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User Guide

Overview

Purpose

Flow Health is an application to assist in the assessment, design and management of river flow regimes. Its main
purpose is to provide an annual score for hydrology in river health assessment, but it can also be used as a tool
to assist environmental flow assessment.

Flow Health has four main functions:
To provide an annual score for the hydrology indicator in river health assessment

Flow Health analyses a time series of river flow or water level data based on a comparison with a reference
flow series (such as data collected prior to regulation, or a modelled natural flow series). For each year of the
test data being analysed, Flow Health calculates scores for 9 pre-defined ecologically-relevant hydrological
sub-indicators, which when given a value are called flow metrics. A score of 1 is close to reference and a
score of 0 is distant from reference. The 9 metric scores are also combined to form an overall Flow Health
score for each year of record. The results are displayed in a number of different graphical forms.

To recommend a minimum monthly environmental flow regime

Flow Health automatically produces the minimum monthly flow regime that achieves a score of 1 for all flow
metrics. This regime follows the natural pattern of the reference flows, and requires a fairly high percentage of
the natural flow. Using simple slider controls, users can interactively reduce the score of some or all of the
flow metrics to tailor a monthly regime that uses less water and achieves an acceptable Flow Health score.

To test the hydrological health of any monthly environmental flow regime

Flow Health can be used interactively to design a monthly flow regime. The monthly flows can be simply set
as a proportion of the reference flow, or users can choose any value for the flow in each month. As the user
interactively adjusts the monthly flow regime using simple slider controls, the volume of water required, and
the flow metrics are continuously updated and displayed.

To generate a synthetic monthly flow time series based on the designed environmental flow regime

After designing a potential monthly environmental flow regime, a time series of monthly flow data can be
generated that has the characteristics of that regime. This can be a simple repeating series, or one that is
based on the pattern of flows that occurred during the reference period. These synthetic data series can then
be substituted in the analysis as the reference or test flow series, and the Flow Health scores recalculated.

The sub-indicators used in Flow Health were devised on the basis of their ecological relevance, and because
they characterise the way river flows are usually affected by regulation (from dams and/or diversions).

As well as metric scores, Flow Health provides basic statistics that describe the data, such as the global flow
class, mean annual flow, mean monthly flows, flow percentiles, and shortfalls in the environmental flow regime
compared to the reference flow regime.

All of the data and graphs generated in Flow Health can be exported for inclusion within reports, or the data can
be further analysed by the user.

Flow Health is a universal tool that will describe the hydrological health of any river from any part of the world.
The scores are dimensionless, so the results can be directly compared between any rivers.



User interface

The user interface is divided into two main sections. The upper part of the interface is for defining and viewing
input data. The lower part is for viewing and manipulating results. The data you see in this User Guide are
hypothetical — they are not from a real river. Some real river data are used in the Technical Manual.

Define Visualise Change the
input data input data global options

T2k Flow Health v100]

Setup 18E-081 ¥ ReferenceSample v
Input units: Total (m) e 16608 Referance
0%~ ) u TestSample
14E+081

i

Reference period:

im?)

Start: | 1852 > L

1282081 1l ||
End:

16-08] ; .. \ 1
8E407{
il TR . | | M ‘.:,

. i T
o7 Al il | | “M | ‘
| i [ o 108

25-01‘ I i | SR |
/21950 Jon 1956 Jan 1962 Jan1968 Jan 1974 Jan 1980 Jon 1995 Jan 1952 lan 1998 lan 2004 j Export
| i

Masaic chart | Line chart | Stacked area chart | Table | Minimum monthly flow | Design flow | Compare Data |

Devistion M Verysmall (08-1.0) M Small (06-08) Moderate (04-06) M Large (0.2-0.4) I Very large (00-0.2)
Flow index F

Fiowneamscore i) HNENEENENEE - NENTNES TN FEEE W EENYE BN B FOEETETEETE W

High fiow (HF)

It

Reporting start: December

Total monthly flow

Test period:

View and
manipulate
results

Input data

Types of data

River flow or water level time series data can be analysed in Flow Health. River flow data are expressed in the
form of total volume, in cubic metres, over a day or month, or as average flow, in cubic metres per second, over
a day or month; water level data from a river, lake or wetland are expressed in metres elevation. If your water
level data are expressed in metres from sea level, and your site is at a high elevation, it is suggested to rescale
your data so that the lowest expected value in the data (such as the bed of the river or lake) corresponds to zero
elevation.

Thus, acceptable types of data are:

e  Flow, in either total flow volume (i.e. m3) or average instantaneous flow (i.e. m3/s)
e  Water level in metres elevation (m)

Data format

Input data should be daily or monthly time series. If daily flow data are input, this will be detected and the data will
be aggregated to monthly flow. The input data should be in comma separated values file type (*.csv).

The input data file should have 2 columns; the first one is for date and the other is for flow or water level data. A
header row is allowed. The date should be entered using the conventional format for your area (e.g. dd/mm/yyyy
for Australia, and yyyy/mm/dd for China, mm/dd/yyyy for U.S.A.). Flow Health will expect the appropriate data
input format according to the region setting you have nominated on your computer.



Note: you can find sample reference and test flow data in the directory:
/IProgram Files / Flow Health / Sample data

Gap filling

Flow Health requires data at regular monthly intervals to perform the analysis. If gaps in the data are detected
then these are automatically filled by using the median monthly flow for that month of the year. When any gap
filling occurs a warning will be displayed at the bottom of the screen, informing you of the percentage of missing
values in each of your inputs. You can view a list of each missing value along with its assigned value in your
saved results. Use this information to determine the level of confidence you have in the results.

Warning: 0% missing values in reference data and 2 % missing values in test data. Use results as a guide only. See saved results for a list of missing values.

If dates are missing from the input data file, then these are created within Flow Health. The relevant (i.e. from
reference or test period) median monthly flow value is then assigned to each of the gaps. If there is no median
monthly value available then the value assigned will be zero.

Output data

Results are output as a comma separated values (*.csv) file. This file contains the following:

A summary of the input data, including any options that were defined and gaps that were found.
Overall Flow Health scores and individual flow metric scores for each year analysed.

Minimum monthly flow results, including sub-indicator target scores, annual and monthly flow volumes.
Design flow results, including metric target scores, annual and monthly flow volumes.

Various statistics describing the reference data sample and test data sample analysed in the Compare
Data function.

Each of the output figures (charts and table) can be saved. When the “save chart” link is clicked the visible output
chart or table is saved as a jpg (*.jpg) file.

Define input data for analysis

Reference and test data

Reference is the benchmark against which you compare the flow data of current interest. Reference usually
refers to flow data that are unimpaired through regulation by a dam or flow diversion. If you believe that your river
was ecologically healthy at a time when it was regulated to some degree, then you can use data from that time as
the reference. It is up to individual users to justify their choice of reference.

Test refers to the data of your interest for Flow Health scoring. This might be the entire historical data record, or
perhaps just recent years. If you include the reference period in the test period, the reference period will show
high Flow Health scores, as you would expect.

The input data can comprise one or two data files. You can load more than two data files, but a maximum of two
series can be analysed at one time.

If you have one data file, it will usually be a historical flow or water level time series measured at a gauging
station. In the time series graph displayed in Flow Health this single data series is labelled “Reference — Test” in
the data chart. When you analyse this data file in Flow Health, you will nominate which part of the record you
want to use as reference.

If your flow data come from a period of time when the river was regulated by a dam or from diversions, then you
do not have any historical reference data. This will not prevent you from undertaking a Flow Health analysis. In

this situation, you could, externally from Flow Health, generate a reference flow data series for your site using a
rainfall-runoff model (i.e. a modelled natural flow time series). This task is will require hydrological expertise and



rainfall data. Alternatively, you could generate a synthetic reference flow data file within Flow Health. The series
generated within Flow Health will not simulate the natural flow series. Rather, it will represent a repeating pattern
of monthly flows that you have designed. You will need to have some idea of what would represent a reasonable
pattern of reference flows in your river.

If you have two data files, they will usually be:

1. Atest data file that is either:
o a historical flow or water level time series measured at a gauging station, or
o amodelled flow or water level time series for a given scenario (such as current river operation,
planned future operation, and perhaps also including a climate change scenario)
2. Areference data file that is a modelled natural flow time series (i.e. assuming no regulation, and
perhaps also including a climate change scenario).

In this situation, you will nominate which file is “Test” and which is “Reference” and these labels will appear in the
legend of the data chart. You can characterise reference hydrological conditions on the basis of all, or a chosen
period, of the reference data series.

Select a file
‘ The Select a file link allows you to browse your computer files to find the
i data files you want to load. When you load the first file, on the data time
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Set up the reference period

You can define a specific period of the data series to use as 34 Flow Health v3.00
the reference for comparison with the test data. If the input
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Reporting start

The reporting start is the start of the water year as determined based on the setting in Options. By default the
water year start is the start of the dry season whereby the dry season is determined by considering the 6-monthly
moving average. If the Reporting start is October this means that the median across all years for the six month
period (October-March) is lower than the median flow across other 6-month periods.

Set up the test period

Select the start year for the period from the drop down list. Do the same for the end year. This simply selects the
years that Flow Health scores will be reported. Normally the entire data series is selected.

Time series chart zooming

The two time series charts (one on the main data input window, and one on Compare data) can be zoomed by
holding down the left mouse button and dragging the mouse diagonally to select part of the chart. Scrolling the
mouse will zoom in and out of the chart centred on the mouse location. Holding the right mouse button and
dragging will pan the chart. Double clicking the mouse (left or right buttons) on the chart will return it to its original
scale.
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View Flow Health score results

The lower half of the Flow Health interface window comprises seven tab headers. The first four of these tabs are
associated with viewing Flow Health score results in different ways. Click the tabs to navigate between the
different views.

‘ Masaic chart | Line chart | Stacked area chart | Table | Minimum manthly flow | Design flow | Compare Data |

The Flow Health scores represent a comparison of the characteristics of the flows in each year of the test series
with the characteristics of the flows over the reference period. The flows are characterised in terms of nine sub-
indicators, with each relating to a distinctive ecologically-relevant hydrological characteristic. The sub-indicators
characterise aspects of very low flows, low flows, high flows, flow seasonality and the interval between flood
flows. Each sub-indicator is identified by a descriptive label and an acronym. The metrics measure the deviation
in the sub-indicator between each test year and reference.

Although the descriptive labels of some of the sub-indicators contain the word ‘flow’, they can also be applied to
water level data. However, some sub-indicators may be of less relevance to lake and wetland levels than they
are to river flows. For example, the Flood Flow Interval (FFI) indicator characterises the length of time between
floods, and this might be unimportant for lakes.

For more information on how the metrics are calculated, see the technical section of this Manual.

Mosaic chart

The Mosaic chart displays the annual Flow Health and flow metric scores for each test year in 5 classes of
deviation. Each class is represented as a colour. The mosaic chart gives an immediate visual impression of the
historical hydrological conditions of a river, even to non-hydrologists and river specialists.

Move the mouse over any of the ‘mosaic squares’ to view the exact score for that flow metric and year. The year
against which the scores are recorded is the calendar year in which at least 6 months of the water year fall, or the
calendar year of the end month for a July start. For example if the water year commences in July, then the score
attributed to the July — June water year will appear against the year in which the water year ends. If the water
year commences in say February, then the reporting calendar year is the year in which the water year starts. This



change in reporting year for different water year start months is to reflect the general assumption that the
calendar year associated with reporting have most of its months considered in that reporting year.

