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Premise

Best practice involves:

= defined purpose
m guick-cheap-good (enough) paradox

= sound concepts, data and models
Is current practice good enough?

Critical/Constructive comments In this talk

Acknowledge that some very good
progress Is being made

Concern about overtrumping of:
= hydraulics by hydrology?
= groundwater by surface water?
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Hydroschizophrenia

m Sseparate management of surface and
groundwater

= playing down the role of groundwater

m poor and uncoordinated transboundary
groundwater management

m Jarvis et al. 2005; Llamas and Martinez-Santos
2005; cited in Tomlinson and Boulton, 2008 (NWC
Waterlines no.8 on GDES)
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General Principles

Groundwater and surface water are actually
Interconnected and interchangeable

» GW becomes SW, and SW becomes GW

Not recognised due to long time lags on
processes (typically years to decades)

Non-integrated analysis & management
results in double accounting/allocation

In some parts of Australia we have capped
SW, but can still drill a bore near the banks
of a river and call it GW and get it licensed
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General Principles

= Virtually complete absence of integrated SW-GW
management across Australia
(see NWC Baseline Assessment Project, Stage 1)

Biennial Assessment 2009:

"The National Water Commission considers that
unless and until it can be demonstrated otherwise,
surface water and groundwater resources should
be assumed to be connected, and water planning
and management of the resources should be
conjunctive. This Is the reverse of the current
situation.”
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INntegration

-> Balance?

Surface Water

Groundwater

High volumes & flows,
but evap. problem on
storages

Low flow rates, but
high volumes In
storage & no evap.

Quick hydrological
response, no time lags

Slow hydrological
response, long time lag

Usually lower salinity

Often higher salinity

In-stream & floodplain
ecosystem complex
but measurable

GDEs: Groundwater
Dependent Ecosystems
- hidden dependencies
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Methods (1/2)

m Gauged Stream Flow analysis
= Base Flow Index (BFI) via digital recursive filters

= Groundwater monitoring bores
= GWL responses to stream flow & rainfall events
s GWL-CRD plots (cumulative rainfall deviation from

mean)
= Horizontal flow directions (to/from stream)

= Multi-level piezometers to measure vertical
hydraulic gradients near surface water bodies

m Connectivity mapping (more later)
= Use bores within 1 km from rivers

= Direction of flux (should be along GW flowline)
s Magnitude of flux (Darcian approach)
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Methods 2/2

Thermal survey (groundwater warmer)
Airborne EM (electro-magnetic)

In-stream nanoTEM and conductivity meters
Groundwater flow modelling

Mass-balance modelling (water, solutes,
stable isotopes) to estimate GW flows
Geochemical analysis

= Isotope analysis (vertical and lateral recharge)
= Chloride mass balance
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Saturated hydraulic connection
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Variably Gaining/Losing

(saturated hydraulic connection)
BANEK STORAGE Critical data:

- stream stage
; e il _ «water table level
SRR ALE 3. i “¥ I « stream bed prop.

o

. Water table at | E// v ¢  «stream bed level
A T-F high stage v ¥ -

B %——-é&j:g" st
/

Water table
Jduring base flow

s
£

/
Losing stream for high river stage (low water table)

Gaining stream for low river stage (high water table)

Many stream reaches are variable & dynamic with time
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Disconnected... NOT!
Losing-Unsaturated or Max/Perched-Losing

DISCONKNECTED STREAR Critical data:
e Stream stage

» stream bed prop.

JE"—* stream bed level
Y/

Fhowr dirgreon

o
77 /'Driving head for

Unsaturated - Pumping grounc

zZone ' 1 19 y notincrease lea
— Wr_'itm labile

o

Cannot be disconnected when there is leakage/mounding, however small.

Stream is losing, and at maximum potential rate through unsaturated zone (provided
reasonable separation of water table below stream bed).

GW pumping may not increase leakage locally, but can increase length of losing reach.
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Flow through
Water Streambed

Table \§

Head at the botto
of the streambed
is equal to head
in the cell.

Gaining Stream '- |

LOSI N g Streampeiow though

Streambed

> . L Head at the bottom
H ead — H r | V """""""" - of the streambed
Water ' is equal to elevation
Table ~_| of bottom of

Rbot = SBL
Stream Bed Level

streambed layer.

