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Abstract: The selection of an instream need for a river requires analysis of the riverine hydrology.
Selected tools useful in such an analysis are presented in this paper. Experience in the
determination of an instream flow water right and in the determination of a regulation establishing
an instream flow requirement has shown that riverine hydrological analysis must be tailored to the
specific river, the riverine ecosystem, and competing water use needs. The riverine hydrological
analysis of a specific river most often will include five regimes. These are 1) annual flow regime,
2) high flow regime, 3) low Flow regime, 4) streamflow variation regime, and 5) sediment
transport capacity regime. The annual flow regime includes annual runoff and annual maximum
discharges. High flows regime includes the time streamflows exceed a selected lower limit on high
flows and the selection of the streamflow that is the minimum for high flow needs in a river. The
low flow regime includes the frequency of low flows and the number of zero flow days.
Streamflow variation regime considers the variation of streamflows including rapid changes in
streamflow. The sediment transport capacity regime considers both the transport of sediment and
the maintenance of a channel in a state suitable for a desired ecosystem. The selection of an
analysis year is also considered. In the United States this is October — September (a water year) but
other starting and ending months may be more appropriated for a specific river.

1. Introduction.

Instream flows are an allocation of water to support values obtained from streamflows
in ariver. The actual allocation of water to instream flows is a policy process. The best
situation is when the policy is support by quality analysis of the instream values. The
purpose of this paper is to present hydrological analysis tools that are helpful in doing a
quality analysis to assist in establishing instream flow requirements for water management
purposes. A major purpose of the hydrological analysis is to understand the dynamic
characteristics of streamflows in the river or creek without linking the streamflows to the
biological system using habitat modeling. Exactly how the results are used depends on the
water management situation at hand. The uses of the analysis include 1) comparing
differences in the streamflows between time periods in the measured record such as
comparing the streamflow situation prior to a major diversion to the streamflow situation
after the diversion, 2) comparing streamflow conditions determined by simulation of
alternative water management activities, 3) comparing streamflow conditions resulting
from alternative states of the watershed (urban versus rural as an example), and 4)
comparing the streamflows at different locations along a river or between rivers.

For the purposes of this paper it is convenient to divide the analysis in to five different
regimes of a river. These are 1) annual streamflow regime, 2) high discharge regime, 3)
low discharge regime, and 4) sediment transport regime, and 5) flow variability regime.
Some of the elements in the various regimes are from Poff (1996) and Richter (1997).
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Each of five regimes is briefly described below with an expanded discussion in the

following sections.

Annual streamflow regime. The first set of descriptors is descriptors that give information
on the annual streamflows in a reach of stream. These include the annual streamflows
either described as runoff or as discharge at a point; and the annual maximum
discharges.

High discharge regime. The high discharge regime is an accounting of the magnitude,
duration and frequency of high discharges. The analysis requires a ‘high discharge’ to
be defined during the analysis.

Low discharge regime. Typical parameters in the low flow regime include the annual
values of the minimum 1-day low streamflow in a year, and the minimum of the N-day
minimum streamflow. An N-day streamflow is average over an N-day period. The N-
day period is often 7 days. The average annual number of zero flow days is an index to
the extent of intermittency.

Sediment transport regime. The patterns of sediment transport in a river are of importance
in an instream flow analysis. All streamflows are important in the movement of
sediment. The length of time of sediment transport is also part of the sediment
transport regime.

Flow variability regime. Flow variability is important in understanding the various
regimes presented above. Specific factors that characterize streamflow variability
include number of adjacent days with an increase in streamflows, number with a
decreases, number with no change, indices to streamflow flashiness, and indices to
predictability and constancy of the streamflows.

1.1. Types of data

It is convenient to consider streamflow data to be one of three types as shown in Figure
1. Most instream flow studies use daily streamflow data as a starting point of any
hydrological analysis. The daily data may be from measurements, and data transferred
from other locations by various techniques. Watershed models can also be used to
generate streamflows in an ungaged basin. Most recent USGS data is derived from stages
measured at 15-minute intervals, transformed to discharges using a rating curve and
aggregated to daily values. There are estimated values in most measured daily streamflow
data sets, especially for the high and low daily streamflows.

Hydrological Analysis
\ 4 \4 \4
Monthly Daily Peak and
streamflows streamflows Annual
Streamflows

Figure 1. Types of data available for hydrological analysis.