Flow index

Flow health score (FH}
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The Line chart displays the time series of flow metric scores for each test year. You can turn particular sub-
indicators on and off using the checkboxes to the left of the graph.
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Stacked area chart
The Stacked area chart is another way of displaying the time series of flow metric scores. Each coloured area
represents the accumulated flow metric scores for each test year, to give the combined Flow Health score.
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Table

The Table tab lists the Flow Health metric scores over each test year. You can re-sort the table from low to high
according to any column by left clicking on the column header. Another click will re-sort the table from high to low
for that column.

| Mosaic chart I Line chart | Stacked area chart ‘ Table | Minimum monthly flow | Design flow | Compare Data Save results | Save chart
T e e i e
1950 1 1 1 0.8 06 064 1 1 1 0.&g -
1951 1 il 021 1 1 0.64 1 1 al 0.86
1952 0.86 1 1 1 1 1 1 1 0.8 =
1953 1 il 05 0.96 1 0.64 1 1 al 0.89
1954 1 1 1 0.96 1 073 1 1 083 024
1955 1 il il 0.82 0.6 091 1 0.89 al 09
1956 1 1 1 1 08 0.82 1 021 1 083
1957 029 il 021 1 1 073 1 1 al 078
1958 1 1 0 043 1 033 1 05 1 0.6e
1959 0.86 il 007 0.64 0.8 0.64 1 021 al 0.68
1960 0 0.29 o 0 1 0 0.67 0 1 024
1961 1 il 0 ] 1 0 03 021 al 046
1962 057 1 0.93 1 06 073 1 0 084 072
1963 1 il il 043 0.8 il 083 0.89 0.69 083 -

Environmental flow analysis

While the primary purpose of Flow Health is to provide a hydrology index score for application to river health
assessment, it can also be used to generate and test environmental flow regimes, to estimate the volume of
water required to implement the regimes, and to estimate current shortfalls in the required volumes. Flow Health
can be used in the same way to generate and test lake and wetland water level regimes, but for this application,
volumes cannot be estimated.

It is important to recognise that environmental flow regimes generated entirely within Flow Health are based only
on hydrology, although the hydrological sub-indicators do have conceptual ecological relevance. There are many
instances where limited expertise, time or funding prevents a detailed environmental flow assessment being
undertaken. In these cases, Flow Health can quickly generate a preliminary regime that can be implemented as
an interim measure to provide a level of environmental protection.

The environmental flow design functions can be found on the Minimum monthly flow and Design flow tabs on the
lower half of the Flow Health interface window. Click the tabs to navigate between these two different ways of
generating or testing an environmental flow or water level regime.

| Maszaic chart | Line chart | Stacked area chart | Tablel Minimum monthly flow | Design flow | Compare Data |
I

The Minimum monthly flow method derives the environmental flow regime on the basis of achieving certain
target scores for the 9 flow metrics or overall Flow Health score. The highest target is a flow regime that scores 1
on every flow metric. This would represent a very low risk environmental flow regime, but the user can select
lower targets that require less water, but which carry higher environmental risk.

The Design Flow method derives the environmental flow regime on the basis of achieving a certain percentage
of the mean reference flow for each month. Alternatively, the user can select any values for the monthly flows
(perhaps values derived by a different method), and then check to see what scores this regime achieves for the
flow metrics.

Note: At this stage of the development and application of Flow Health, we cannot associate particular flow metric
scores with corresponding levels of ecological risk. In rivers with unregulated flow regimes, the annual Flow
Health score normally varies over the range 0.8 — 1.0, but a river with an average Flow Health score lower than
0.8 could still be regarded as healthy. There is no universally acceptable target level of river health, so users will
need to set target Flow Health scores on the basis of local considerations.




Minimum monthly flow
The minimum monthly flow regime is calculated from the reference flow data and therefore follows the same
seasonal pattern as the reference flow.

The sliders allow you to reduce the importance of each Flow Health sub-indicator. ‘Importance’ means scaling the
flow metric score; it can be adjusted globally or individually for each sub-indicator. The default setting is
importance of 1 for all sub-indicators, which gives a score of 1 for each flow metric and for the Flow Health score.

Mosaic chart | Line chart | Stacked area chart | Table | Minimum monthly fiow | Design flow | Compare Data Save results | Save chart
Adjust all Flow requirements Minimum manthly flow
T 1 Minimum annual flow 4656408 m°
Flow index Importance Scores  Anusl fow (%) 8253 % of mean annual sol
fiow (reference)
High fiow (HF) 1 1 Average flow 147 mis _
Highest monthly (Hi] T 1 i 240
Low flow (LF) T 1 1 FF1 return period 4 Years :E
Lowest monthly (LM) T 1 N FFI extra flow required 18 mis E -
Persistently higher (PH) ting 1 1 £
Persistently lower (PL] T 1 ol
Persistently very low [PVL) | 1 1 g
Seasonality flow shift (SFS] 1 1 10
Flood flow Interval (FFT) “ 1 1
Flow health score (FH) . Jan ' Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Create example flow data based on:

A repeating series of the pattern in the chart above

A rescaling of the reference series to achieve this Flow Health score

To alter a flow metric score, go to its slider bar, then click and drag the pointer along the bar until the appropriate
level is achieved (the sliders move in notches of 0.1). The resulting minimum monthly flow regime will be
displayed dynamically in the monthly flow graph. Certain flow metrics will influence others and impact on their
final score. For instance, a metric may be so strongly influenced by another, that its overall score remains the
same even when its importance is altered. Sub-indicators can be switched off entirely if the user considers them
unimportant for the river in question.

The Flood Flow Interval (FFI) metric is different to the others, in that its value is calculated over an inter-annual
period, while the others are calculated over a 12 month period. Lowering the importance of the FFI sub-indicator
increases its return period relative to that specified in Options, which has the effect of lowering the FFI metric
score.

For the selected combination of flow metric scores, the required volume of annual flow, and the percentage of the
mean annual reference flow are provided. The extra volume required for FFl is indicated by the blue bar added to
the month of highest flow. This extra volume is not required every year, but at the indicated return period.

Mosaic chart | Line chart | Stacked area chart | Table | Minimum manthly flow | Design flow | Compare Data Saveresuits | Savechart

Adjust all Flow requirements Minimum monthly flow

il 2300 Minimum annual fiew 3TTEs08 ™ 60
Flow index Imporience Scores  Annual flow (%) 68.60 % of mean annual

flow {reference)
High flow {HF) “ 01 0357 Average flow 110 mis _ 301
Highest menthiy (HM) 7 0.2 0285 b
Low fiow (LF) lul 0z ggzia  FRIretum period 7 Yesrs :Em
Lowest monthly {LM) 04 1 FFl extra flow required 222 mi/s E
Persistently higher (PH) 1 1 é_}u—
Persistently lower (PL) 03 0345 ;l?'z&
Persistently very low (PVL) {1 0z 1 2
Sessonality flow shift (SFS) 1 1 10
Flood flow Intenval (FFT) 01 0z
s o Jan Feb Mar Apr May Jun  Jul Aug Sep Oct MNov Dec

Flow health score (FH) 061 P! Y g 2<p

Create example flow data based on:

A repeating series of the pattern in the chart above

A rescaling of the reference series to achieve this Flow Health score




Design flow

Design flow allows you to specify any flow regime by inputting a flow for each month (perhaps using a regime
determined by an entirely separate environmental flow assessment process) and it will interactively show the
Flow Health score of your chosen flow regime.

The default Design flow regime is calculated from the reference flow data. It is the mean flow for each month,
which will normally score 1 for each flow metric. This regime follows the same seasonal pattern as the reference
flow and requires 100 percent of the mean annual reference flow (more than 100 percent if you include a flood
flow).

| Mosaic chart | Line chart | Stacked area chart | Table | Minimum monthiy flow | Design flow | Compare Data Save results | Save chart
Annually Min Proportion of annual flow  Max Value Flow requirements Monthly Flow
1 100
Annual fiow total 559E+05  m°
Monthly Min Average flow rate {m®/s) Max Annual fiow (%) 101.59 % of mean annual 0.054
January e o fiow {reference)
00 0042 ) . 2017 : _
February o - Average flow 0.017¢ ms Foos
. oo £
Mareh o :k ans Flow index .
April o | e B
pri 00 2 Flow health score (FH) 1 20034
May 0.0 TT 00424 ]
June o0 A High fiow {HF) 100 v
Highest manthiy (HA) 100 002
July o0 T 00424 . &
Low flow [LF) 100
August ot T soas ) . X .
o0 2042 Lowest manthly (L) 100 0.01
September g0 7 00414 Persistently higher (PH) 100
Octaser 20 N a0s1s Persistently lower (PL) 1.00
November g 7 i Persistently very low (PVL)  1.00 Jan  Feb Mar Apr May Jun  Jul Aug Sep Oct Nov Dec
o o Seasonality flow shift (SFS)  1.00
December 4 {1 N
) “e R Flood fiow Interval (FFT) 100
Periodic high flow Create example flow data based on:
Extra flow (based on the 2013 A repeating series of the pattern in the chart above
Return periad {years) 4 A rescaling of the reference series to achieve this Flow Health score

If a flow regime is required that has the reference seasonal pattern, but which uses less water than the natural
flow regime, then the top slider bar can be used to reduce the proportion of the reference flow. All the monthly
flows will reduce as a fixed proportion of the reference mean annual flow. The FFI slider adjusts the return period,
and must be adjusted separately.

[ Mosaic chart | Line chart | Stacked area chart [ Table | Minimum monthly flow | Design flow [ Compare Data Save results | Savechart
Annually  Min Proportion of annual flow  Max Value Flow reguirements Monthly Flow
0 1 050
Annual fiow total 281E+05  m? 007+
Monthly 5 Average flow rate (m*/s) Annual fiow (%) 5282 % of mean annual
January I fiow (reference) 0.06-
00 y ' 3 .
Februzry Average fiow 000818 mifs %Q.D .
EV
March Flow index M
April B Flow health score (FH) 034 2004
May 00 2
June o High flow (HF) 014 ED.DS-
Jul Highest menthly (HM) 0. B
v @ §H Low fiow (LF) 2002
August 2 | Lowest montaly (LM)
September I Persistently higher (PH) 0o
Octoser - 7 Persistently lower (PL) o
November s N Persistently very low [PVL) Jan ' Feb Mar Apr May Jun Jul Aug Sep Oct Nov' Dec
o Sezsonality flow shift (SFS)
December g .
) o Flood flow Interval (FFT) .5
Periodic high flow Create example flow data based on:
Extra flow (based en the FFI flood frequency] 00295 A repeating series of the pattern in the chart above

Return period (years) A rescaling of the reference series to achieve this Flow Health score

A specific flow can be set for any month by using the slider bar for that month.

Right click on the slider bar of any month for additional options for controlling the values for each month. One
possibility is to enter a specific flow value for each month from your keyboard. It is suggested you then lock these
values, otherwise they will reset if you use the ‘Proportion of annual flow’ slider bar.

The flow value for any month can be locked on its current value, or it can be set as a minimum or maximum. This
can be done for any number of months in any order. The locking, minimum and maximum functions are used
together with the ‘Proportion of annual flow’ slider bar. As the slider bar is moved, the flows for the months with
locked flows will either remain unaltered (or be interpreted as minimum or maximum flows), while the flows for the
unlocked months will vary. This function is used when you have specific flows in mind for certain months, but the
flows for the other months can or should follow the natural seasonality. Right click on the slider bar of any month
to unlock its value.
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Changing the reporting units in the Options menu will cause all the monthly flow slider bars to reset. So, it is
suggested that you choose your preferred reporting units before you begin to design a flow regime.