(S
Siinple saturated
Fi 36.—Plot of flow, QRIV, { stream into a cell as .I:I d I
o a ;imc::tio[:'uwuf head, LOT:\ Etll'lerceli where RBOT is the OW m O e

elevation of the bottom of the streambed and HRIV is

the head in the stream. (M O d fl OW)
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Stream-Aqguifer Connectivity

GWL = groundwater level... critical data

SBL = stream bed level... critical data

Hydraulic
connection

Classification

Type of
connection

Rassam et al, (2008)

Saturated

Gaining

Gaining; stream
gaining water
(baseflow) from
groundwater

Losing; stream
losing water to
groundwater

Depends on head
difference and
streambed
conductance

GWL
slightly
below
SBL

Saturated

GWL
below
SBL

Unsaturated

Losing

GWL well
below
SBL

Unsaturated,
maximum loss
flux

Max Losing

Depends on thickness
of clogging layer,
relative conductivities
of clogging layer and
aquifer material,
depth to watertable,
and stream width;
flux increases until it
reaches a status of
maximum loss
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Stream-Aquifer Connectivity

Contiguity*

Contiguous

Contiguous

Contiguous
Perched

Contiguous

Contiguous

(after REM, 2002)

Potential impact of
Synonyms groundwater on
surface water

Seepage
Direction

Potential impact of
surface water on
groundwater

Effluent
Upwelling
Groundwater-fed
Aquifer discharge

Gaining

Influent
Down-welling
Stream-fed
Aquifer recharge

Losing Medium

Underflow Low

High

Medium

Losing Disconnected Very Low (not none) > Medium

Variable
Fluctuating Gaining/Losing Medium
Seasonal

Throughflow  Flowthrough Medium

Medium

Medium

16

*contiguous is synonym for saturated
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Connectivity Mapping

Coast | MDB

1

Blue arrows indicate the direction of flux
to or from river (Braaten and Gates, 2002)
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Wide, and, alluvial plains with deep groundwater
levels and disconnected river reaches

Upland streams
gaining baseflow
from fractured
rock aquifer

Mamow alluvial valleys
with high rainfall, shallow
groundwater levels and
high-connected river
reaches

Flux in both directions Losing

(Generally net losing)

Zaining

« t t
-‘ﬂ-h-‘-l_ i
I h--\-\. — 1
| T i e A S SR R o e o e —
I I Murray/
: : Barwon
= »| = > |
|

Finer alluvial aguifer
materials and structural
controls lead to
shallower groundwater
and connected reaches
Flux in both directions

(Generally net gaining )
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Connectivity Mapping

Mapping methodology for assessing the
potential of groundwater-surface water interaction

Depth to water table

H'Il.'l‘l bed sedim ents

I Aguifer material

“ﬁwﬁﬁ
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I viccium potanitial Tor conmectid by . .
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Flux to/from Rivers (ML/yr)
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5446000 Losing

Tassie §
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Steady -

State (long -
term 40
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ave rag e) 5432000

5430000

428000
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Tassie
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— —_ =
= = Lland surface~
- =

INnduced Leakage I T————
by Pumping "

m A: Natural Groundwater
baseflow to stream

(gaining stream)

= B: Pumping induces
leakage (variable)

Confining bed

m C: Long term pumping
can reverse gradients
(induced leakage from
losing stream reaches)

Confining bed




Proportion of Stream Depletion
due to GW Pumping (analytical fn)

Long term asymptote to 100% capture.

Bore 500 m from stream

After 36 days (0.1 year) of pumping,
streamflow depletion rate is 7% of
the bore discharge. At a pumping
rate of 50 m*/d this equates to 3.5

m°/d of reduced streamflow.

2000 m 5000 m
from from

stream stream

500 m 1000 m

from from
stream stream

Delay to start increases with distance of bores from stream.
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Connected-Gaining Stream

ncrease In stream ieakage due 1o

100°%

onset of groundwater pumping
a0 % - f____ N
= B0 r"’f_ : : :
€ No major difference in long term stream
T T0% response due to bore location (80% to 85%)
=
% B0
g A0°FE
i
5 v Stream stage
&
o 0% A
ﬂ )
e,
£ 3p%
i fiell= @ 1000m
10% o |5 (E HI00m
— Stage Bewation (mAHO)
0%

0 G000 1000 1500 2000 2500 2000 00
Tirne [days)



Variably Connected (losing/gaining) Stream

normally get leakage from losing stream due to high stream stage

3000 146
Leakage reduces when stream becomes gaining (variably-conngected)
+ 145
2500 - m
144
2000 - /T W I \

1000 -

River Flux (kL/day)
o
o
(@)

500 - \{

y 500

baseflow contribution post-flood when river level falls rapidly

w

1000 1500

I
R

—
o
w

+ 142

1141

River Stage Elevation (m AHD)

1140 .

