 6.14). Between the Milner and
Murphy stations, no major tiibutaries enter the Snake River but multiple springs
contribute to surface water as do irrigation return-flows. Given that eight power plants
and three major reservoirs exist on the river between Milner and Murphy, in additional to
the surface-water diversions for agricultuie, it is not surprising to find the Murphy gridcorrelogram shows signatures of deterministic-flow with random-fluctuations (Figure
6.14). In this case, the grid-con'elogram shows patterns similar to the Milner gridcoiTelogram (Figure 7.35) with a wavy zero-correlation pattern. The flow-duration curve
and patch-analysis results are included in Figures 7.45 tlirough 7.51.
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Figure 7.43 Graph of raster hydrograph, Snake River at Murphy, ID
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Figure 7.44 Graph of grid-correlogram. Snake River at Murphy, ID
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Figure 7.45 Graph of flow-diiration curve. Snake River at Murphy, ID
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Figure 7.46 Graph of percent of mosaic days, Sna,ke River at Murphy, ID
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Figure 7.47 Graph of percent of mosaic patches, Snake River at Murphy, ID
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Figure 7.48 Graph of percent of mosaic edge, Snake River at Murphy, ID
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Figure 7.49 Graph of mean patch size, Snake River at Murphy, ID
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Figure 7.50 Graph of mean patch shape, Snal<e River at Murphy, ID
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Figure 7.51 Graph of aggregation index, Snake River at Murphy, ID

Patch-analysis results of percent mosaic days, percent mosaic patches, and percent
mosaic edge show the Murphy station flow-categories transition smoothly from one
category to another. Other stations, such as Milner, show more abrupt transitions. Also
of note is that the distribution cui^es are slightly skewed to the left, a feature seen in tlie
Cambridge graphs.

Snake River at Weiser, ID
As mentioned 'for other upstream stations, discharges of the Snake River at Weiser,
ID, is regulated by many upstream reservoirs. Hydroelectric plants upstream introduce
diurnal fluctuation within the How record. Suiface-water diversions above station are
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used to irrigation of about 1.2 million hectares with approximately 3,000 hectares are
irrigated below station by surface-water diversions from the Weiser River. Major
tributaries that enter the Snake River above the station are the Boise River (83 km
upstream), the Payette River (35 km upstream), and the Weiser River (1 km upstream).
The Boise and Payette Rivers have reservoirs and power plants whereas the Weiser River
has only small storage reservoirs.
The raster hydrograph for this station (Figure 7.52) shows consistent springtime
snowmelt runoff peaks, which start as early as day 150 and last until day 280. Major
droughts appear in the 1930's, early 1960's and late 1980's to mkl-1990's. Notable
drought years include 1915,1919,1924,1977, and 1992. Stair-step weekend regulation
patterns are seen in years 1953 through 1962.
The grid-correlogram (Figure 7.53) shows a disturbed high-correlation area (aura) but
with a less pronounced wavy pattern for the zero-correlation lines, an indication of less
random fluctuations as compared to the Murphy station. In Figure 7.54, the flowduration curve median is higher than that for Murphy (400 mVs vs. 265 mVs), an
indication that more water is flowing within the main-stem Snalce River. Patch-analysis
results are shown in Figures 7.55 through 7.60. In all cases, the general curve shapes £U'e
similar to the Cambridge control station, with right skew distributions and median values
near curve peaks.
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Figure 7.52 Graph of raster hydrograph, Snake River at Weiser, ID
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Figure 7.53 Grid-correlogram, Snake River at Weiser, ID
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Figure 7.54 Graph of flow-duration curve, Snalce at Weiser, ID
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Figure 7.55 Graph of percent of mosaic days, Snake River at Weiser, ID

123
35%
0 median flow

30%

15%

S 10% •
5%
0%

100

10000

1000
Flow (m'/s)

Figure 7.56 Graph of percent of mosaic patches. Snake River at Weiser, ID
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Figure 7.57 Graph of percent of mosaic edge, Snake River at Weiser, ID
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Figure 7.59 (jraph of mean patch shape, Snake River at Weiser, ID
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Figure 7.60 Graph of aggregation index, Snake River at Weiser, ID

7.2.6 Summary
The middle and upper Snake River stations provide a range of hydrologic situations
and conditions for analysis. Results tbr the control station at Cambridge provide a
baseline to examine other stations. Pre-Palisades Dam construction flows at Heise and the
adjusted flow at Irwin showed comparable results in the grid-correlogram and several
patch metrics as that of the Weiser River at Cambridge, ID. End-of-month contents fbr
Palisades Reservoir produced a disturbed streamflow grid-correlogram remarkably
similar to the simulated random yearly but identical daily-flow grid-con-elogram in
Figure 6.10. The post-Palisades Dam construction-flow record at Heise and the stations
at Milner, Mm*phy, and Weiser yielded results with distorted grid-correlograms consistent
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with deterministic-flow with random fluctuations (Figure 6.14). The Snake River at
Weiser station results showed less disturbance than the upstream stations of Murphy and
Milner as tributaries (Boise, Payette, and Weiser) and ground-water contributed flow to
the main-stem Snake River.

7.3 Upper Colorado River Basin

73.1 Physical setting
The Colorado River is the longest river west of the Rocky Mountains with a length of
2,330 km. The headwaters of the main-stem Colorado River are west of the Continental
Divide, in northern Colorado. The initial reach of 1,600 km passes through a series of
deep gorges and canyons. The river flows in a southwestern direction across Colorado
into southeastern Utali, where it meets the Green River (Figure 7.61)
The upper Colorado River Basin is in the states of Colorado (34 percent), Utah (34
percent), Wyoming (16 percent). New Mexico (9 percent), and Arizona (7 percent) witli a
drainage area of approximately 290,000 km^ above Lees Ferry, Arizona. Lees Ferry is the
dividing point between tlie upper and lower Colorado River Basins. The major tributaries
to the Colorado River are the Yampa, White, Green, Dolores, Gunnison, San Juan, and
Roaring Fork Rivers (IJSGS 2001a).
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7.3.2 Climate
Most of upper Colorado River Basin receives between 250 to 500 mm of precipitation
annually. High-elevation locations receive greater amounts of precipitation, usually as

snow, whereas other regions, such as the Colorado and Gunnison River valleys, receive
less than 250 mm. The difference between normal precipitation and deficient
precipitation can depend on precipitation from just a few storms. The 1930 through 1960
precipitation record for the upper Colorado River Basin demonstrates how total
precipitation cai depend on a few periods of substantial precipitation rather than
numerous minimal or moderate precipitation periods. The record shows that about 50
percent of the annual precipitation in the region results from about 25 percent of the

storms. The lack of a few large storms can cause drought conditions (Riehl, 1965).