‘ Mosaic chart l Line chart ] Stacked area chart I Table J Mini monthly ﬂow‘ Design flow | Compare data Save results Save chart
Annually ~ Min Proportion of annual flow  Max Value Flow requirements Monthly Flow
= Annual flow total 2288+10 m
Monthly o Average flow rate (m¥/s) Annual fiow (%) 4088 % of mean annua! TE+037
January 00 ] flow (reference)
February | Average flow 718 mi/s 6E+034
I:::I:h M Flow index N ; SE03
My 1‘: A‘ Flow health score (FH) 038 E
Jore 1 High flow (HF) 0.00 g“‘o}
Loty I, ‘ Highest monthly (HM) 0.00 ;’:—BE o3
- Setto | goq Low fiow (LF) 0.00 g -
August 00 Lowest monthly (LM) 021 S
September g Set as minimum Persistently higher (PH) 1.00 < 2E+03+4
October 00 Grsmet ) Persistently lower (PL) 0.00
November Persistently very low (PVL)  0.83 1E+031
— Lock Seasonality flow snift (SFS)  1.00
December i e
LRl Food fowinienal F7) - 202 O¥Jan 'Feb ' Mar Apr May Jun ' Jul ‘Aug Sep' Oct'Nov Dec

Periodic high fiow
Extra flow (based on the FFI flood frequency) 322803

Return period (years) 4 Create example flow data based on:
A series of the pattern in the chart above

A rescaling of the reference series to achieve this Flow Health score

Generating new data time series

Underneath the charts displayed in the Design flow and Minimum monthly flow tabs you will find two links that are
used to create new time series data. When you click on either of these a time series is generated that then
appears in the main data display window, along with the original input data series.

A repeating series of the pattern in the chart above creates a simple time series that looks exactly like the annual
one you have designed, repeating over the length of the input data time series that you have nominated as the
reference time series. The FFI event will appear in the sequence with the return period that you have specified.

A rescaling of the reference series to achieve this Flow Health score creates a synthetic time series that has the
properties of the Flow Health regime that you have designed, but which is sensitive to the pattern of flows that
occurred in the reference time series. This simulates how the environmental flow regime might appear if it is
implemented in a river that is also under the influence of natural inflows. For example, the required high flows
occur in the months that were historically months of high flow. This synthetic data series will only be generated
over the length of the reference period that you have nominated using the date pickers.

After generating a new data series there are a number of ways that you might use it:

e Save the data series and utilise it for another purpose outside of Flow Health.

e Substitute the original reference data file, or reference period, with the new data series that you have
created (use the drop down menu in the legend of the main data display). The flow metric scores for the
test data will be recalculated (displayed in the mosaic, line or stacked area charts) against this new
reference series. This would be used in situations where you want to specify the reference using an
environmental flow regime of your design, rather than pre-regulation reference data. It is a way of
checking the performance (or compliance) of the historical river flows relative to the standards of an
environmental flow regime that you have designed.

e  Substitute the original test data file with the new data series that you have created (use the drop down
menu in the legend of the main data display). The flow metric scores for the new test data will be
recalculated (displayed in the mosaic, line or stacked area charts) against the original reference series.
This is a way of simulating implementation of the environmental flow regime that you have designed and
checking how it would perform relative to the standards of the pre-regulation reference flows.

e If you began with a historical data series that lacked a period when flows were unimpaired by regulation
you can use expert opinion and other information in Design flow to create an ideal environmental flow
regime. Then generate a simple flow series for the length of your reference series. This can now be
used as the reference series against which you measure the hydrological health of the historical flows.
You can also design alternative environmental flow options that use less water, and then check the
performance of these relative to the original ideal environmental flow regime.
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Compare data

The Compare data function is used to examine statistical properties of the original or generated data time series
additional to the flow metric scores.

The Shortfalls series

The Compare data function examines three data series. One is the Reference series and one is the Test series,
as selected in the main data display legend, with the length of each selected on the date pickers on the top half of
the Flow Health interface. The third series is a new series called Shortfalls. Shortfalls is the Reference monthly
flow series minus the Test monthly flow series, with only shortfalls being counted (surpluses are given the value
zero). The length of the Shortfalls series corresponds to the period of time where the Reference and Test series
overlap. If there is no temporal overlap, the Shortfalls series cannot be created.

Viewing data comparisons

The three data series considered in Compare data can be viewed in two different forms. One is a time series
display, which works the same way as the main data display. Use the mouse to zoom into the chart to show the
detail of particular periods of interest. The second display shows the monthly averages of the three series, with
the averages calculated over the periods you have nominated in the date pickers on the top half of the Flow
Health interface.

By substituting different environmental flow time series that you have generated into the Reference series, you
can check the performance of the historical flow series against these different standards. On the monthly
averages chart, the average Shortfalls for each month are not simply the difference between the averages of the
Reference series and the Test series. This is because the Shortfalls do not include surpluses, when the Test
flows exceed the Reference flows. From the environmental flow perspective, flows that are less than desirable
are of concern, while those that exceed the targets are considered a bonus that does not cancel out the negative
impacts of flows that are lower than desirable.

The Monthly averages chart shows in which months there is likely to be a problem in meeting environmental flow
targets. The Surplus values indicate, for the historical flow series, how much additional water would have been
required in order to meet the environmental flow targets.
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Statistical data comparisons

The Compare data function displays in columns a number of statistics that pertain to the three data series
Reference, test and Shortfalls. The first rows name the series and the length of time over which the statistics are
calculated. The other statistics describe various means and percentiles, as well as the Haines flow classification.

Haines global flow class

The Haines flow classification refers to the global classification of river regimes, devised by Haines et al. (1988).
These authors used a global monthly river flow data set to produce a classification of 15 seasonal flow regimes
based on cluster analysis of the monthly mean flows expressed as percentages of the mean annual flow.

Flow Health uses the Haines et al. (1988) algorithms (which they originally published as a decision tree) to place
the Reference and the Test flow series into one of the 15 Haines world river hydrology classes.

Haines et al. (1988) produced a preliminary world map of natural regime types. Flow Health users can check with
this map, or the Haines class determined for their reference data, to see if regulation has shifted their river into a
flow class that is unnatural for their region. A shift in flow class represents a significant hydrological change, likely
to have been accompanied by ecological changes. Note that the Flow Health Seasonality flow shift (SFS) sub-

indicator will also detect significant shifts in  [Gioee T =W
flow seasonality. -

Language BS Hemisphere (used to determine flow classification)
© Southern
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Language
The text in the interface is available in English or Chinese. To change the interface language, select an option
from the Language drop down list.

Hemisphere
Hemisphere refers to the location of the river being assessed. It is used only in the Haines global flow
classification.

Reporting year start (water year)

In Flow Health, the year is automatically divided into a low flow and a high flow season, with both being 6 months
long. This is done on the basis of the natural seasonal pattern of flows in the reference period. You can change
the way the reporting year is determined, by nominating to use the start of the low or high flow season, or a
specific month as the start of the water year. If a specific month is defined, then the ‘Length of low flow season
(months)’ can also be specified. The default setting is to start the water year with the low flow season.

Report minimum monthly and design flows

This option allows you to decide whether your results are displayed as a total volume (m3) for the period or as an
average instantaneous rate (m3/s). The selected option will apply to all results in the ‘Minimum monthly flow’ and
‘Design flow’ tabs, except for the annual flow total, which is always given as a volume.

Range of variation thresholds

Range of variation thresholds are applied to the reference flow and are used to calculate the Flow Health sub-
indicator metric scores. Different thresholds are applied to the Persistently very low (PVL) and Persistently higher
(PH) sub-indicators. The upper and lower thresholds for the other sub-indicators are applied globally.

The default settings for the basic upper and lower thresholds of the range of variation are the 75" and 25"
percentiles. This means that if a flow attribute for a test year falls within this range of variation as defined for the
reference period, the sub-indicator score is 1. So, broadening the range of variation will give more scores of 1,
while narrowing it will give more scores less than 1.

In most circumstances, the range of variation thresholds should be left on the default settings. If the ranges of
variation are altered, then the resulting scores will not be comparable with the results from another river where
the default settings were used. If the range of variation settings are altered for a particular case, then this should
be noted when reporting the results.

To change a range of variation, select a percentile value from the associated drop down list to change the
threshold.

The Flood flow interval (FFI) range of variation thresholds are different to those for the other sub-indicators. This
metric is not calculated on the basis of the reference distribution of the intervals between flood flows of a given
frequency, but on the basis of a fixed interval. The reason for this is that in many cases the reference distributions
would be too short to reliably characterise the distribution of the intervals. Thus, in the Options dialog, first select
the flood frequency, which corresponds with flood recurrence interval in years. Then select the maximum interval
in years. After a flood occurs, the interval between the next flood begins counting. The score will remain on 1 until
the maximum interval is reached. After that, the score will begin to decline.

The FFI frequency of interest is site specific. The default frequency of every 4 years should be a reasonable
indicator of floods high enough to inundate most floodplain wetlands, and to re-shape channel morphology.
However, there is no certainty that a 4 year recurrence interval for monthly data corresponds to a 4 year
recurrence interval for instantaneous flow data. The statistical relationship between monthly peak flows and
instantaneous peak flows should be investigated for the river in question. This, plus knowledge of the flood peak
magnitude required to inundate the wetlands of interest, will help you set the appropriate flood frequency for FFI.
The “Length of interval after which the score declines from 1” is the interval that you deem to be the longest
tolerable by the wetland ecosystem before it suffers degradation. This interval might be the same as the
recurrence interval (appropriate in rivers with low variability of flood flows), or longer than the recurrence interval
(perhaps appropriate in rivers with high variability of flood flows). The “Length of interval after which the score is
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zero” is the interval (from the last flood) where you deem the environmental benefits from that flood to no longer
provide any further benefit. For example you may expect that that benefits from a flood may continue at a high
level for say 4 years after a flood, and then decline to a FFI score of zero after a further 4 years, in which case
the length of interval after which the score is zero would be 8 years.
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Technical Manual

Introduction

Background to development of Flow Health

Flow Health software was developed on the basis of research undertaken by the International Water Centre in
2009 — 2012 for the Australia China Environment Development Program (ACEDP) River Health and
Environmental Flow in China Project. The ACEDP was a five-year, Australian Government, AusAlID initiative with
the objective of supporting and improving policy development in China in the area of environmental protection
and natural resources management. Information and downloads concerning the ACEDP River Health and
Environmental Flow in China Project can be obtained from www.watercentre.org.

As part of the ACEDP River Health and Environmental Flow in China Project, Gippel et al. (2011) undertook work
to develop and trial methods suitable for characterising the hydrology of rivers in China (and elsewhere) in a way
that has direct meaning for ecological health, and in a way that offers advice to river managers on how to
manage flows to achieve improved river health, as necessary. The methods were applied to stations in the Gui
River (Pearl River Basin), Taizi River (Liao River Basin) and lower Yellow River (Yellow River Basin) catchments.

To overcome demonstrated limitations of existing approaches, the Index of Flow Deviation (IFD) was developed
by Gippel et al. (2011) as a way to measure flow alteration based on comparison with pre-regulation monthly flow
data. The IFD was designed to work with monthly historical flow data because in China it is often difficult to obtain
daily flow records, and not many locations have modelled flow data available. When the IFD concept was
developed as a software application, it was renamed Flow Health.

How Flow Health can be used

Flow Health is an application to assist in the assessment, design and management of river flow regimes. Its main
purpose is to provide a score for the hydrology indicator in river health assessments, but it can also be used as a
tool to assist environmental flow assessment. Flow Health uses river flow time series data, and it can also use
water level data from rivers and lakes. This Technical Manual does not refer to the use of water level data, but
the same principles apply.