2000

2500

— N s 1 39
3000 3500

N ormaIIy get no baseflow except durlng short post-flood period;

138

e Reduced Baseflow ====|ncreased Leakage

River Stage Elevation
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Variably Connected (losing/gaining) Stream

No major difference in stream response due to borg,
location at 1km or 4 km from river

A ) AN a

Stream stage
RHS scale
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Stage Elevation (m AHD)
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140

% of Groundwater extraction derived from
stream losses (reduced baseflow + induced

hen stream level falls faster than GWL (post- 139
lood), bore captures what was previously baseflow
le. short term 100% impact on stream due to bore 138
0 500 1000 1500 2000 2500 3000 3500 4000
TIME (DAY)

Bores @ 1km or 4km from river
e 1000m ==—=4000m =——Simulated Stage Elevation
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Conjunctive Mgt Model

m connected systems are predictably
affected by reduced baseflow due to lower
GW.Ls (eg. due to drought/pumping)

m variably-connected streams are at risk
from pumping impacts during/following
flood periods when levels are high

= because groundwater abstraction can
“capture” short periods of what was natural
baseflow during flood recessions when the
river level recedes faster than the GW level
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Conjunctive Mgt Model

m Site-specifics are crucial; they determine
the nature, extent and magnitude of stream-
aquifer interaction processes

Magnitude and direction of flow
contributions are affected by interaction
process timings, and thus the conjunctive
management practices/timings applied

Generic management approaches should not
be applied to important/priority catchments
without also undertaking field investigations
and modelling studies using site-specific data
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Connectivity Mapping

Coast | MDB

1

Blue arrows indicate the direction of flux
to or from river (Braaten and Gates, 2002)
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Wide, and, alluvial plains with deep groundwater
levels and disconnected river reaches

Upland streams
gaining baseflow
from fractured
rock aquifer

Mamow alluvial valleys
with high rainfall, shallow
groundwater levels and
high-connected river
reaches

Flux in both directions Losing

(Generally net losing)

Zaining

« t t
-‘ﬂ-h-‘-l_ i
I h--\-\. — 1
| T i e A S SR R o e o e —
I I Murray/
: : Barwon
= »| = > |
|

Finer alluvial aguifer
materials and structural
controls lead to
shallower groundwater
and connected reaches
Flux in both directions

(Generally net gaining )
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INntegration Issues

Basin Plan: 35 separate SW & GW models

SW models IQQM & REALM are hydrological
triumphs but hydraulic/process deserts, with
unaccounted loss/gain relationships for GW

GW models better, but too simple re SW?

SW-GW linkages invoked too simply?
Closing water balance difficult/uncertain?
May be fit for purpose....

But Is this practice good enough?
Integrated Models needed for key areas.
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Floodplain Processes

s EM4 groundwater flow model

m Salinity mgt context

m Simple Modflow stream features

m Complex recharge and evaporation

= River Murray floodplain, between
Darling River and SA Border

m Murray River variably gaining/losing
m GW flow parallel to Murray River
s Mostly losing anabranches on F/P
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Ai rbo rne EM - continuous salinity distribution

e vertical flux to river

Flushed
Zones (blue)

M er : Gaining rea
shows hig
salinity)

yher
irectly
ver

Mallee Cliffs area
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Airborne EM providing info
on floodplain processes

AEM can identify shape of flush zones, & thus

0 plus inform evaporation process/parameters;
plus inform potential recharge classes/rates.

potential for & salinity of upward (saline) flux;

TMf009-09

Standing Water
Level

Interval
conductivity
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N

A

AEM Survey (colour
flood) matches TDS
salinity at bore points.
EM2 model uses
distributed AEM on
each grid cell for
near-river salinity for
salt load calc, instead
of zoned/averaged
TDS from bore points.




Salinity index for slice
0-2m below surface

Class 4 (red) = high salinity = low RCH potential
Class 1 (blue) = low salinity = high RCH potential.

Salinity index In 4 classes for AEM profile each slice.

Salinity index for slice
2-4m below surface
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Floodplain inundation recharge

100 GL/d flood

- Aquaterra developed
« specific recharge
¥ rates (mm/day) to
apply to AEM salinity
index product
values/classes
(provided by SKM &
Ray Evans, see

50 GL/d flood #28 previous slide), and
il o e Ny to inundation extents

e model (WaterTech)

B saquaterra.com.au .
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Floodplain inundation recharge

The Living Murray (TLM}Y.
“max. inundation”