7.3.3. Dams and surface-water diversions
The Colorado River Basin is sparsely populated, with an average population density
of one person per 26.5 hectares; agriculture is the primary economic activity in the
region. Multiple reservoirs exist for water storage within the basin and for trans-basin
diversions. Major reservoirs within the upper Colorado River Basin include Blue Mesa,
Crj'stal, Dillon, Granby Lake, Green Mountain, McPhee, Morrow Point, Navajo,
Ridgeway, Ruedi, Shadow Mountain, Taylor Pai-k, WiJliiims Fork, and Willow Creek.
Surface-water diversions across the continental divide to the east average about 629
million cubic meters annually and are diverted from reservoirs and high-elevation ditches

near the divide. (CWRRI 1996).
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The National Inventory of Dams, maintained by the US Army Corps of Engineers,
lists approximately 950 dams above Lees Ferry, AZ, with a total storage capacity of
52,700 million cubic meters. Of this amount, the volume of Lake Powell is approximately
67 percent of the available storage on the upper Colorado River (US Army Corps of
Engineers 1999b).
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7,3.4 Upper Colorado River Basin discharge stations
To characterize the hydrologic regime of selected stations on the upper Colorado
River, raster-based hydrographs, grid-correlograms, and patch-analysis ai:e applied to the
USGS gaging stations listed in TABLE 7.3.

TABLE 7.3 Upper Colorado River Basin stations
Station

USGSID

San Miguel River near
Placerville, CO
Yampa River at
Steamboat Springs, CO
Colorado River near
Dotsero, CO
Colorado River below
Glenwood Springs, CO
Colorado River near
CO~UTStateline
Colorado River at
Lees Ferry, AZ

09172500

803

09239500

1,471

2,041

17

09070500

11,380

1,868

12

09085100

15,574

1,738

16

09163500

46,213

1,318

13

09380000

289,562

947

16

Area
(km'^)

Elevation
(m above
msl
2,143

Flow
Categories
11

San Miguel River at Placerville, CO
The USGS description for the San Miguel River gaging station states daily records
are good except for estimated daily values, which are poor. Surface-water diversions for
about 680 hectares of irrigation occurs upstream of this site. Additional surface-water
diversions take place from Fall Creek, a ti'ibutary to the San Miguel River, for about 800
hectares of irrigation. One small ditch diverts water from Leopard Creek to the
Uncompahgrc River Basin. Lake Hope and Trout Lake, with a combined capacity 6.2
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million cubic meters, is operated jointly by the City of Telluride, Public Service of
Colorado, Pacific Light and Power Company, and Tri State Power Company, (USGS
2001a). Figure 7.62 is the raster hydrograph and Figure 7.63 is the grid-correlogram for
this station.
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Figure 7.62 Graph of raster hydrograph, San Miguel River at Placerville, CO

The raster hydrograph shows the typical runoff signature of springtime snowmelt
occurring between days 210 through 300, with some convective storm runoff events in
days 300 through 360. The regional drought of 1977 is seen in the record except that
low-flow conditions existed before the reduced snowmelt, indicating the drought could
have started as early as 1975, given the lack of higher streamflow in days 1 through 60.
Other droughts appear in 1957, 1960, and 1990. Also there is a lack of precipitation
events in days 1 through 180. The grid-con-elogram for this station is shown in Figure
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7.63. Flow-duration curve and patch-analysis results are shown in Figures 7.64 through
7.70. Similar to the Snake River Basin control station (Figure 7.3), the zero-correlation
lines for the Placerville site show a slightly wavy pattern. However, the grid-correlogram
in Figure 7.63 has an aura pattern more closely resembling the deterministic streamflow
simulation (Figure 6.14) than does the Weiser River at Cambridge, ID, site. Comparisons
of the two grid-correlograms indicate fewer random fluctuations within the Placerville
streamflow record as that of the Cambridge site.
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Figure 7.63 Graph of grid-correlogram, San Miguel River at Placerville, CO
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Figure 7,64 Graph of flow-duration curve, San Miguel River at Placerville, CO
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Figure 7.65 Graph of percent of mosaic days, San Miguel River at Placerville, CO
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Figure 7.66 Graph of percent of mosaic patches, San Miguel River at Placerville^ CO
35%
0 = median
30%
g, 25%
S 20%

15%
a: 10%
5%

0% I
0.1

10

1

100

Flow (m^/s)

Figure 7.67 Graph of percent of mosaic edge, San Miguel River at Placerville, CO
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Figure 7.68 Graph of mean patch size, San Miguel River at Placerville, CO
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Figure 7.69 Graph of mean patch shape, San Miguel River at PlacervilJe, CO
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Figure 7.70 Graph of aggregation index, San Miguel River at Placerville, CO

The flow-duration curve shows a median flow of 3 mVs. The percent of mosaic days
graph (Figure 7.65) shows a peak before the median-flow category. This is the same as
with the Cambridge control station. Also similar between the two control stations is the
mean patch size. Both sites have a distinct peak before the median-flow category.
Some differences exist between these stations. The Cambridge snowmelt flows are
centered on day 240, whereas tlie Placerville location has snowmelt centered on day 270.
The elevation change would account for the days not being more similar. Another
difference is the Placerville flow record does not contain many storm events in days 1
through 180. Flows equal to or greater than 30 m^/s are confined to the spring snowmelt
period. Unlike the Cambridge station, there are few isolated high-flow days. With fewer
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stonn events, the aggregation index for higher flov^s does not show a downward trend.
Flows tend to have an aggregation index value around 0.5 except for lower flows, which
have slightly higher values.