Flow Health is based on the concept of comparing the values of certain ecologically-relevant, hydrological
attributes of a river in a reporting year with the distributions of the values of the attributes under reference
conditions. The reference conditions are specific to each hydrology station. Reference is normally a period of
time when the river was unaffected, or relatively unaffected by human disturbance. The major relevant human
disturbance is a large dam constructed in the catchment somewhere upstream of the hydrology station. In the
Flow Health method, reference is derived from a period of hydrological record collected prior to large dam
construction, or from a time series of modelled natural flows.

The Flow Health metrics are sensitive to the common impacts of flow regulation on hydrology, and are also
sensitive to periods when flows are naturally much lower than usual. Both of these hydrological conditions are
important determinants of ambient ecological health.

Principles
The underlying principles that guided development of Flow Health were:

e Indicators should relate as closely as possible to the basic flow components of a natural flow regime
(Figure 1):
o cease-to-flow
o low flow period and high flow period baseflows
o high flows
o timing (seasonality)
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Figure 1. The main ecologically relevant flow components.

Indicators should be intuitive, in the sense that each indicator should be associated with a readily
perceptible aspect of the flow regime that is generally regarded as of key importance to ecosystem
health

The reference is derived from the test river itself, preferably from pre-regulation data. An arbitrary
regionally- or nationally-universal standard is not being sought

The indicators should measure the deviation in hydrological characteristics relative to the natural
(expected) variation in those characteristics in the test river itself, which will allow the indicator scores to
be compared between rivers of different sizes and located across different regions

It must be possible to calculate an annual score

The indicators must be applicable to the situation where the available data are limited to monthly
historical time series, but modelled reference hydrology can be utilised if available

Indicators should be applicable to non-concurrent data to allow the comparison of measured before and
after regulation flow data.

Indicators should be easy to calculate using freely available software.

Non-parametric statistics are preferred over parametric statistics, to suit the typical non-normal
distribution of hydrological data

Once the scoring system has been set (which may be specific to each river health program), calculation
of the scores must not involve any subjective decision making on the part of the operator

Indicator scores should be scaled over the range 0 — 1, so that the hydrology indicator scores can be
readily compared with scores from other types of river health indicators

The suite of indicators should be parsimonious (as few as possible to characterise the flow regime in a
way that is meaningful to river managers and the public)

It must be possible to combine all or some of the individual indicators scores to achieve an overall
hydrological index score

The literature contains hundreds of hydrological attributes that ostensibly have ecological relevance. For example,
Growns and Marsh (2000) defined 333 attributes, and Kennard et al. (2010) used 120 attributes as the basis for
hydro-ecological classification of Australia’s rivers. The Indicators of Hydrologic Alteration (IHA) is a software
program developed by The Nature Conservancy that examines 33 IHA parameters and 34 Environmental Flow
Component (EFC) parameters (Richter et al., 1996; Richter et al., 2006). Other examples of ecologically relevant
hydrological attributes can be found in Hughes and James (1989), Clausen and Biggs (1997) and Puckridge et al.

The development of Flow Health did not begin with the premise that the many previously described attributes
were deficient in characterising flow regimes. However, most of them are unsuitable for the purposes of Flow
Health for three main reasons:
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(i) most of them are attributes that are exclusive to daily flow series, while Flow Health was designed
to work with monthly data,

(i) many of them have dimensions and are sensitive to the flow type, while Flow Health metrics were
designed to work on, and be comparable between, rivers from any part of the world and of any size,
and

(iii) most of them are expressed as absolute values, while Flow Health uses metric values that describe

the degree of deviation from a reference condition.

The requirements that Flow Health work with monthly data, and report an annual score (and thus be based on
only 12 data values), place a major limitation on the potential number of statistics that can be used to
characterise a flow regime.

Hydrological effects of flow regulation

Dams are usually built for the purposes of flood control, water storage (and subsequent release for supply, mainly
to irrigators), water diversion (where water is taken directly from the reservoir) and hydropower production. While
some hydropower dams are run of the river, many have some storage capacity. The different ways these types of
dams are operated means that they have different impacts on the river downstream (Figure 2). Many modern
dams are multipurpose, so they impact the hydrology of rivers in a range of ways (see Graf, 2006; Richter and
Thomas, 2007).

Flood control dam

Pre-regulation

*Reduced high flow peaks

«Increased interval between flood peaks

«Loss of small to moderate-sized floods
*Seasonal redistribution of flows

Post-regulation |

Water storage and supply dam

*Reduced high flow peaks
eIncreased interval between flood peaks
. *Reduced high season flow volume
%, *Persistently higher flow in low season
*\ *Reversal of flow seasonality

Water diversion

*Reduced high flow peaks
eIncreased interval between flood peaks
*Reduced high season flow volume
. *Reduced low season flow volume
%, *Persistently lower flows in low season
‘\;Increased incidence of very low flows

Figure 2. Typical ways that regulation impacts the hydrology of rivers.
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Hydrological indicators, attributes and metrics

Flow Health calculates an overall hydrological indicator score for each year called the Flow Health score. This is
derived from 9 different hydrological sub-indicators that characterise attributes of the flow regime. These
attributes were selected to characterise the typical hydrological impacts of flow regulation (Figure 2) in terms of
the main ecologically relevant flow components (Figure 1).

A flow metric score for each sub-indicator is derived by comparing the value of the attribute in the test year
against the value it would be expected to take in the reference period, or under reference conditions.

Scoring flow deviation according to the natural range of variability

River flows naturally vary about a mean condition, so any definition of the conditions suitable for ecosystem
health must include a range of normal variability. The Range of Variability Approach (RVA) (Richter et al., 1997)
identifies annual river management targets based on a natural range of variation in hydrological attributes. The
range could be defined by a standard range, such as +1 standard deviation from the mean, 25" to 75" percentile
(inter-quartile) range, or 16" to 84" percentile range (the range that includes 68 percent of values, as does

+1 standard deviation from the mean). The RVA method prescribes that flow regime characteristics should lie
within the targets for the same percentage of time as they did prior to regulation.

As a basic standard for any hydrological attribute, Flow Health adopts the inter-quartile range (25th to 75"
percentile) within the natural flow series as the range within which the hydrological health score is 1 (over the
range 0 — 1). While the inter-quartile range is the default range of variation in Flow Health, users can select other
percentiles to define the upper and lower bounds of the range of variation. Deviations in an attribute beyond the
defined range potentially score less than 1 (depending on how deviations are scored).

In Flow Health, the 25" percentile reference flow (or other percentile, if selected by the user) for each month is a
critical threshold. The ecological significance of the 25" percentile statistic has not been tested, but it has been
utilised by others in the context of environmental flows. In the Texas Consensus Three-Zone Concept for setting
environmental flows (Mathews and Bao, 1991; Texas Parks and Wildlife Department, 2003; Gordon et al., 2004),
the middle flow zone, where the objective is to provide for minimum ecological maintenance, the natural monthly
25" percentile flow is maintained. In a study of the Jiaojiang in Zhejiang Province, China, Gippel et al. (2009)
noted, for daily flows, a close correspondence between the 25" percentile flow and the 50" percentile baseflow
(separated from total flow using a recursive digital filter and assuming flow as strongly baseflow when the
baseflow index exceeded 0.9). The same observation was made in an environmental flows study of the Taizi
River (Gippel et al., 2011). Thus, the 25" percentile flow may approximate the median baseflow conditions, which
would make it a reasonable basis for baseflow recommendations under average hydrological conditions.

The weighting of Flow Health scores when the attribute value deviates outside the reference inter-quartile range
is subjective. The default weightings were set according to expert judgement. It was reasoned that the weighting
should be different for the high flow and the low flow periods. Regulation by dams normally involves storing river
flows in the natural high flow season and either releasing the stored flows to the river downstream, or transferring
the water out of the river system, in the natural low season (Figure 2). This results in the typical hydrological
impacts of reduced flows in the high flow season, and either sustained increased or sustained decreased flows in
the low flow season. The consequences for the ecosystem of reduced flows in the low flow and high flow
seasons are well studied and known to be significant, so the metric scores for reduced attribute values were set
to vary linearly over the range 0 — 1 for attribute values in the range 0 — 25" percentile in the reference
distribution (Figure 3). Observations of higher than expected flows in the high flow season would not normally be
associated with regulation, but with naturally occurring high precipitation events (which would occur despite
regulation), so such deviations did not attract a reduction in the score from 1. On the other hand, in a regulated
river, observations of sustained higher than expected flows in the low flow season would likely be associated with
flow releases from a dam to supply irrigation, domestic and industrial water downstream. Such higher than
natural flows may well have a negative impact on ecosystem health, but this impact was judged to be of lower
severity compared to the impact of a reduction in flows of the same order (Figure 3). Thus, the scoring system
was weighted according to the assumptions that: (i) flow reductions were more detrimental to river health than
flow increases, and (ii) occasional increased flows in the high flow season were not detrimental to river health
(Figure 4).
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The general equations used for calculating the scores are (Figure 3):

Percentile in attribute reference distribution in the range: 250 percentile to 750 percentile

Score =1 (1)

Percentile in attribute reference distribution in the range: > 75" percentile

High flow season score = 1 (2)

Percentile in attribute reference distribution (3)
100

Low flow season score = 1.75 —

Percentile in attribute reference distribution in the range: < 25" percentile

Score = 4(

Percentile in attribute reference distribution) (4)
100

Hydrological data

Available flow series

Characterisation of flow alteration is usually with respect to regulation by dams and flow diversion, although
hydrology can also change in response to climate and land use change. In some places it is standard practice to
compare modelled impaired (regulated) data with modelled unimpaired (unregulated) data, which reflects the
wide availability of modelled data. Where modelled data are unavailable, it is acceptable to compare gauged pre-
regulation data with gauged post-regulation data.

Modelled data represent: (i) the current level of water resources development (“current series”), and (i)
conditions unimpacted by water resources development (“reference series”) (Figure 5). These time series are
modelled on the basis of gauged data, modelled runoff, and knowledge of water diversions and dam operation. In
comparison to these two modelled time series, in a regulated river, the gauged historical data generally show a
pattern of decreasing flow through time (Figure 5).

In some countries, including China, modelled flow data are not widely available, and where such data series are
available they are usually limited to modelled reference at a monthly time-step. Also, while flow might be gauged
at many locations, daily data can be more difficult to source than monthly data. For these reasons, Flow Health
was deliberately devised to work with monthly historical data series. The reference hydrological conditions are
defined for a user-defined period of the historical record. If a modelled monthly reference time series is available,
it can be used within Flow Health as an alternative way of defining the reference hydrological conditions.

Missing flow data

Calculation of Flow Health scores relies on comparison of distributions of data, so in most cases, missing data
does not prevent its application. Three of the sub-indicators are based on the occurrence of sequences of flow
above or below particular thresholds. For these sub-indicators, missing data interrupts the sequence, and the
sequence begins again when the data resume. This would introduce an error if in fact the flow sequence was
continuous. Thus, Flow Health software infills missing data with median monthly flows from the reference period
(for gaps in the reference series) or test period (for gaps in the test series). Infilled data are identified in the output
so that users can decide whether the results from certain years should be ignored or not.
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Figure 3. Relationships used to convert attribute percentile in the reference distribution to attribute
scores (Flow Health metric scores). Different relationships apply to low and high flow seasons for
percentiles > 75™. Metric scores fall into five classes of deviation from the natural range of variation.