33



Milhous

In many rivers the streamflows have been modified by storage, diversions and return
flows that have changed over time. If the water management system is relatively simple
daily stream flows can be adjusted to a common base period but adjusting daily flows is
unlikely to give acceptable results if the system is very complex. In the early days of
stream gaging in the United States the only published data available is month streamflows.
Also, some water management planning studies use monthly streamflows

Annual streamflows are most often aggregations of daily or monthly values. The
annual maximum (peak) discharge is maximum discharge in a year. For most USGS
stream gages the peak discharge is the maximum of the 15-minute measurements unless
the gage failed in which case the peak may be calculated using a hydraulic model.

1.2. Example data set.

The river used to illustrate the application of selected hydrological tools is the Pago
River near Ordot, Guam (USGS Station 16865000). The following is taken from the US
Geological Survey (USGS) description of the gage. The watershed area is 5.57 mi®2. The
period of record is September 1951 to December 1982, September 1998 to current year
(2013). The USGS considers the records to be fair, except for estimated periods, which are
poor. The average discharge for the period of record of 41 years (water years 1952-82,
1999, 2004-2012) is 25.3 ft*/s (18,350 acre-ft/yr). The Maximum discharge is 17,300 {t*/s,
8 December 2002, gage height, 23.85 ft, from flood marks and rating curve extended
above 320 ft3/s on the basis of slope-area measurements at gage heights of 13.22 ft, 15.07
ft, 18.87 ft, and 20.06 ft. Minimum flows are no flow for many days.

All the data used in analysis have been downloaded from the USGS National Water
Information System (NWIS) over the last few years. Maps showing the location of the
gage and the topography of the watershed may be downloaded from a USGS web site.

1.3. Selection of a water accounting year

The standard ‘year’ used for water accounting in the United States is the Water Year
starting on 1 October and ending on 30 September. This is not always the best period to
use for hydrological analysis. The goal of an accounting year is to maximize the
independence of a ‘year’ and the state of the watershed should be as close to the same at
the end of each year. In winter snow dominated watersheds this is relatively easy to
understand — snow is deposited in the fall and winter and drains out of the watershed in the
spring and summer and the watershed returns to a ‘dry’ state at the end of the year.
Another concern is that flood events may be related to a state of the atmosphere which is
not the same from year to year. As an example, the southwestern monsoon is a major
generator of fall floods in southwestern Colorado some of which occur in the first half of
October. The annual southwestern monsoon is one state of the system and the October
floods should be included in the year with the same monsoonal state. Consequently, the
water accounting year for the Animas River in Colorado and New Mexico should be 1
November — 31 October.

The problem at hand is to define a water accounting year for the Pago River. The first
step is to consider the monthly precipitation at a nearby location. In this case the
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precipitation gage considered is at Anderson AFB where the average monthly precipitation
measured from1 Jan 1953 to 30 Nov 2002 has a minimum monthly value in March. The
assumption that a year starts with the water drained out as the rains are reduced (as per
snow-melt) suggests the water accounting year should start on 1 April and end on 31
March.

Number of peaks in month

anuary April July October

Month

Figure 2. Number days in each month in which the annual maximum discharge occurred in the Pago River
near Ordot, Guam based on water year (1 October - 30 September) data from the peak values files. Data for
1952-1982 and 1999-2012.

The second step is to consider the distribution of the annual peak discharge through the
year (see Figure 2). The distribution is based on the annual peak discharges in a US water
year. Using a water accounting year starting 1 April is consistent with the distribution of
annual peak values.

2. Annual streamflow regime.

The first set of descriptors is the descriptors that give information on the annual
streamflows in a reach of stream. There are two components of the annual streamflows
regime. These are the 1) annual streamflows either described as yield from a unit area the
watershed (runoff) or as discharge at a point, and 2) the annual maximum (peak) discharge.
The annual runoff values are given in Figure 3. The mean annual streamflow of 0.705
m3/s shows the Pago River is a relatively small river and the average runoff of 155 cm
shows the watershed, on average, is wet.
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Figure 3. Annual runoff in the Pago River near Ordot, Guam (USGS Station 16865000). Data is for 1952-
1979 and 2004-2012. The watershed area above the gage is 14.4 square kilometers. The water accounting
year is from 1 April - 31 March.