Yarapa River at Steamboat Springs, CO
Streamflow for this station is affected by three surface-water diversions for irrigation
in neighboring basins, surface-water diversion for irrigation of about 8,000 hectares
upstream from station, storage in Stillwater, Yampa, YaniColo, Stagecoach, and
Catamount Resen'oirs (total capacity approximately 19.5 million cubic meters), and
pumping of water to ski areas for snow making during winter months (USGS 2001a).
The raster hydrograpb (Figure 7.71) shows that for years 1910 through 1935, daily
values for days 60 through 150 appear based on monthly values. A vertical linear feature
is seen at day 150. ITiis feature does not affect a qualitative review of the data but
because these data are suspect, the grid-correlogram and patch-analysis only use data
after 1950. Extreme droughts are evident in 1934,1940, and 1944. Low snow-pack years
include 1934,1955, and 1977. High streamflow occurred in the mid-1980's and mid1990's.
An opportunity exists to examine the downstream effect of a low-impact
hydroelectric power facility such as Stagecoach Reservoir, which began regulation in
December 1988, and is 20 km upstream from the Steamboat Springs station (USGS
2001a).
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Figure 7.71 Grapli of raster hydrograph, Yampa River at Steamboat Springs, CO

By examining a period before and after the construction of the Stagecoach Reservoir,
possible differences in the flow characteristics may be identified. Two 21-years periods,
1950 through 1970 and 1981 through 2001, were used to determine the effect of
regulation from Stagecoach Reservoir at the Steamboat Springs station. The start date of
1981 was selected to match the length of record for the pre-dam period to encompass the
period of dam operation. The 1951 through 1971 grid-correlogram in Figure 7.72 shows a
deterministic streamflow signature. The zero-correlation lines are minimally wavy and
the high-correlation aura pattern is seen. Figure 7.73 is the grid-correlogram of the 1981
through 2001 period and shows increased random fluctuations. The zero-correlation lines
are wavier than in the earlier situation and the area of high-correlation (the aura) is
slightly distorted. Except for low flows, little difference is seen between the two flow
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periods on the flow-duration curve (Figure 7.74). The tlow-duration curves show the
median flow for the 1950 through 1970 period is 3.4 mVs and for the 198) through 2001
period is 4.0 m^/s. Differences can be seen in the patch measurements (Figures 7.75
through 7.80).
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Figure 7.72 Graph of grid-correlogram, Yam pa River at Steamboat Springs, CO
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Figure 7.73 Graph of grid-correlogram, Yampa River at Steamboat Springs, C'O
(1981 through 2001)
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Figure 7.74 Graph of flow-duration curve, Yampa River at Steamboat Springs, CO
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Figure 7.75 Graph of percent of mosaic days, Yampa River at Steamboat Springs, CO
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Figure 7.76 Graph of percent of mosaic patches, River at Steamboat Springs, CO
40%
-^-1950- 1970

0 • = median

• - 1981 -2001

35%
30%
O)
TJ

26%
E 20%

15%
10%

5%

0%
0.1

1

10

100

1000

Flow (m'/s)

Figure 7.77 Graph of percent of mosaic edge, Yampa River at Steamboat Springs, CO
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Figure 7.78 Graph of mean patch size, Yampa River at Steamboat Springs, CO
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Figure 7.79 Graph of mean patch shape, Yampa River at Steamboat Springs, CO
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Figure 7.80 Graph of aggregation index, Yampa River at Steamboat Springs, CO

Although the flow-duration curves are similar, patch metrics indicate the period from
1981 through 2001 has larger average patch areas, more complex shapes, and more
aggregation of patches as compared to the 1950 through 1970 period.

Colorado .River near Dotsero, CO
The streamflow at Dotsero, CO, is affected by inter-basin surface-water diversions,
storage reservoirs, power-plant operations, surface-water diversions for irrigation of
26,300 hectares upstream from station, and return flow from irrigated iu*eas. The Eagle
River enters the .main-stem Colorado River approximately 2 km above Dotsero and the
Roaring Fork River confluence is 26 km .further downstream (USGS 2001a). Comparing
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this station with the Glenwood Spring, CO, site, changes to the flow regime can be
examined where major tributaries enter the main-stem river.
The raster hydrograph (Figure 7.81) shows a weekend regulation stair-step pattern for
1941 through 1955. Droughts are seen in 1953, 1966, 1977, and the mid-1990's. Wet
periods include 1983 through 1988 and 1995 through 1996. These wetter periods are
linked to the El Nino climatic cycle (Kx)ehler 2002). The grid-correlogram (Figure 7.82)
shows nonlinear zero-con-elation lines and a distorted high-eoiTelation aura. These are
signatures of streamtlow disturbance, as expected with weekend regulation patterns. The
flow-duration curve shows a median value of 36 rn^/s (Figure 7,83). Patch-analysis
results are shown in Figures 7.84 through 7.89.
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Figure 7.81 Graph of raster hydrograph, Colorado River near Dotsero, CO
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Figure 7.82 Graph of grid-correlogram, Colorado River near Dotsero, CO
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Figure 7.83 Graph of flow-duration curve, Colorado River near Dotsero, CO
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Figure 7.84 Graph of percent of mosaic days, Colorado River near Dotsero, CO
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Figure 7.85 Graph of percent of mosaic patches, Colorado River near Dotsero, CO
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Figure 7.86 Graph of percent of mosaic edge, Colorado River near Dotsero, CO
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Figure 7.87 Graph of mean patch size, Colorado River near Dotsero, CO
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Figure 7.88 Graph of mean patch shape, Colorado River neai* Dotsero, CO
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Figure 7.89 Graph of aggregation index, Colorado River near Dotsero, CO
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The patch-analysis curves are similar to those of the Placendlle control station except
for the low flows where patches are smaller, squarer, and more raiidomly distributed. The
aggregation index for Placerville flow-categories

is about 0.5 for the lowest flows on

record, whereas the Dotsero low flows have an aggregation index of 0.25. The weekend
regulation pattern throughout the record is the reason for the changes.