Deviation from reference range of variation

Large Small
Vlarge Moderate V small Very small

Small

Frequency of observations
in reference period

Minimum 250 75N Maximum
percentile percentile

Low flow season hydrological attribute value

in reference period

Frequency of observations

Minimum 25n 750 Maximum
percentile percentile

High flow season hydrological attribute value

Figure 4. Generalised illustration depicting the principle of how the values of hydrological attributes in
the reporting year are scored relative to the distribution of the attribute values in the reference period, to
give scores for the Flow Health metrics.
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A "Reference"
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Flow parameter

v
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Figure 5. Hypothetical time series of a flow attribute (e.g. annual, monthly or daily flow), showing the
difference between modelled reference, modelled current and gauged historical series. In this
hypothetical case there is a sudden increase in the degree of flow regulation due to dam construction,
followed by a gradual increase in the degree of regulation through time.

Definition of water year and seasons

Before computing annual statistics it is necessary to decide the water year. The water year does not necessarily
coincide with the calendar year (beginning in January), although many hydrological statistics, such as rainfall
totals, are reported for the calendar year. Hydrological statistics relevant to industry, such as water allocations
available for irrigation, might be conveniently reported for the financial (or fiscal) year (beginning in July in
Australia and New Zealand). However, in most hydrological applications, it is preferable to use the interval known
as the “water year” or “hydrological year”. The main reason for using the water year is to avoid splitting the high
flow season between consecutive years, in which case the month with the lowest mean discharge may be the
ideal start of the water year (Gordon et al., 2004, p. 69). From the perspective of suitability of flows for ecosystem
health, the high flow and low flow seasons are considered to be of equal value, so it is desirable to fully contain
the low flow and the following high flow season within a single 12 month period. Thus, for a river health
hydrological index the water year ideally begins on the first month of the low flow season. This is the default
assumption in Flow Health

The high flow and low flow hydrological seasons may not coincide with the seasons used by authorities for
managing water allocations, the local agricultural seasons, or the local climate (temperature and rainfall) seasons.
The pattern of rainfall throughout the year can vary widely within a country, and the beginning of the low and high
flow seasons would be expected to vary regionally, and perhaps within river basins. The life cycles of the aquatic
biota will be adjusted to the local hydrological seasonality, so it is important to define the water year for each
gauge, using a systematic method.

Flow Health offers three options for defining the start of the water year:

e User defined month
e  Start of the low flow season
e  Start of the high flow season

In some cases the user might have a good reason for selecting a particular start month. For example, an agency
might find it desirable to use the period established for other reporting purposes, or to fit within clearly defined
operational periods, such as the irrigation water supply period.
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In Flow Health, the water year concept applies to the natural seasonality of the river, so is determined on the
basis of reference hydrology data. The year is split into two seasons, the high flow season and the low flow
season. The user decides if these seasons are of equal length, or of specific lengths, by selecting the length of
the low flow season (the default is 6 months, for equal season lengths).

The method for calculating the start month of the low flow season involves summing the seasonal flows (i.e.
periods of 6 consecutive months) over the reference period using different start months. For each start month,

the median of the seasonal totals of all the years in the reference period is calculated. The start month with the
lowest median is deemed the low flow season start month. For example, at Corowa, a gauge on the River Murray,
Australia, the reference period is from 1910 when gauging began to 1935, just before Hume Dam was completed
(Figure 6). Over those 26 years, of all the six-month long periods, the period January to June had the lowest
median (Figure 7), so January — June is the low flow season and July — December is the high flow season.
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Figure 6. Time series of monthly total discharge for Corowa on the River Murray, Australia for the
reference period, prior to completion of Hume Dam in 1936.
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Figure 7. Median of six-monthly discharge totals for Corowa on the River Murray, Australia for the
reference period, prior to completion of Hume Dam in 1936. Jan-Jun is the lowest median.

Sub-indicators

The suite of nine sub-indicators

The literature does not contain measures of hydrological deviation that satisfy all of the requirements set out here.
Thus, a suite of sub-indicators was devised to meet these needs. Nine Flow Health sub-indicators characterise
the main forms of ecologically relevant hydrological deviation from reference (Figure 2). The deviation could be
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due to natural variation or regulation. Deviation due to natural variation (i.e. periods of unusually low or high flows)
will be scattered throughout the record, while deviation due to regulation will follow a well defined pattern.

Flow Health has nine sub-indicators: High Flow (HF), Low Flow (LF), Highest Monthly (HM), Lowest Monthly (LM),
Persistently Higher (PH), Persistently Lower (PL), Persistently Very Low (PVL), Seasonality Flow Shift (SFS) and
Flood Flow Interval (FFI). The metric of each Flow Health sub-indicator characterises the degree of deviation in a
specific aspect of the flow regime that is conceptually linked to ecological health (Figure 8 and Figure 9).

Seasonality alterad (SFS) 50th percentile in
reference period
Low flow season volume High flow season volume 25th percentile in
greatly reduced (LF) greatly reduced (HF) reference period
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800 - |
700 4 Highest monthly flow Persistently
e moderately reduced high (PH)
"; 600 1 from reference (HM) Persistently low (PL)
w500 \ | and persistently
E very low (PVL)
2 400
= Lowest monthly flow
2300 greatly reduced
£} from reference (LM)
S 200
=
100 A
0 et e ———e

Mov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct

Figure 8. lllustration of eight of the nine aspects of the flow regime characterised by the Flow Health sub-
indicators using a comparison of monthly flows for water year 1999/2000 at Liaoyang on the Taizi River,
China with reference period median monthly flows and 25™ percentile monthly flows.
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Figure 9. lllustration of eight of the nine aspects of the flow regime characterised by the Flow Health sub-
indicators using a comparison of monthly flows for water year 2007/2008 at Guilin on the Gui River,
China with reference period median monthly flows and 25" percentile monthly flows.
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HF is the sum of the monthly flows in the natural high flow period. LF is the sum of the monthly flows in the
natural low flow period. HM is the highest monthly flow in the year. LM is the lowest monthly flow in the year. PH
is a measure of how many sequential months in the natural low flow season were higher than expected. PL is a
measure of how many sequential months were lower than expected. PVL is a measure of how many sequential
months were much lower than expected. SFS if a measure of the degree to which the seasonality of the monthly
flows has been altered. FFl is a measure of the time interval between the last significant flood month.

Five of the nine Flow Health sub-indicators (i.e. HF, LF, HM, LM and SFS) use attributes that are sensitive to the
natural inter-annual variance of the attribute in the reference series. Thus, if these attributes are highly variable in
the reference series then high deviations in a test year would not attract a high deviation score. On the other
hand, in a river that naturally has low inter-annual variance, increased inter-annual variability of the attributes in
the regulated regime will attract a high deviation score. For most rivers, flow persistence (measured by sub-
indicators PL, PH and PVL) tends not to occur often under reference conditions, and when it occurs, it lasts for
only a few months. Thus, the reference distributions of persistence (characterised by few values over a limited
range) are not suitable as a reference from which to calculate a deviation metric score. So, the persistence sub-
indicator metrics are scored against a standard that covers the possible range of the sub-indicator values.

The FFI sub-indicator is different to the others, as it measures an inter-annual hydrological attribute. FFI
measures the time since the last significant flood event, which is characterised by a threshold monthly flow that is
determined from the reference flow distribution (Figure 10). A maximum tolerable interval is set and when this is
exceeded the FFI metric score begins to decline until it reaches zero, or another flood occurs and the score is
resetto 1.
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Figure 10. lllustration of the time series of the interval since a reference monthly flow (flood) threshold
was exceeded at Huayuankou on the lower Yellow River, China. In this example, the flood threshold was
not exceeded after 1983.

High flow volume (HF) and low flow volume (LF)

The high flow volume (HF) metric score for a test year is based on the percentile in the reference period of the
sum of the flows over the high flow period. Any value of the seasonal total in a test year that exceeds the
maximum value of the total in the reference period is assigned a percentile of 1, and any value of the seasonal
total in a test year that is less than the minimum value of the total in the reference period is assigned a percentile
of 0.

The first step in the calculation of the HF metric is to establish the distribution of high flow period totals in the
reference period. For the test year, the high flow period total flow is determined, and then assigned the value of
the percentile of this total flow in the reference period distribution. Finally, a score is assigned to this value of the
percentile according to the relationships in Figure 3 (Equations 1 — 4). The low flow volume (LF) metric is
calculated in exactly the same way as the HF metric, except that is based on the total flow over the low flow
period.
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It is possible to calculate a similar sub-indicator metric score for the annual flow, but this sub-indicator was not
included in the Flow Health suite because its value was strongly determined by the high season flow total and
was also reflected in the sum of HF and LF scores (Figure 11).
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Figure 11. Time series of HF and LF scores, compared with annual score (not included in Flow Health) for
three contrasting rivers in China. Note that the three time series cover different periods.

Highest monthly flow (HM) and lowest monthly flow (LM)

The highest monthly flow (HM) metric score for a test year is based on the percentile in the reference period of
the maximum monthly flow. Any value of the maximum flow in a test year that exceeds the maximum value in the
reference period is assigned a percentile of 1, and any value of the maximum in a test year that is less than the
minimum in the reference period is assigned a percentile of 0.

The first step in the calculation of the HM metric is to establish the distribution of maximum monthly flows in the
reference period. For the test year, the maximum monthly flow is determined, and then assigned the value of the
percentile of this flow in the reference period distribution. Finally, a score is assigned to this value of the
percentile according to the relationships in Figure 3 (Equations 1 — 4). Although HM is calculated for the entire
year, Equation 2 is used to calculate the score when the percentile in the reference distribution is greater than the
75" percentile (for the default range of variability).
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The lowest monthly flow (LM) metric is calculated in exactly the same way as the HM metric, except that is based
on the minimum monthly flow of the year. For LM, Equation 3 is used to calculate the score when the percentile
in the reference distribution is greater than the 75" percentile (for the default range of variability). The rationale
for reducing the score if LM is higher than expected is that a brief period of low flow in the year might be
important as a disturbance for some biota.