The average return periods (frequency) of annual flows can be analyzed using a
number of techniques. Three are used herein: 1) duration analysis, 2) assuming a log-
normal distribution and 3) assuming a log-Pearson Type III distribution. The results of an
analysis of annual streamflows of the Pago River are presented in Table 1. Duration
analysis is effectively a graphical technique. For an array ordered from largest to smallest
value the equation for the percent equal or larger is:

Dy = 100722 (1)

where n is the length of the array of annual discharges, m is the location in the array, and
Dy, is the percent of the discharges equal or larger.

Table 1. Streamflows determined for five return periods and using three alternative calculation techniques
for the Pago River near Ordot, Guam. The annual data is for 1952-1979 and 2004-2013. A year is from 1
April - 31 March. All streamflow values in the table are m*/s. Qxx is the annual discharge not exceeded xx
percent of the years.

Q90 Q66.7 Q50 Q33.3 Q10
Duration 1.062 0.751 0.597 0.546 0.464
log-normal 1.024 0.772 0.669 0.579 0.437
log-Pearson 1.039 0.749 0.646 0.565 0.449
type 11

The annual maximum discharges can be analyzed using the same techniques.
3. High discharge regime.

The high discharge regime is an accounting of the magnitude, duration and frequency
of high discharges. The definition of a high discharge should be selected based on an
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understanding of the reason for a hydrological analysis. The selected discharge is the
limiting discharge. The factors describing the high water regime include: 1) median
number of days in high water free periods, 2) median number of days in high water
periods, 3) average number of high water periods per year, 4) maximum high water days in
60 day period, and 5) a count of the number of days in each year the discharge exceeds the
limiting discharge.

For the Pago River, the limiting discharge for high water periods is the annual
maximum daily discharge exceed once in 1.67 years. The values for the first four factors
describing the high water regime are: median number of days in high water free periods is
100, the median number of days in high water periods is 1 (mean of 1.2), the average
number of high water per year is 1.16, and the maximum high water days in a 60 day
period is 16. The number of days in each water accounting year exceeding three limiting
discharges is presented in Figure 4.
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Figure 4. Annual number of days the daily discharge exceeds three lower limits in the Pago River near
Ordot, Guam (USGS Station 16865000). Data is for 1952-1979 and 2004-2012. The water accounting year
is from 1 April - 31 March.
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4. Low discharge regime

The low flow regime can be characterized by considering the low streamflows in a year
as an annual series or by looking at the low streamflows in a seasonal or monthly basis.
Typical parameters are the annual values of the minimum 1-day low streamflow in a year,
minimum of the 7-day low streamflow, or the minimum of the 10-day streamflow. These
can be said to be N-day low flows where N is 1, 7 or 10. An N-day streamflow is average
over an N-day period. A singe value of the low streamflow has sometimes been used in
instream flow analysis. Often this is the annual N-day discharge with an average return of
1 in 10 years and is abbreviated as NQ10. When N is 7-days this is 7Q10. Some streams
have periods of no flow and the average annual number of zero flow days is an index to the
extent of intermittency.

A streamflow deficiency index (QDI) can be used to help understand the frequency and
strength of instream droughts. The equation for the index is:

QDI = Zi:l,n{(Q @ - Qmin)/Qmean } Q) < Qmin (2)

where Q(i) is the daily discharge, Qmin is @ minimum discharge, and Qpean 1S the mean
discharge for the river. For the Pago River Quin was the annual 7-day minimum discharge
not exceeded 1 in 10 years. The annual streamflow deficiency index for the Pago River is
given in Figure 5.
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Figure 5. Streamflow deficiency Index for the Pago River near Ordot, Guam (USGS Station 16865000).
Data is for 1952-1979 and 2004-2012. The water accounting year is from 1 April - 31 March.
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5. Sediment transport regime

Water may be the master variable but the water must flow in a stream channel. If the
channel is not in adequate condition for a desired ecosystem the water will not have the
desired result and be of little value. There are two issues that must be considered 1) can
sediment be moved thru the channel with the streamflows available and 2) with a desired
condition of the channel be maintained.