Colorado River below Glenwood Springs, CO
As with the streamflow at Dotsero, the Glenwood Springs flow record is aflected by
inter-basin surface-water diversions, storage reservoirs, power-plant operations, surfacewater diversions for irrigation upstream from the station, and return flow fi:om irrigated
areas. The Roaring Fork River enters the main-stem Colorado River approximately 1 km
above the Glenwood Springs station.
The raster hydrograph (Figure 7.90) shows a faint weekend regulation stair-step
patterns, but it is not as prominent as for the Dotsero station. Droughts are seen in 1977,
1981, and the niid-1990's. As with Dotsero, wet periods include 1983 through 1988, and
1996 through 1998. The grid-correlogram (Figure 7.91) shows nonlinear zero-correlation
lines and a distorted high-correlation awa but to a lesser degree than for the Dotsero
station. Influence of tributary flow from, the Roaring Fork River is seen by the increased
median-flow value from Dotsero (36 m,^/s) to Glenwood Springs (60 m'Vs). A
comparison of grid-correlograms shows a decrease in the random fluctuations between
the Dotsero and Glenwood Springs sites, another sign of tributa,ry flow influence. Patchanalysis results are shown in Figures 7.96 through 7,98,
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Figure 7.90 Graph of raster hydrograph, Colorado River below Glenwood Springs. CO
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Figure 7.91 Graph of grid-correlogram, Colorado River below Glenwood Springs, CO
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Figure 7.92 Graph of flow-duration curve, Colorado River below Glenwood Springs, CO
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Figure 7.93 Graph of percent of mosaic days, Colorado River below Glenwood Springs, CO
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Figure 7.94 Graph of percent of mosaic patches, Colorado River below Glenwood Springs, CO
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Figure 7.95 Graph of percent of mosaic edge, Colorado River below Glenwood Springs, CO
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Linear
0 median flow

Square

1000
Flow (m'Vs)

Figure 7,97 Graph of mean patcli shape, Colorado River below Glenwood Springs, CO
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Figure 7.98 Graph of aggregation index, Colorado River below Glenwood Springs, CX)

As expected, patch-analysis curves are similar to those for the Dotsero station, except
that the curves are shifted to the right. As with Dotsero, patches at lower flows smaller,
more square-shaped, and more randomly distributed. The aggregation index for
Placerville flow-categories is about 0.5 for the lowest flows on record, whereas the
Glenwood Springs low flows have an aggregation index of 0.28, a slight modification of
the Dotsero values. It appears the weekend regulation pattern continues to affect
streamflow patterns even after a major tributary increases streamflow past the Glenwood
Springs location.
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Colorado River near Colorado-Utah State Line
Streamflow at tlie St^ite Line location is alTected by upstream inter-basin surfacewater diversions, storage reservoirs, power developtnent, diversions for irrigation, and all
return flow from irrigated areas. The Gunnison River is a major tributarj' that enters the
main-stem Colorado River between Glenwood Springs and State Line. Four major
reservoirs exist on the Gminison River with the Grand Valley Project Diversion Dam,
Price-Stnbb Diversion Dam,, and the Grand Valley Irrigation Company (GVIC) Diversion
Dams on the main-stem Colorado River. Estimated surface-water diversion for irrigation
by the main-stem diversion dams is approximately 77.1 million cubic meters per year, an
equivalent annual flow of 58.7 mVs (USBR 20()3).
The raster hydrograph (Figure 7.99) shows the weekend regulation pattern seen in
previous hydrographs. The stair-step pattern is seen in the mid-1970's and is present
throughout the record. Droughts occurred in 1977,1981, and the raid-1990's and wet
periods were in 1983 through 1988, and 1996 through 1998. Low flow is consistent in
days 1 through 210 until around 1968. The grid-con-elogram (Figure 7.100) shows
nonlinear zero-correlation values along with a greater distorted high-correlation aura as
compared to the Glenwood Springs station. Additional zero-correlation areas appear at
daily lag values of ±150 days due to surface-water diversions. The grid-correlogram is
similar in appearance to the Weiser, ID, gfid-correlogram (Figure 7.53), which is a
station also affected, by upstream tributary river inflows and surface-water diversions for
irrigation. The flow-duration cui-ve (Figure 7.101) shows a median flow of 112 m''',/s,
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almost twice the 60 m /s for Glenwood Springs median flow. Patch-analysis results are
shown in Figures 7.102 through 7.107.
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Figure 7.99 Graph of raster hydrograph, Colorado River near CO-UT State Line

Correlation

I
(0

10

1.00
0.75
0,50
0.25

CO -10

-150

-100

-50

0

50

I

0.00

-0.25

Lag in days
Figure 7.100 Graph of grid-correlogram, Colorado River near CO-UT State Line
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Figure 7.101 (jraph of flow-duration curve, Colorado River near CO-UT State Line
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Figure 7.102 Graph of percent of mosaic days, Colorado River near CO-UT State Line
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Figure 7.103 Graph of percent of mosaic patches, Colorado River near CO-UT State Line
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Figure 7.104 Graph of percent of mosaic edge, Colorado River near CO-UT State Line
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Figure 7.105 Graph of mean patch size, Colorado River near CO-UT State Line
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Figure 7.106 Graph of mean patch shape, Colorado River near CO-UT State Line
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Figure 7.107 Graph of aggregation index, Colorado Ri ver near CO-UT State Line

Patch analysis of the State Line station shows similar traits at that of the Snake River
at Weiser, ID. Whereas the Placerville control station patch analysis has a sharp peak
before the median flow, the State Line analysis displays a bi-raodal distribution of flows.