Persistently higher flow (PH)

The persistently higher flow (PH) indicator is intended to reflect the existence of a period of time when the flow in
the test year is persistently (i.e. for two or more consecutive months) notably higher than the expected range in
the low flow period. Persistently higher flows could naturally occur in an unusually wet low flow season, or be
due to regulated delivery of water for irrigation in the low flow season. The indicator was designed to detect the
latter, which would be more likely to persistently exceed the upper range of reference flows than a natural event
(here, the upper range was defined as exceeding the 75" percentile). The first step in calculating the indicators is
to determine, for the flow of each month in the test year, its percentile in each corresponding month in the
reference period. Any value of the monthly flow in a test year that exceeds the maximum monthly value in the
reference period is assigned a percentile of 1, and any value of the monthly flow in a test year that is less than
the minimum monthly value in the reference period is assigned a percentile of 0. Each percentile is then scored
either +1 or 0, with 0 assigned if the monthly percentile value is less than or equal to the 75" percentile flow in
the reference period and +1 is assigned for values exceeding the 75" percentile flow in the reference period. The
time series of these scores is then considered, with consecutive positive scores (+1) summed, until a score of
zero is encountered. The positive scores are then summed across the low flow period. Essentially, the process
counts the number of consecutive months in the low flow period having a flow that lies outside the upper range of
the flow for each month in the reference period. For each year, the maximum number of consecutive months with
a positive score is determined. The equations suggested here for calculating the scores are (assuming a low flow
period of 6 months duration):

For PH, annual maximum cumulative total = 6

Score =0 %)

For PH annual cumulative total < 1

Score =1 (6)

For PH, 6 > annual maximum cumulative total > 1

Score = 1.2 —0.2(MAX. CUM. TOTAL) (7)

Persistently lower flow (PL)

The persistently lower flow (PL) indicator is intended to reflect the existence of a period of time when the flow in
the test year is persistently (i.e. for two or more consecutive months) notably lower than the expected range.
Unlike the PH indicator which is limited to the low flow period, PL applies for the entire year. The first step in
calculating the indicators is to determine, for the flow of each month in the test year, its percentile in each
corresponding month in the reference period. Any value of the monthly flow in a test year that exceeds the
maximum monthly value in the reference period is assigned a percentile of 1, and any value of the monthly flow
in a test year that is less than the minimum monthly value in the reference period is assigned a percentile of 0.
Each percentile is then scored either O or -1, with 0 assigned if the monthly percentile value is equal to or
exceeds the 25" percentile in the reference period, and -1 assigned for values lower than the 25" percentile. The
time series of these scores is then considered, with consequitive negative scores (-1) summed, until a score of
zero is encountered. Summing of the months with consecutive negative scores continues without interruption into
the next year and beyond, as necessary. Essentially, the process counts the number of consecutive months
having a flow that lies below the 25" percentile flow for each month in the reference period. For each year, the
maximum number of consecutive months with a negative score is determined. Because the run of consecutive
months can continue into following years, the cumulative annual totals can potentially exceed 12 months, but an
uninterrupted 12 month run of low flows was considered long enough to score zero for this indicator. The
equations suggested here for calculating the scores are:
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For PL, annual minimum cumulative total < -12

Score =0 (8)

For PL annual cumulative total = -1

Score =1 9

For PL, -12 < annual maximum cumulative total < -1

Score = 1.0909 + 0.0909(MIN. CUM. TOTAL) (10)

Persistently very low (PVL)

Very low flows are defined as being less than or equal to the 1% percentile flow in the reference series (for all
months and years combined). In rivers with a significant cease to flow component, this flow index will correspond
to zero flow. In some rivers it may be desirable to use another percentile to define very low flows, and this will not
change the nature of the PVL sub-indicator.

The first step in calculating the PVL metric is to determine, for the flow of each month in the test year, whether
the flow is less than or equal to the very low flow index. Any value of the monthly flow in a test year that is less
than the very low flow index is assigned a value of 1, otherwise a value of 0 is assigned. The time series of these
scores is then considered, with consecutive positive scores summed, until a score of zero is encountered.
Summing of the months with consecutive positive scores continues without interruption into the next year and
beyond, as necessary. Essentially, the process counts the number of consecutive months having a flow that lies
outside the 1° percentile flow in the reference period. For each year, the maximum number of consecutive
months with a positive score is determined. Because the run of consecutive months can continue into following
years, the annual cumulative totals can potentially exceed 12 months, but this would be in an extreme situation.
Normally, the 1% percentile flow in the reference series would be exceeded during the high flow season, even in a
regulated river, so here it was assumed that the lowest sub-indicator score of 0 would be assigned to annual
cumulative totals of 6 or higher. The equations used for calculating the scores are:

For PVL, annual maximum cumulative total > 6

Score =0 (11)

For PVL annual maximum cumulative total =0

Score =1 (12)

For PVL, 6 > annual maximum cumulative total >0

CUM. ;"OTAL (13)

Score=1—

Seasonality flow shift (SFS)

The seasonality flow shift (FSS) sub-indicator is intended to detect shifting of the months of high and low flow to
other times of the year. In some highly regulated rivers, dam operation has completely reversed the seasonality
of flows.

The first step in calculating the SFS metric is to determine the rank of the median flow of each month in the
reference series. Ranking of monthly flows is then undertaken for each year in the reference period. Then, for
each reference year, for each month of the year, the absolute difference in the rank compared to the rank of the
median monthly flow in the reference series is determined. This difference in rank is a number in the range 0 — 11.
The mean deviation of the ranks (a number in the range 0 — 6) is then calculated for each reference year. This
distribution of annual mean deviation in ranks is the reference distribution against which the test years are
compared. In rivers that naturally have a highly variable seasonality of flows, the range of mean deviations in
ranks in the reference period will be wide, while for rivers that have consistent seasonality, the range will be
narrow.
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For each test year, the mean of the deviations in rank of each month is calculated. A value of 6 represents
complete flow reversal, and O represents no change, relative to the reference seasonality. The equations used for
calculating the score for a test year are the same as the general equations (Equations 1 — 4), but modified for the
reverse order of the SFS distribution (i.e. a low raw value of SFS being desirable, rather than a high value being
undesirable for the other sub-indicators):

Percentile in reference distribution in the range: < 75" percentile

Score =1 (14)

Percentile in reference distribution in the range: > 75" percentile

Score=4—4(

Percentile in parameter reference distribution) (1 5)
100

Flood flow interval (FFI)

The flood flow interval (FFI) sub-indicator is intended to detect reduced flood frequency, from the perspective of
flows that overtop the banks and inundate floodplain wetlands. The measure is not of flood frequency, but of the
interval between floods, which gets longer as frequency declines. It is the length of time between individual floods
that negatively impacts the ecology, rather than the average frequency. It is not possible to know from hydrology
alone the threshold flow magnitude that will overtop the channel banks and therefore constitute a flood. In
addition, floods are transient events, and their magnitude is not always closely related to the total flow of the
month in which they occur. Despite this, on most rivers, for months with significant floods, there is likely to be a
significant correlation between peak instantaneous flow of the month, and total monthly flow (e.g. Figure 12).
Users should check the validity of this assumption for the rivers they are investigating.
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Figure 12. Relationships between the monthly average of mean daily flow and (i) monthly peak mean
daily flow and (ii) monthly peak instantaneous flow, for pre-regulation and post-regulation periods at the
Barham gauge (409005) on the River Murray, Australia. Minor flooding begins at 24,600 ML/d. Data
downloaded from www.vicwaterdata.net.

The first step in calculating the FFI metric is to set the flood frequency of interest. The default frequency in Flow
Health is 4 years. The magnitude of this event is determined as the 75" percentile of the highest monthly flow in
each year in the reference period. In other words, 1 in 4 years in the reference period had flows equal to or higher
than this value. Next, a maximum interval between floods is set. This maximum interval refers to a period of time
over which there would be no negative ecological impacts, so the FFI score would be 1. A conservative value for
this maximum interval would be the same as the flood frequency, which is a default value of 4 years. In rivers
with an irregular pattern of flooding, this interval is likely to be longer. When the maximum interval is exceeded,
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the FFI score begins to decline in a linear fashion until it reaches zero. The default interval length when FFI
reaches zero is 8 years after the last flood.This implies that if the 1 in 4 year flood has not occurred for 8 years or
more, the floodplain ecosystem health is severely impacted.

The calculation of FFl is based on the monthly time series, with the annual score being the score at the end of
the year. If N is the interval (in months) since the occurrence of a month when the flow was equal to or exceeded
the threshold monthly flow, then for the default threshold of the 1 in 4 year maximum monthly flow:

If N <48

Score =1 (16)
If N > 96

Score =0 (17)
If 48 <N < 96

Score =2 — % (18)

48

Flow Health Index

The Flow Health Index combines the scores of the nine sub-indicators. The Persistently High (PH) metric, unlike
the others, would technically score positively (i.e. score = 1) when the flow in the river was zero for the entire year.
The PH metric rewards the absence of an undesirable condition, but in fact the PH sub-indicator loses its
meaning when the low flow period flows are depressed. If a total score was derived by simply averaging the nine
metric scores, then a river with no flow would score positively (0.125), when logically it should score zero. This
problem is resolved by using PH as a moderator of the Low Flow (LF) sub-indicator. The LF is multiplied by the
PH score to get modified LF score. The overall Flow Health index score is then calculated as the average of this
modified LF score and the other 7 individual metric scores. This gives a score within the range 0 — 1, with 1
representing a low degree of deviation from the reference hydrology.

Ecological significance of the sub-indicators

The ecosystem significance of the HF and LF sub-indicators is that the total seasonal volume will reflect the
prevailing hydrological conditions (in particular, highlighting particularly dry years) and also indicate any major
reductions in total flow volume (and hence gross habitat area availability) due to flow regulation. Significant
regulation impacts would tend to be characterised by a sustained reduction in HF, perhaps also with a sustained
reduction in LF.

The ecosystem significance of the HM sub-indicator relates to the magnitude of flood flows which are critical for
inundating wetlands, cuing fish spawning behaviour, facilitating fish migration and mobilising sediment for
creation of physical habitat. The ecosystem significance of the LM sub-indicator is related to the magnitude of the
lowest flow of the year, when minimum flows are required for survival. HM and LM are not determined for the
high flow and low flow seasons respectively, but for the entire year. This is because the occurrence of a month of
very low flow can be problematic for the biota at any time of the year, and a significant flood or flow pulse event
(associated with the month of highest flow) can be beneficial to the biota at any time of year. Also, in regulated
rivers, the month of lowest flow could occur in the natural high flow season. It is recognised that the benefit of a
flow pulse may be greater in certain months, and in some months a pulse might have a negative impact on the
biota. If the highest flow month is aseasonal in the reporting year, this will be detected by the HF, LF, and SFS
sub-indicators.

The ecosystem significance of the PH sub-indicator relates to the situation of flows being artificially regulated at
significantly higher than reference magnitude for long periods through the natural low flow period. This can
reduce light penetration to the bed, and hence reduce primary production of benthic algae. Persistently elevated
low flows might also mean that invertebrates are not seasonally stressed, which could be a natural disturbance
process that plays a role in maintaining diversity. Higher than normal flows in the low flow period can also stress
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riparian vegetation by waterlogging root zones, or preventing recruitment in exposed soils. In some places this
may hinder recruitment of fish species dependent on slackwaters and warm temperatures associated with low
flows.

The ecosystem significance of the PL sub-indicator relates to the situation of flows, either in the low or high flow
season, being depressed for long periods. This sub-indicator would usually indicate persistently depressed low
flow season flows, which would have implications for gross habitat area availability for fish and
macroinvertebrates. This flow condition would potentially allow colonisation of the stream bed by invasive
vegetation, or accumulation of fine sediments that settle out during periods of low flow.

The ecosystem significance of the PVL sub-indicator relates to the situation of flows being artificially regulated at
very low levels for long periods. The consequences of this drying or near-drying of the channel can be critical for
all organisms in the stream. Very low flows are often associated with the loss of riffle habitats, crowding of
organisms in pools, and degraded water quality, such as temperature extremes and increased risk of hypoxia
and high salinity.

The ecosystem significance of the SFS sub-indicator relates to the situation of the seasonal pattern of flows
being reversed, or partly reversed, due to storage of flows in reservoirs in the natural high flow season, and
release of water for downstream supply in the natural low flow season. The consequences of this can be
disruption of the natural timing of flow pulses and baseflows that stimulate the behaviour of aquatic organisms
whose life cycle has adapted to a particular seasonal pattern of flow.

The ecosystem significance of the FFI sub-indicator mainly relates to the occurrence of floods that inundate
floodplain wetlands. In some rivers such floods might also play an important role in scouring hardy plants from
channels and re-shaping channel morphology. During the interval between floods, wetlands can dry out, riparian
vegetation can become stressed, succession processes give rise to changes in the composition of floodplain
plant communities, plants that rely on regular floods for seed dispersal and propagation do not regenerate, and
channels can become overgrown due to lack of disturbance.

Example Flow Health calculation

To illustrate application of Flow Health, an example is provided for Liaoyang gauging station on the Taizi River,
China, for the year 2000. In year 2000 the flows at Liaoyang were much different to the reference flow regime
(Figure 9).