The concentrations of suspended sediment as related to discharge is often considered to
be a power relation of the form:

Cs = aQ? 3)
where Cs is the concentration of sediment, Q is the discharge and a and 3 are empirical
coefficients. For some rivers there may be a critical discharge for sediment movement

either because there a low yields from the watershed, the substrate absorbs sediment, or the
bed-surface is not disturbed. Consequently, a more general equation is

Cs =a(Q - cht)ﬁ 4)
Equation four was used to derive an equation for the Sediment Transport Capacity Index,
STCI, shown below:

@)=Qcrnfa )

STel Zl:l'n (Qref_cht)BQref ©)
where q(i) is the discharge in a period 1, and Q.r is the reference discharge. Most often the
period is a day and the summation is over the number of days, n, in a year when q(i) is
larger than the critical discharge. There are two unknowns: the value of the power term, 3,
and the critical discharge. There is little suspended sediment data for the Pago River but
there is some data available for a nearby stream, the Ugum River. The data for the Ugum
River and the limited data were used estimate the best value of 3 is 1.2256 and Q. is zero,
Q.r was chosen to be 10 m?/s.

These are two goals to be investigated 1) the capacity of the river to transport sediment,
and 2) the channel maintenance capacity of the river. In this paper the first goal will be
investigated. For second goal see Milhous, 2014. The annual values of the STCI are
presented in Figure 6.
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Figure 6. Annual sediment transport capacity index for the USGS gaging station on the Pago River near
Ordot on the island of Guam (USGS station 16865000). The water accounting year is 1 April-31 March.
Data for 1980-2003 are missing.

The application of the sediment transport capacity and channel maintenance capacity
indices requires the determination of the power term, B3, the determination a critical
discharge and the selection of a reference discharge. If data is not available good results
have been obtained for the STCI using 8 equal to 1 and a critical discharge of zero.

6. Flow variability regime.

Flow variability is important part of all the other regimes. Never the less, there are a
number of additional parameters that quantify the variation is streamflows. These include
number of rises, number of falls, number with no change, Richards-Baker Flashiness
Index, and TQmean. The number of rises is the number of time in a year the daily
streamflows increase from day i-1 to day 1 and the number of falls is the number of times
the daily streamflow decreases. The Richards-Baker Flashiness Index (R-BI) is
R-BI = ZabS[Qd(i)_Qd(i_l)]/ZQd(i) (©)

i=2,n j=ln
where Q(i) is the discharge in day i. For additional information on the Richards-Baker
Flashiness Index see Baker (2004) and for a discussion of TQmean see Booth (2004). The

annual variation of the Richards-Baker Flashiness Index in the Pago River is presented in Figure
7.
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Figure 7. Richards-Baker Flashiness Index for the USGS gaging station on the Pago River near Ordot on the
island of Guam (USGS station 16865000). The water accounting year is 1 April-31 March. Data for 1980-
2003 are missing.

The Colwell's predictability (P) has been used as an index to the variation in rivers. The
index consists of two components Colwell's constancy (C) and Colwell’s contingency (M).
The large P the more predictable the streamflows are and the large the total predictability
that is constancy (C/P) the more constant the streamflows. The Cowell Index was
calculated for the Pago River using monthly steps and the predictability (P) was found to
be 0.379 of which 66.3% is consistence(C). For additional information on the use of
Colwell’s Index see Milhous, 2012.

Another form of variability is variation in a time period. This has been used by Richter
et al (1997) as a Range of Variability Analysis. The same basic idea had previously been
used to look at water availability for allocation to other than instream using monthly
streamflows (Chung and Slattery, 1977). This approach is illustrated in Figure 8. The
water available for allocation is the difference between a base flow and the monthly
streamflow exceeded 1 in 2 years. In Figure 8 the base flow is the monthly discharge not
exceeded 1 in 10 years. Chung and Slattery (1977) used another approach to determining
the base flow based on daily streamflows.
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Figure 8. Monthly discharge of the Pago River near Ordot, Guam. (USGS station 16865000). Q10 is the
monthly discharge not exceeded 1 in 10 years and Q50 is the discharge exceeded 1 in 2 years.

7. Discussion
The actual allocation of water to instream uses is a policy process. An understanding
of the hydrology of a river is useful in the policy process.

The objective this paper was to present selected hydrological tools that can be used to
obtain the information the hydrology of a river to assist in the study of instream flow needs
for the river. These include both high and low regimes and the transport of sediment. All
are important in the establishment of instream flows.

In this paper no attempt to link the ecosystem to the hydrology has been made because
the objective was to show the analytical process. After looking at the hydrology the next
step must be to link the ecology of a specific river to the hydrology of the specific river.
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