Colorado River at Lees Ferry, AZ
The Lees Ferry station is downstream of Lake Powell and Glen Canyon Dam.
Streamflow has been highly regulated since Mar. 13,1963. As with the State Line
station, there are many diversions above Lake Powell for irrigation, mimicipal, and
industrial use. No diversions or inflow exist between Glen Canyon Dam and Lees Ferry,
Glen Canyon Dam produces electrical power on a yem* round basis.
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As shown earlier in Figure 3.3 and I'ABLE 3.2, various discharge patterns are seen at
the Lees Ferry station. The most obvious pattern seen in the raster hydrograph (Figure
7.108) is the beginning of regulation in 1963. There is a complete change of flow patterns
after this time. Two grid-correlograms record the effects on streamflow pre- and postdam operations at Glen Canyon Dam. Figure 7.109 is the pre-dam period of 1930 through
1960 and shows a pattern consistent witli the control station at Placerville (Figure 7.63),
the control station at Cambridge (Figure 7.3), the pre-Stagecoach Reservoir period for
Steamboat Springs (Figure 7.73), tlie pre-Palisades Reservoir period for Heise (Figure
7.25), and detenninistic streamflow simulation (Figwe 6.12). The post-Glen Canyon
Dam period of 1970 through 2000 has a grid-correlogram which shows a highly disturbed
flow regime (Figure 7.110). The grid-conelogram is similar to tlie Palisades Reservoir
change-in-storage grid-correlogram (Figure 7.14) and the simulated random-flow gridcorrelogram (Figure 6.10) except the weekend regulation pattern is integrated into tlie
graphic. The flow-duration curve (Figure 7.111) shows a marked change in the
distribution of flows with the pre-dam period, having a median flow of 212 m^/s and a
post-dam period median flow of 382 mVs. The patch-analysis approach quantifies the
changes between these two periods with results shown in Figures 7.112 through 7.117.
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Figure 7.108 Graph of raster hydrograph, Colorado River at Lees Ferry, AZ
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Figure 7.109 Graph of grid-correlogram, Colorado River at Lees Ferry, AZ
(1930 through 1960)
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Figure 7.110 Graph of grid-correlogram, Colorado River at Lees Ferry, AZ
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Figure 7.111 Graph of flow-duration curve, Colorado River at Lees Ferry, AZ
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Figure 7.112 Graph of percent of mosaic days, Colorado River at Lees Ferry, AZ
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Figure 7.113 Graph of percent of mosaic patches, Colorado River at Lees Ferry, AZ

164
35%
1930-1960
• - 1970 - 2000

median

30%

25%

S 20%
!§ 15%
ix 10%
5%
0%

10

1000

100

10000

Flow (m^/s)

Figure 7.114 Graph of percent of mosaic edge, Colorado River at Lees Ferry, AZ
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Figure 7.115 Graph of mean patch size, Colorado River at Lees Feriy, AZ
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Figure 7.116 Graph of mean patch shape, Colorado River at Lees Ferry, AZ
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Figure 7.117 Graph of aggregation index, Colorado River at Lees Feny, AZ
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Examining the flow record before and after Glen Canyon Dam regulation allows
measurement of the effects of power generation. The reservoir management of Lake
Powell has introduced randomness into daily and yearly flow-signatures at the Lees Ferry
site. Power production causes spikes in flow as water is released that creates daily
randomness in the flow-signature. The redistribution of flow throughout the year coupled
with the progression of weekend days and associated reductions in flow creates daily and
yearly randomness into the flow-signature.
The patch-analysis shows distinct changes to the hydrologic flow regime. The
percent of mosaic days curves show a shift to more frequent mid-range flows in the postdam period and is consistent with a higher median flow. The post-dam period shows an
increase of mid-range flows with decreases in low- and high-range flows. The percentof-patches graph indicates a redistribution of patches, not just a shift as seen with the
percent of mosaic days. Mean patch size illustrates the effects of electrical power
generation and weekend regulation where patch size for the 200 m^/s flow range
decreased fi-om 25 days (pre-dam) to 4 days (post-dam). At the 1000 to 2000 m^/s flow
range, patch size increased from 10 days (pre-dam) to 20 days (post-dam). Patch shape
and aggregation both changed significantly. Post-dam patch shape at lower flows has
become more square (a result of smaller patch sizes) and more randomly distributed as
compared to the pre-dain period.
In the cases of percent mosaic days, percent mosaic patches, percent mosaic edges,
mean patch shape, and aggregation, the pre-dam curves for Lees Ferry are similai" to the
Placerville control station. The only graph witli differences is the mean patch shape, in
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which where higher flow-categories for Lees Ferry show an upward turn whereas the
Placerville site does not show this feature. In the case of post-dam curves, all show either
a shift towards higher flow-categories or redistiibution as compared to the pre-dam
curves. The implication is that (jlen Canyon Dam regulation has a profound effect on all
flow categories, not the just high-flow categories. It has been the higher flows that have
garnered interest in recent years. Whereas competing interests may make it impossible to
return the Colorado River to more natural flow characteristics, these patch-analysis
curves act as a guide as to what discharges could approximate a more natural flow
regime.
7.3.5 Summary
As with the Snake River Basin stations, the upper Colorado River Basin stations
provide a range of hydrologic situations and conditions for analysis. Results for the
control station at Placerville provide a baseline to examine other stations. Pre-Glen
Canyon Dam construction flows at Lees Feriy showed comparable results in the gridcorrelogram and several patch metrics as did those of Placerville control site. Post-Glen
Canyon Dam flows show a highly disturbed grid-correlogram due to daily and yejirly
randomness introduced by power production and reservoir management. Graphs for the
stations at Steamboat Springs, Dotsero, Glenwood Springs, and State Line, showed
distorted grid-correlogram.s to varying degrees, consistent with altered fl,ow regimes
caused by surface-water diversions and reservoir operations.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclwsions

8.1.1 Study results
The raster-based analysis and visualization methodology is an innovative and highly
illustrative approach to examine large hydrologic time-series datasets. Raster-based
hydrographs, grid-correlograms, and patch-analysis are new tools and visualization
techniques well suited for hydrology and its role in natural-resource management.
Quantifiable, repeatable, and consistent results were obtained when the raster-based
approach was applied to several discharge stations on the middle and upper Snake and
upper Colorado Rivers. Stations with minimal anthropogenic flow disturbances, the
Weiser River at Cambridge, ID, and San Miguel River at Placerville, CO, produced gridcoiTelogram patterns consistent with simulation of deterministic streamflow. Stations
with anthropogenic streamflow disturbances, such as surface-water diversions, reservoir
storage, and electrical power production, were consistent with each other and with
simulated streamflows. The grid-correlograms for the Snake River at Weiser, ID, and the
Colorado River at Colorado-Utah State Line produced similar results. The methodology
also proved capable of detecting "low-impact" alterations to the natural hydrologic
regime on the Yampa River at Steamboat Springs, CO, caused by Stagecoach Reservoir.
The Palisades Reservoir on the upper Snake l^ver change-in-storage grid-correlogram
produced patterns similar to those of simulated random streamflow disturbances. The
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results from the Colorado River at Lees Ferry, AZ, were consistent with the simulation of
highly randomized streamflow.
It has been demonstrated that the raster-based method is extremely flexible when
visualizing specific hydrologic characteristics. While visualization by itself is qualitative,
when coupled with patch-analysis, quantification of the hydrologic regime over a range
of flow-categories is possible and provides a powerful analysis technique. As shown
with the middle and upper Snake 'River and upper Colorado River analyses, patch
properties, such as average patch size, shape, and aggregation, permits a more detailed
examination of the data than do traditional methods. Patch metrics for the Weiser River
at Cambridge, ID, station showed that for low flows (0.1 to 1.0 mVs) the patch was large
(mean patch size was 14 days), the mean patch shape was highly linear (shape index was
] .8), and low-flow days were highly aggregated (an aggregation index of 0.68). All of
these factors point to a drought-like low-flow situation. In contrast, low flows-categories
(30 to 200 mVs) for the Colorado River at Lees Ferry after the construction of Glen
Canyon Dam were small (average patch size of I. to 2 days), were square shaped (mean
patch-shape index was 1.0 to 1.1), and were randomly distributed (an aggregation index
of 0.1 to 0.3). These factors point to multiple short-period low-flow days scattered
through the record as a result of weekend flow regulation and electrical power
production.
Additional raster-based analysis on rain-dominated river systems would be an
appropriate follow up study to this research to note similaiities or differences.
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8.1.2 Raster-based limitations
The raster-base method presented in this research has limitations. Currently the
method requires large amounts of data and records of less than ten years have not been
explored. Another limitation is this method has only been applied to perennial streams,
No effort has been taken to examine ephemeral streams, partly because in the case of zero
flow, a logarithmic conversion does not produce meaningful results. Other limitations
regarding this research include an unfamiliar and unconventional methodology, the
extensive use of color, the current need to use multiple software applications, and the
need to reclassify/reforniat for use in FRAGSTATS. Additional efforts to examine these
situations more closely would increase the usefulness of the raster-based approach.

8.2 Recominendations

8.2.1 River-restoration application
The raster-based method is well suited to address many concerns expressed by
natural-resource managers and researchers. Some concerns include man-made
hydrographs that prevent or limit natural flood events, which in turn alter sediment
deposition and hydrologic conditions required tor the regeneration and maintenance of
Cottonwood bosques (Dreesen 2003), response of stream and flood-plain biota to various

aspects of surface flow, such as timing, magnitude, frequency, duration, and rate of
change (Shafroth 200.3), slowing or preventing invasion of salt cedar by restoring the
physical conditions that favor native species (Stromberg et al. 2003), and human-caused
alteration of the flow regime that uncouples important ecological processes linking
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ecological components in large rivers (Stanford et al 1996). To address these concerns
Stalnaker (1979) recommends that flow requirements should be dynamic. Along this
same line of reasoning Olden and Poff (2003) state that knowing a minimum number of
hydrologic indices that adequately describe the streamflow regime would be an important
contribution to the field of river research.
The raster-based methodology can address these concerns. A patch-work or
"management mosaic" of flow-categories would incorporate the multi-year daily,
seasonal, and annual variations not possible with minimum-tlow requirements or targeted
monthly flows. Difierent flow regimes for wet years and dry years can be accommodated
by different "management-mosaic" scenarios. In all cases, the natural variability of a
stream would be included, an element lacking in current management techniques.

8.2.2. Channel-morphology application
Daily streamflow is an important element in the geomorphologic dynamics of a
stream. For example. Dexter (1995) monitored sandbar stability in Grand Canyon on a
daily time scale using terrestrial photogrammetry. Briggs and Osterkamp (2003) suggest
directing evaluation efforts towards understanding fluvial processes. Especially important
is the characterization of fluxes and flux changes of water, sediment, and organic matter
for the basin. These papers indicate that for natui'al streams to fimction properly, the right
physical environment must be present. As noted earlier the annual, seasonal, and daily
patterns of streamflow determine many of the physical and biological properties of a
stream. Knowing the daily streamflow patterns are critical to many of the efforts
underway to monitor and restore streams to their natural state.
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8.2.3 Application to other time-series
Another possible use for the raster-based method is with other time-series. Within the
natural-resources community, understanding past climatic tj-ends is an important factor.
One commonly used climate factor is the Palmer Drought Severity Index (PDSI). The
PDSI was developed during the early 1960's by W. C. Palmer to standard way to quantify
the severity of drought conditions. The PDS I has become one of the most widely used
drought assessment tools. The federal government and many state governments rely on
the PDSI to trigger drought-relief programs. The categories run from "mild" to
"moderate" to "severe" to "extreme". The normal range of PDSI values is from -0.50 to
+0.50. Any PDSI values above +4.00 or below -4.00 fall into the "extreme" category of
wet spell or drought (Wells 2002).
Garfin (2003) used the raster approach to illustrate PDSI trends over the state of
Arizona (Figure 8.1). The graph shows both temporal and spatial distribution of drought
conditions during a period of 108 years for Arizona. A total of 756 record years of
monthly data are displayed.
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Figure 8.1 Raster graph of monthly PDSl values for Arizona state zones

8.2.4 Sensitivity-analysis application
With a simple alteration of the raster grid coordinate system, it is possible to plot
multiple stream flow simulations as part of a sensitivity analysis. For example, if a
specific parameter such as Manning's n, becomes the y-axis coordinate, results iiom flow
simulations can be stacked and the resulting graph (Figure 8.2). Review of the raster
graph may aid in understanding how a parameter change affects simulation output. The
areas of similar color and contrast would indicate correlation between the areas. Abrupt
color c.hanges would indicate distinct value changes.
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Figure 8.2 Graph of conceptual raster-based graphic for sensitivity analysis