Step 1: Determine reference period

The reference period is the period of time when the hydrology was in the reference state. The reference state
might mean no dams, no pumping, or a tolerable level of regulation that did not degrade the ecosystem health
below the expected level. At Liaoyang, the selected reference period was prior to dams, which was before 1969.
Data were available from 1954, so the reference period was 1954 to 1968 inclusive (15 year long period).

Step 2: Determine the water year
The median flow sum was calculated for each of the six-month periods for the reference time series (Table 1).
The first month of the six-month period with the smallest median sum is the start of the water year (Table 1).

Step 3: Establish the reference distributions and thresholds
There are 18 reference period flow data distributions to consider when calculating Flow Health scores.

e  Flows for each month (Figure 13) — used for PH and PL

e Low flow period total flows (Figure 14) — used for LF

e High flow period total flows (Figure 14) — used for HF

e  Maximum monthly flow (Figure 15) — used for HM and FFI

e  Minimum monthly flow (Figure 15) — used for LM

e  All monthly flows (Figure 16) — used for PVL

e Mean deviation in ranks of monthly flows from ranks of median monthly flows (Figure 17) — used for SFS

32



Percentile

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

for re(fer;ence E)eriod (m3 X 106)
m” X 10
Jan-Jun 521
Feb-Jul 973
Mar-Aug 1806
Apr-Sep 2010
May-Oct 1941
Jun-Nov 1900
Jul-Dec 1884
Aug-Jan 1232
Sep-Feb 591
Oct-Mar 352
Nov-Apr 298 298 November
Dec-May 406
«==Nov ===Dec =——Jan =——Feb =—=Mar =—Apr ===May =——Jun =—Jul =——Aug =——Sep =—Oct
100%
v e/
| [/ o |V
i /1
/AN 1/
AR/ | WA
INAraY £ i/ a4
I/ ] o ydah4 /Al
8/ (/Y
AH o T 1
10 100 1,000 1 10 100 1,000

Table 1.
Calculation of the start of the water year for Liaoyang, Taizi River, China.

6-month period Median of 6-month sum

Smallest sum

Start of water year

Monthly discharge (m3x 10¢)

Monthly discharge (m3x 10%)

10,000

Figure 13. Reference period distributions of flows for each month. Low flow period months on the left
and high flow period months on the right.
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Figure 14. Reference period distributions of low flow period and high flow period total flows.
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Figure 15. Reference period distributions of lowest annual monthly flow and highest annual monthly flow.
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Figure 16. Reference period distribution of monthly flows for the entire year.
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The thresholds used to score the Flow Health sub-indicators are based on percentiles calculated for the
reference period distributions. Assuming the default range of variability, the critical thresholds are the 25" and
75" percentiles for each month and for the low and high flow periods. The 1% percentile flow for the entire year is
the threshold for the PVL sub-indicator (Table 2). The 75" percentile flows are not required for the high flow

period (Figure 3).

Table 2.
Reference distribution thresholds for Liaoyang, Taizi River, China.

25" %-ile 75" %-ile 25" %-ile 25" %-ile 75" %-ile 15 %-ile 75" %e-ile

Period
(m*%10°% (m®x 10%)  of max. of min. of min.  (m®x 10°) of
monthly monthly monthly annual
flow flow flow mean
(m*x10% (m®x 10% (m®x 10°%) deviation
in ranks
of
monthly
flows
November 63.6 92.3
= December 33.1 50.5
< ©_January 18.0 27.9
£ & _February 14.3 24.7
- March 49.2 95.3
April 60.8 132.4
May 58.6 -
= June 21.3 -
238 July 3114 -
S @ August 289.4 -
T September 106.7 -
October 82.8 -
Low flow period 259.0 480.5

High flow period  1,330.3 -

All year

532.0 12.4 19.9 6.7 2.08

Step 4: Calculate flow metric scores

HF and LF
In Year 2000, the total flow for the months November to April (low flow period) was 172.8 m® X 10° and for the
period May to October (high flow period) was 782.6 m® x 10°. These volumes equated to the 2.3 percentile and
5.3 percentiles respectively in the reference distributions (Figure 14). These percentiles scored 0.094 and 0.211
respectively (Table 3).

Table 3.
Calculation of HF and LF for year 2000 at Liaoyang, Taizi River, China.
Flow Health sub-indicator Flow volume Percentile in Score
(m*® x 10%)  reference period
(Figure 14)
Low flow volume (LF) 172.8 2.3 0.09 (Egn 4)
High flow volume (HF) 782.6 5.3 0.21 (Egn 4)
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HM and LM

In Year 2000, the lowest monthly flow was 2.5 m> X 10° and the highest monthly flow was 447.1 m* x 10°.
These volumes equated to the 0.00 percentile (lower than the minimum in the reference distribution) and 19.0
percentiles respectively in the reference distributions (Figure 15). These percentiles scored 0.00 and 0.76
respectively (Table 4).

Table 4.
Calculation of HM and LM for year 2000 at Liaoyang, Taizi River, China.
Flow Health sub-indicator Flow volume Percentile in Score
(m3 X 106) reference period
(Figure 15)
Highest monthly flow (HM) 447 A1 19.0 0.76 (Egn 4)
Lowest monthly flow (LM) 2.5 0.0 0.00 (Egn 4)

PH and PL

In year 2000, only 2 months (December and February) were within the range of 25" to 75" percentile in the
reference series. July to October was a period of persistently low flow, and November was the fifth of a sequence
of low flow months that began in July the previous year. There were no particularly long periods of persistently
high flow (Table 5).

Table 5.
Calculation of PH and PL for year 2000 at Liaoyang, Taizi River, China.

Monthly flow Percentile (P) in Cum. count Cum. count
(m® x 10%)  reference distribution (P <25%=1,; (P>75%=1;
(Figure 13) 25% < P =0) P <75% = 0)
all months low flow season
Nov 15.9 0.0 -5* 0
Dec 34.4 32.5 0 0
Jan 30.8 93.4 0 1
Feb 20.9 64.0 0 0
Mar 26.6 4.3 -1 0
Apr 441 5.7 -2 0
May 4471 100.0 0 -
Jun 319.1 90.6 0 -
Jul 6.2 24 -1
Aug 4.0 0.0 -2 -
Sep 2.5 0.0 -3 -
Oct 3.6 0.0 -4 -
Annual (min.) -5
Low flow season (max.) 1
Persistently high flow (PH) 1.00 (Egn 6)
Persistently low flow (PL) 0.64 (Egn 10)

* This value influenced by a sequence of low flow months that began in July the previous water year.
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PVL

In year 2000, the period July to October was persistently lower than the 1% percentile monthly flow in the
reference series (Table 6). This resulted in a low score for this sub-indicator.

Table 6.

Calculation of PVL for year 2000 at Liaoyang, Taizi River, China. The threshold 6.4 m® x 10° corresponds

to 1% percentile for all months in the reference series (Figure 16).

Monthly flow Cumulative count
(m*x10%  (flow 2 6.4 =0;

flow <6.4=1)
Nov 15.9 0
Dec 34.4 0
Jan 30.8 0
Feb 20.9 0
Mar 26.6 0
Apr 441 0
May 4471 0
Jun 319.1 0
Jul 6.2 1
Aug 4.0 2
Sep 2.6 3
Oct 3.6 4
Annual (max.) 4
Persistently very low (PVL) 0.33 (Egn 13)

SFS

In year 2000, only November had the same rank as in the reference distribution (Table 7, Figure 18). The mean

deviation in ranks for the year was 5.2 (Table 7), which was higher than any value in the reference period (Figu

re

17). This resulted in a zero score for this sub-indicator, indicating a high degree of seasonal flow reversal relative

to that which occurred in the reference period.

Table 7.
Calculation of SFS for year 2000 at Liaoyang, Taizi River, China. Rank in reference given in Figure 17.

Rank in reference Rank in year 2000 Difference in rank

Nov 8
Dec 10
Jan 11
Feb 12
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Mean difference in rank 5.2
Percentile in reference period 100 (Figure 17)
Seasonality flow shift (SFS) 0.00 (Egn 15)
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Figure 18. Comparison of ranks of monthly flows in the year 2000 with the reference period. Data for
Liaoyang, Taizi River, China.

FFI

The 1 in 4 year reference flood threshold is 1263 m® x 10° (Table 2). This threshold was exceeded in August
1995, so by the end of year 2000, the interval since the previous flood was 62 months. Using Eqgn 18, the FFI
score is 0.71.

Flow Health index

The Flow Health index score is the average of seven sub-indicator metric scores and LF x PH. For presentation,
it is useful to retain the individual sub-indicator scores, to demonstrate which aspects of the flow regime have
deviated most from the reference condition (Table 8).

Table 8.
Flow Health flow metric scores for year 2000 at Liaoyang, Taizi River, China. Maximum score is 1 for each
sub-indicator.

Flow Health sub-indicator  Score for year 2000 Score for annual index

HF (High flow) 0.21 0.23

HM (Highest monthly) 0.76 0.82

LF (Low flow) 0.09 0.09 X 1.00 =0.09
LM (Lowest monthly) 0.00 0.00

PH (Persistently higher) 1.00 -

PL (Persistently lower) 0.64 0.64

PVL (Persistently very low) 0.33 0.33

SFS (Seasonality flow shift) 0.00 0.00

FFI (Flood flow interval) 0.71 0.71

Flow Health index (average) 0.35

Presentation of Flow Health scores

The Flow Health sub-indicators measure deviation from reference for nine aspects of monthly flow distributions,
and the Flow Health index combines the metric scores for these sub-indicators. The Flow Health software
computes scores for each flow metric and for the overall index. The scores can be computed for any period of
time within the input flow series, so for example the entire history of flow deviation can be calculated and
presents, or just a particular period of interest (such as the recent few years).
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The Flow Health software presents the scores in a number of formats:

e Mosaic chart time series

e Line chart time series

e Stacked area chart time series
e Table of index values

The line chart and stacked chart merely plot the values that are in the table. The line chart offers the option of
plotting only selected sub-indicators. The data in the table can be downloaded by the user.

The mosaic chart time series plots raw scores that have been placed within one of 5 classes of hydrological
deviation, which are differentiated by coloured cells (Figure 19). The five classes are described as very small,
small, moderate, large and very large. These descriptions have no implied meaning with respect to ecological
impacts; they are merely a convenient descriptive scale to accompany the numeric scale. The mosaic chart is
effective in providing a visual impression of the degree of flow deviation (i.e. relative flow health) over time, and
clearly indicates which of the nine aspects of the flow regime are impacted. Another effective way of presenting
the scores is in the form of a stacked area chart (Figure 19).

The annual Flow Health flow metric scores calculated over the time series for the Liaoyang gauge on the Taizi
River indicated a degree of inter-annual variability, which reflected natural variability in hydrological conditions
(Figure 19). The scores also showed a general decline when Guanyinge Dam began operation from 1996, and
the flow metric scores fell during the 1970s and 1980s, coincident with the operation of Tanghe and Shenwo
dams (Figure 19). The flow metric scores also varied cyclically, possibly in connection with natural climatic
variation.