8.2.5 Further refinements and additional research
The raster-based methodology is a versatile graphing method for numerous types of
time-series data. One area needed for future application is how the color-scheme is used
to display data. Two general approaches are possible with color distribution. The first is a
relative scheme to a specific dataset, and the second is a common scheme for
comparisons between several datasets. The relative scheme is useful when highlighting
characteristics specific to a single station. For example a site may have increasing lower
baseflow over time. In this case a color-scheme emphasizing the extent of lower flows
helps reveal the downward trend. A common color-scheme can be used for several
stations and facilitate comparisons (Figure 8.1). One problem that can occur with a
common color-scheme is when sites have large differences in discharge. If the lower
discharge site is used to determine the lower end of the color-scheme, then the higher
discharge will be confined to a small region of the color-scheme. Little to no detail
would appear on the raster hydrograph of the high discharge station.
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Color scales can be based on other measurements besides discharge. In order to
normalize large differences in observed How, the data Z-Score can be used. Another scale
basis could be values from flow-duration cun'es. Specific colors could be assigned to the
10 percent median, and 90 percent flows for example. It should be noted that in all cases
patch-analysis results are "color blind" and are not affected by any color-scheme used..
Another area for further research involves the grid-correlogram. More study of zero
correlation behavior is needed. The amount ofwaviness and the daily lag variation as
related to the degree streamflow disturbance.
Finally, the current research has demonstrated the use of data visualization and
interpretation of ra.ster-hydrograph and grid-correlogram results. Future research should
include development of statistical tests to see if management techniques, as measured by
patch analysis, have significantly changed streamflow patterns. This research could be
applied to inter-basin comparisons as well. Such tests would require procedures that
convert patch-analysis measurements to the same scale.

APPENDIX A
EASTER HYDROGRAPH CONSTRUCTION

The description that follows for raster-hydrograph creation is specific to the
commercial software program SURFER (Version 8) by Golden Software (Golden,
Colorado). Data fonnatting can be accomplished within a spreadsheet environnient such
as EXCEL by Microsoft Corporation (Redmond, Washington). The SURI'ER application
can import EXCEL files directly.
The raster hydrograph is a three-dimensional representation of the data where tlie Xaxis is the day of water year, the Y-axis is the water year, and the Z-axis is the logio of
the flow and colored according to the logu) (discharge) magnitude. Data are gridded
through the "Grid" menu option, which is displayed only when a new PIX)T window is
opened. Under the "Grid" menu selection is the "Data..option. Use this option to select
the file to graph.
It is necessary to set specific gridding parameters to produce a raster hydrograph.
The "Nearest Neighbor" option is the fastest choice and is adequate as the "Spacing"
values are set to 1. This ensures an observed value is located at each gridding node. No
interpolation should take place and the final color graph represents actual data. The
SURFER program produces a gridded file with a .grd file extension.
The actual graphing uses the .grd file, to generate the raster hydrograph. With the
PLOT screen active, select the "Map" menu option and then select the "Image Map..."
option. The Image Map Properties dialog box allows selection of the specific .grd file to
graph. It is strongly suggested that the "'Interpolate Pixels" checkbox be set to "Off.
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When this option is set to "On", pixels within the graph appear smeared. The Show
Color Scale checkbox should be set to "On" as to place a bar along side the graph.
Double clicking on the Colors bar allows color selection. This research used a white-redorange-yellow-green-bliie-iiidigo-violet approach for color-schemes where white
represented lower discharges and violet represented higher discharges.
Changing the axis scale is accomplished by double clicking on an axis of the graph. It
is suggested that tlie X-axis have a major inter\'al of 30, with first major tick at 1 and last
tick at 360. This divides the X-axis into 30-day intervals, about the same as calendar
montlis, A Y-axis interval of 5 to 10 years is adequate for most cases.
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APPENDIX B
FLOW CATEGORY FILE FORMAT

The FRAGSTATS program is an important software program when using patch
analysis to exam a raster hydrograph. Extensive on-line documentation is available with
the FRAGSTATS program. Categoiy property modifications made for this research are
described below in BOLD. Otherwise, infomiation is directly from the on-line source
(McGariga! and Marks 1995).
Category Properties File. FRAGSTATS uses the file extension .fde for category
properties files and searches for tiles with this extension by default when navigating. The
.fde extension is not mandatory, but helps keep files organized. Each record in the tile
should contain a numeric patch type value (FI.OW CATEGORY NUMBER), the
character descriptor for that patch type (FLOW CATEGORY), a status indicator, and a
background indicator.
The syntax for this comma-delimited ASCII file is as follows:
CatesorylD. CatesotyName, Status. isBacksround
CategorvlD (FLOW CATEGORY NUMBER) is an integer value corresponding to
a category value in the landscape.
CateeorvName (FLOW CATEORY) is a descriptive name of the category (FLOW);
descriptive names can be any length and contain any characters, including spaces, but
cannot include commas (FLOW is given a noiierk description, i.e. Id rn^/s is
described as "Mf^),
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Status can take on two values: "true", or "f; tind "false", or "fand determines
whether the corresponding category should be processed and added to the results or
simply ignored in the output tiles. A "true" or "t" indicates that the category is enabled
and should be output in the patch and category output files. A "false" or "f indicates that
the category is disabled and should not be output. Note, category status does not effect
the computation of landscape metrics; disabled categories are still included, as necessary,
in the computation of mosaic metrics. Although there is some savings of computer
processing by disabling a category, the primary effect is on the output. This feature
allows categories to be "turned off' so that statistics are not part of output files.
isBackeround can take on two values: "true", or "t"; and "false", or "f, and
detennines whether the corresponding class should be reclassified and treated as
background (i.e., assigned the background value specified in the Grid Attributes. Note,
classifying a category as background can effect mosaic metrics (missing data or nonleap years days are labeled as background for this research).
The category properties file should contain a record for each categoiy in the input
mosaic, and ail arguments should be separated by a comma or space(s).
In summary, the category properties file allows you to do tliree things: (1) specify
character descriptors for each category in order to facilitate interpretation of the output
files, (2) limit the output files to only the categories of interest, and (3) reclassify classes
to background. Flow-category files for all research sites are listed below.
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Weiser River at Cambridge, ID
l,0.18,,t,f
2,0.32,t,f
3,0.56,t,f
5,L78,t,f
6,3.l6,t,f
7,5.62,t,f
9,17.78,t,f
10,3].62,t,f
ll,56.23,t,f
12,100,t,f
]3,177,t,f
i4,3!6,t,f
15,562,t,f

Snake River at Heise, ID
2,16,t,f
3,20,t,f
4,25,t,f
5,32,t,f
6,40,t,f
7,50,t,f
8,63,t,f
9,79,t,f
10,100,t,f
11,126,t,f
12,158,t,f
13,200,t,f
J4,251,t,f
15,316,t,f
16,398,t,f
17,501,t,f
18-63],t,f
19,794,t,f
20,1000,t,f
21,]259,t,f
22,1585,t,f

Snake River at Irwin, ID
1.0.63,t,f
2.1,t,f
3,I.58,t,f
4,2.5 l,t,f
5,3,98,t,f
6,6.31,t,f
7.:l0,t,f
8,15.85,t,f
9,25.12,t,f
I0,39.81,t,f
11.63.l,t,f
12,100,t,f
13,159,t,f
14,25 t,t,f
15,398,t,f
16,630,t,f
17,l000,t,f
Snake River at Milner, ID
],0.01,t,f
2,0,03,t,f
3,0.],t,f
4,032,t,f
6,3.16,t,f
7,10,t,f
8.31.62,t,f
9,100,t,f
10,3I6,t,f
ll,1000,t,f
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Snake River near Mwphy, ID
1.12(U,f
2.144,t,f
3,173,t,f
4,208,t,f
5,25 lAf
6,302,tf
7,363,t,f
8,436,t,f
9,524,t,f
10,630,t,f
lJ,758,t,f
12,912,t,t'
13,1096,t,f
14,13]8,t,f

Snake River at Weiser, ID
l,126,t,f
2,158.t,f
3,200,t,f
4,251,t.f
5,3164,f
6,398,t,f
7,5()l,t,f
8,631,t,f
9,794,t,f
10,l00(),t,f
1 l,125§,t,f
12,1584,t,f
13,1995,t;f
14,2511,t,f

San Miguel River near Placerville, CX)
1.0.63,t,f
2.1,t,f
3,1.58,t,f
4,2,5 l,t,f
5,3.98,t,f
6,6.3 l,t,f
7J0,t,f
8,15.85,t,f
9,25.12,t,l^
10,39.81,t,f
ll,63.],t,f

Yampa River at Steamboat Springs, CO
2,0.]6,t,f
3,0.25,t,f
4,0.4,t,f
5,0.63,t,f
6,1.0,t,f
7,L58,t,f
8,2.51,t,f
9,3.98,t,f
10,6.3 l,t,f
12,15.85.t,f
13,25.12,t,f
14,39.81 Af
15,63.l,t,f
16,100,t,f
17,158,t,f

Colorado River near Dotsero, CO
),11.22,t,f
2,15.85,t,f
3,22.39,t,f
4,31.62,t,f
5,44.67,t,f
6,63.1,t,f
7,89.13,t,f
8,)26,t,f
9,178,t,f
10,251,t,i^
1 l,355,t,f
12,501,t,f

Colorado River below Glenwood Spring,s, CO
],25,J2,t,f
2.3].62,t,f
3,39.81.t,f
4,50.12.t,f
5,63.1,t,r
6,79.43,t,f
7,100,t,f
8,126,t,f
9,15S,t,f
10,200,t,f
ll,2Sl,t,f
12,3]6,t,f
13,398,t,f
14,501,t.f
1.5,63 l.tf
16,794,t.r

Colorado River near CO-UT Stateline
],31,62,t,f
2,44.67,t.f
3,63.1,t,f
4,89.13,t,f
5,126,t,f
6,178,t,f
7.25],t,f
8,355,t,f
9.501,t,f
I0,708,t.f
11,1000,t,f
12,l4l3,t,f
13,1995,t,f

Colorado River at Lees Feny, AZ
1,22.39,t.f
2,31.62,t,f
3,44.67,t,f
4,63.1.t,f
5,89.13,t,f
6,126,t,f
7,178,t,f
8,251,t,f
9,355,t,f
10,501,t.f
n,708,t,f
12,1000,t,f
:i3,1412,t,f
14,1995,t,f
15,2818,t.f
16,3981,t,f
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APPENDIX C
STEPS FOR USING FRAGSTATS WITH HYDROLOGIC DATA
Listed below m'e steps required for using FRAGSTATS patch-analysis program with
hydrologic data. Specific information on the FRAGSTATS program is available either
on-line or within the electronic documentation included with the program.
1)
2)
3)
4)
5)

Obtain time-series data
Assign water year (long-terra) and water^year day (short-teni)) value to each date
Convert flow to units of interest (ft^/s, m7s, for example)
Convert flow from step 3 to a logjo value
Reclassify data
a. Select reclassification interval
b. Calculate regression
i. Compute linear regression of reclassified data vs source data
ii. Ensure r^ > 0.99 or greater for selected interval
c. Convert reclassified numbers to integer categories for FRAGSTATS input
i. Set lowest flow category to 1
ii. Increment category number by 1 for each larger flow-category
iii. Set highest flow-categoiy to largest integer
6) Reformat linear dataset to a day (row) by year (column) matrix (Figure C.l)
a. Spreadsheets often limited to 256 columns
b. Assigning "day" to rows and "year" to column avoids this limitation
7) Save reformatted dataset as a space delineated file (critical for FRAGSTATS).
8) Create category identifier file (examples in Appendix B).
a. Category number (integer value), flow-category, "t", "f
b. Save as text file with .Mc extension
9) Run FRAGSTATS
a. Data input
i. Enter data file name
ii. Name output file
iii. Enter category file name
iv. Save as .frg file
b. Select patch, category > and mosaic parameters of interest
i. Days,
ii. Patches
iii. Edge
iv. Mean patch size
V. Mean patch shape
vi. Aggregate (clumpy) index
10) Open .patch output file
a. Modify headers
b. Create graphs of interest
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Example of data input file for FRAGSTATS:

Year
1
2
3
4

364
365
366

1940 1941 1942 .
6
8
8 .
9
8 .
8
10
8
8 .
9
8
8 .

10
9
9

9
9 .
9
11 .
999 999 ,

. 1999 2000 2001
7
6
. 9
7
. 9
6
7
6
. 8
7
6
. 8

. 7
. 7
. 999

6
6
6

7
7
999

Figure C.l FRAGSTATS data input file example

Only the data within the box are part of the input file. Day number and Year are
included in the above example only as row and column description. Data are flowcategoiy numbers and are matched to the station .fdc file. The value of "999" implies
that day is part of the background and is not included in any patch measurement. In this
example, day 366 of a non-leap year is assigned a background designation.
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