Deviation B Very small (0.8-1.0) M Small (0.6-0.8) Moderate (0.4-06) W Large (0.2-04) I Very large (0.0-0.2)

Flow index

Fiow heatth score (FH) A NE N ENEEEE NN NN RN T AR EETT RSN |
Highfow (HF) HHNEEEEEEEEEEEENEEEEEEEEEEEEEEEEEEEEEEEEEEEENEEEEEEEEEN
ENEEEEENEEEEEEENEEEENEEE EEEE

Highest monthly {(HM}
Low flow (LF}

Lowest monthly (LM}
Persistently higher (PH})
Persistently lower (PL)
Persistently very low (PVL)
Seasonality flow shift (SFS)
Flood flow Interval {FFI)

B HF
N LF*PH
OHM
oM
EpPL
aOpvL
W SFS
B FFI
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Figure 19. Time series of Flow Health flow metric scores for Liaoyang gauge on the Taizi River, China.

Regulation began in 1969. Flow metric scores are presented in 5 classes of deviation in mosaic chart
(top), and as stacked area chart (bottom).
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Flow Health metrics and environmental flows

Setting an environmental flow regime to meet Flow Health score targets

It follows that if the Flow Health index is a reasonable measure of the suitability of flows for ecosystem health,
then a flow regime that scored 1 in each of the flow metrics would be a low risk environmental flow regime. Flow
Health was not primarily developed with the intention of it being used in reverse to design an environmental flow
regime because:

e Some environmental flow needs must be assessed and specified at the scale of daily flows

e Environmental flow needs cannot be reliably assessed using only hydrological data (local hydraulic and
ecological data are required for a proper assessment)

e Flow variability is an important dimension of environmental flow specifications, while Flow Health is
merely a statistical description of an actual flow series which is assumed to contain variability

While Flow Health was not intended as an environmental flow design tool, given the global interest in hydrological
methods that make inexpensive and expedient environmental flow recommendations, it is conceivable that Flow
Health will be applied in this way. Thus, it is of interest to know what minimum flow regime would produce a high
score under Flow Health.

Producing a score of 1 for each of the nine flow metrics is not simply a matter of achieving for each month the
25" percentile flow of the reference series. This will give a score of 1 for LM, PH, PL, PVL and SFS, which are all
based on flows being at least equal to that of the 25" percentile reference monthly flow in each month. High flow
(HF), Low flow (LF) and Highest monthly (HM) are based on different distributions, and, for the stations tested
during development, score less than 1 if only the 25" percentile reference flow for each month is provided in each
month. The percentile of reference monthly flow required to score 1 for these flow metrics for four Taizi River
gauging stations varied slightly by site (Table 9). FFl is an inter-annual statistic, so for a complete flow regime, it
must be specified separately to the annual monthly flows.

The minimum monthly flows required to give scores of 1 for all flow metrics were calculated for four Taizi River
gauging stations (Table 10, Figure 20). In Flow Health, the additional flow required to meet the LF and HF sub-
indicators is distributed among the relevant months according to the pattern of monthly median flows. In practice,
river managers could distribute this water in any way throughout the two seasons without affecting the HF and LF
flow metric scores. In Flow Health, the water required to achieve the HM flow metric score of 1 is added to the
month with the highest median flow. In reality, this water would be delivered by river managers in a more focused
way at the daily and hourly time-scale, to produce a higher magnitude flow event with duration shorter than one
month. Similarly, the flow required to satisfy the FFI requirement is expressed as a monthly flow, but it would
need to be delivered so as to achieve its objectives, which might be wetland inundation, vegetation disturbance,
sediment transport, or channel morphology re-shaping.

Table 9.
Percentile of reference monthly flow required score 1 for HF, LF and HM flow metrics for four Taizi River,
China, gauging stations.

Percentile of reference monthly flow required to score 1 for flow

metrics
Sub-indicator Benxi Liaoyang Xiaolinzi Tangmazhai
High flow volume (HF) (high flow months) 37.5 37.8 37.2 35.9
Low flow volume (LF) (low flow months) 34.2 34.4 374 37.3
Highest monthly flow (HM) (August) 46.2 374 37.8 50.0
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Table 10.
Percent of mean annual reference flow required to achieve flow metric scores of 1 for different groups of
sub-indicators, for four Taizi River, China, gauging stations. Tennant method standards are provided for
comparison. Including the Tennant method annual sediment flushing flow event would add 1.1 — 1.6% to
each of the Tennant standards.

Standard Annual flow as a percent of mean annual flow in the
reference period
Benxi Liaoyang Xiaolinzi Tangmazhi
Flow Health sub-indicator suite
Score 1 for LM, PH, PL, PVL, SFS 46.3% 45.1% 46.0% 63.7%
Score 1 for LM, PH, PL, PVL, SFS, HM 55.9% 55.0% 56.5% 65.3%
Score 1 for LM, PH, PL, PVL, SFS, HM, HF, LF 64.0% 64.7% 65.0% 75.6%
Score 1 for LM, PH, PL, PVL, SFS, HM, HF, LF, FFI  70.8% 72.4% 73.6% 78.8%
Tennant classes Universal standards
Optimum range 60 — 80%
Outstanding 50%
Excellent 40%
Good 30%
Fair or degrading 20%
Poor or minimum 10%
Severe degradation 0—-10%
3001 Benxi i’i Liaoyang

Xiaolinzi 450, Tangmazhai

Jan Feb Mar  Apr  May  Jun Jul Aug  Sep Ot Nov = Dec Jan Feb

Figure 20. Minimum monthly flow regimes required to give flow metric scores of 1 for all sub-indicators
at four gauges on the Taizi River, China. The blue bars on the August flow represent the additional flow
required once every four years on average.

For the Taizi River example, a score of 1 for all flow metrics required that the annual flow be 71 — 79% of the
mean annual flow in the reference period (MAF). If the HF, LF, HM and FFI sub-indicators were excluded, the
total annual flow required 45 — 64% of MAF (Table 10). These percentages are specific to this river, and would be
different for other sites. An example of where this option might be used is a case where the HF sub-indicator
score is low because dams are being filled in the high flow period, and this degree of deviation is not amenable to
improvement. Here the achievement of HF might be removed as a target, which lowers the maximum Flow
Health score that can be achieved, but provides a flow regime that might be implementable.
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The Flow Health metrics are range sensitive, which means that they are responsive to the natural variability of
river flows. Rivers with naturally low variability of monthly flows will require a higher percentage of MAF to
achieve flow metric scores of 1 than a river with naturally high variability of monthly flows.

It must be remembered that reference flow regimes naturally have years with Flow Health scores less than 1
(Figure 19), which highlights the need to build variability into environmental flow recommendations. Flow Health
can assist with design of environmental flow regimes, but it is not a flow implementation tool. Implementation of
environmental flows is a process that considers the flow recommendations in the context of current and
antecedent hydrological conditions, and the need to vary flows between years.

The Tennant method (Tennant, 1976), a popularly applied hydrological scaling method, recommends provision of
between 10% and 80% of MAF to achieve stream health of varying standards (Table 10). Although a flow regime
that scored highly on Flow Health would require about the same %MAF as a Tennant regime in the Outstanding
and Optimum condition (Table 10), there is no direct link between these two approaches, and the similarity

in %MAF for high stream health is coincidental. Also, a Tennant method regime has constant flow throughout
each of the high and low flow seasons, while a Flow Health-inspired regime has seasonal flow variability that
follows the natural pattern of the river in question (Figure 20).

Note: It is stressed that if Flow Health is used to produce an environmental flow recommendation, it should be
considered preliminary. Also, the flow in the high flow month, or in any periodic flood flow month, would need to
be distributed to produce a flow peak that was higher than the monthly average flow and have natural rates of
rise and fall.

Assessing the Flow Health score of an environmental flow regime

There are many different ways to determine an environmental flow regime. In the absence of any other
information, one simple way is to set a regime based on the reference flow pattern that achieves a target Flow
Health score on selected flow metrics, as explained above. An alternative is to scale down the reference average
monthly flows, until an acceptable total volume of flow is achieved (which would relate to the water that is
available in the river, after agreed consumptive uses have been met). Another alternative is to determine the
environmental flows using an independent method. These two alternative approaches can be evaluated in Flow
Health, using the Design Flow function.

A comprehensive environmental flow assessment was undertaken on the lower Yellow River using the method of
Gippel et al. (2009). Two options were recommended, one was low risk to the environment, and one medium risk.
For the reach downstream of Xiaolangdi Dam (Huayuankou gauge), the low risk regime achieved a Flow Health
index score of 0.28 and required 42% of MAF; the medium risk regime achieved a Flow Health index score of
0.15 and required 29% of MAF (Figure 21). A similar regime was achieved by scaling reference monthly flows
(Figure 21). These environmental flow regimes represent a major reduction from reference flow volumes. This is
explained by the fact that in the Yellow River, flows can be reduced by a large percentage without eliminating the
hydraulic habitat necessary to maintain the ecological assets. In this case, the reduction in flows simply reduces
the area of available habitat. Higher flows could be justified if the objectives centred on providing a minimum area
of habitat. The lower Yellow River is an unusual river, and this result should not be interpreted as typical of rivers
in general.

Calculation of annual Flow Health score of an environmental flow regime

An environmental flow regime is specified as a flow for each month, and perhaps including a periodic flood.
Alternatively, it is specified as achieving certain scores for the flow metrics. The inclusion of a periodic flood
means that some of the flow metrics (HM, HF and FFI) can vary from year to year. The annual score for a
specified regime is calculated within Flow Health by first generating a new flow series based on the
environmental flow regime that is the same length as the reference time series. The annual scores are calculated
for the environmental flow series and the minimum scores for each metric in the series are then reported as the
annual scores.
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Figure 21. Monthly environmental flow regimes devised by a holistic environmental flow regime (top and
middle), and by manipulating reference mean monthly flows within Flow Health (bottom). This example is
for Huayuankou, lower Yellow River, China. The July flow is fixed, for the purpose of scouring sediment.

Generating new data time series

Flow Health software can be used to generate two types of new data time series. The series based on the
designed environmental flow regime is created as a simple repeating time series. The synthetic time series based
on a rescaling of the reference series to achieve the desired Flow Health score is more complex.

The synthetic time series is created on the basis if the 12 values of monthly flow specified as the environmental
flow regime. Each month of the entire reference time series is then scaled according to the environmental flow
distribution, but there are constraints about retaining peak flows and minimum flows. The average Flow Health
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scores over the period are then checked. This process is repeated ten times — each time with a slightly different
scaling factor (based on the difference in calculated and desired Flow Health scores). The sequence with the
Flow Health score closest to that of the environmental flow regime is selected as the synthetic time series.

Discussion

The Flow Health suite of sub-indicators was developed to meet the demand for an annual hydrological index that
was related to ecosystem health, which could be applied to rivers across a wide geographical range, and which
could be calculated using monthly gauged flow data. The approach can also be applied to water level data from
rivers and lakes. Given that Flow Health is a hydrology-only approach, and the monthly time-step is relatively
coarse from the perspective of ecological processes, the connection between the flow metric scores and
ecological health at any particular site is at the conceptual level.

Flow Health highlights impacts of flow regulation, and also highlights years of naturally lower than usual flows,
both of which are important determinants of ambient ecological health, as measured using bioassessment
methods.

The Flow Health approach cannot directly indicate changes in brief, low frequency events, such as brief spells of
cease to flow or flow pulse and flood event peaks. However, it is possible that certain characteristics of these
lower frequency events are significantly correlated with monthly flow volumes. Further investigation is required to
determine if this is the case, and if so, to what extent the correlations are consistent across different rivers.

Although Flow Health was not primarily intended for use as an environmental flow design tool, it could be used in
this way. If all nine flow metrics score 1, the recommended monthly flows would constitute a reasonably high
percentage of the reference flows (often greater than 60 percent of mean annual flow in the reference period).
However, such flow recommendations should always be regarded as preliminary, and used only for planning
purposes.
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