50 GL/d flood
(“natural™)
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Floodplain evaporation model

ax ET Rate (m/d)
e alue

val
[l o-coe+000
W5 .c0=-004
ls.00e-004

M
z
1
2
3
4 [lls-s0e-004
5
6
7
8
9

[ s.80e-004

7.00e-004

7.50e-004

8.00e-004

.S.EDE—DD4

9.00e-

1.00e-

1.20e-

13 [l1.05e-002
s coe

Maximum EVT rate
(from SKM; uses NDVI &

AQT developed EVT
spatial variability for
extinction depth, and
applied spatially

Evap = maximum rate where
water table is at or above
specified surface (eg. topography)

Extinction

i depth Simple saturated zone model
Varlable max EVT rate. assumes linear change in evap with
) depth (can be more complex)
More refinements

required for long term \ Z
recessions (>5 years)_ Evap = zero where
water table is below

_ extinction depth
L




Lidar on River Murray Surface DEM (m AHD)

Patchwork DEM

egionally,

% Stream-aquifer
interaction needs
Lidar quality DEM

110
100
Q0
&0
70
60
50
40
30
20
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980

Model calibration to GW level

Transect 4 - 7928 - PS

(bore v.close to river)

.10
* ° P

EW

984 989 094 099 2004

25

24

23
22
21
20

080

080

Transect 4 - 7928 - PS

f [
J\ . Q’E’ jk‘\t\

084 989 094 999 2004

Transect 4 - 7928 - PS

989 094 1999 2004

response on floodplain

Initial model
response to
River only

River features
enhanced

River +
floodplain
Inundation +
evaporation

Matural Surface
+ Measzured
Calibration

Transect4 - 7931 - CS

| rivers/creeks

e

084 089 094 1999 2004

Transect 13 - 7896 - PS

iInundation

"\
L o 4 ‘\w.m’”

e A NN

25
080

084 089 094 1999 2004




TLM prediction hindcast —long term
recession needs better evap process

Transect4 - 7928 - PS
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Evapotranspiration (model output)

ET Flux (m/d
1.005]&"”0?]2
1.000e-003

1.000e-004
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1.000e-006

1.000e-007

o 1'8002 82

1.000e-0032

1.000e-004

1.000e-005

1.000e-000

1.000e-007




Flux to streams (model output)

. 1994 (max wet period¥y

..-"'--. '.._" P
0 A 2 < .
%y e B S 3
{ ..o R Y
1 4 AR | S -"I i \\ ! g
g b, — 27 I\ e
== 0 ) et s (e =
2 AP ' Y B 3 5D
5 ot ¥ e ! ... A o & 4
- o "1 - o} 5 S
; q 1 r L S
7 a - S

i

i aterra.com.au .



More than software..

The Murray MIKE SHE project N\

South-west Western Australia

Objectives:

— Determining the superficial
groundwater levels and flows
for a range of climate and
development scenarios.

Issues:

— Water-logging, wetlands of
significance, many drains |
that intersect and control ;,(E%'Bunbury
groundwater levels, very high SUs

7 Busselton
level of groundwater /surface

water interactions.




Murray (WA) MIKE SHE e

Modules for Murray

Five interacting modules in Murray MIKE SHE model:

e Saturated zone innaznos
(200m fixed grid, 2 layers)

e Unsaturated zone S
(Z'Iayer mOdE') Net precipitation

Snow melt made!

~

e Overland flow = '

(explicit numerical solution) .

Infiltration X

e Evapotranspiration .' \

(simplification of the e | {1l ; Ny

Kristensen & Jensen model) el | S

(Mike 11 fully dynamic) =. ; g
Run time* ~ 24 hours = 30 yrs dld | Frchange

Ao groundivater model . E:-U:hange | | Sk across boundaries
[rectangular grid} ; ;

thraugh seepagefaces o

* 32 bit quad core @2.83GHz with 4GB RAM




Murray (WA) MIKE SHE

Model construction

River network
constructed
using LiDAR for
channel cross
sections and
MIKE 11 GIS
extension

Geological model
constructed using
scripts to
transform GIS
rasters directly to
MIKE SHE .dfs2
files

6412000

6410000

6408000

E406000

B404000

8402000

More than software..

6410000 5

6405000 7

6400000 7

400000

6398000

6396000

6394000

6292000

6200000

6388000
6356000 S

6284000 {14

u"i"ﬂg&:

Frppmil

ERcER ExFiY

6385000 7

63950007

380000

400000




Murray (WA) MIKE SHE N\ “““’

Model calibration/validation statistics

Count n 1332

Sum of squares (m?) SSQ 971

Mean sum of squares (m’) MSSQ 0.73 ) _ .
Root mean square (m) RMS 0.85 00 ¥ | e ’
Sum of residuals (m) SRMS 768.7 iy ] v Lisiose) Losiues 7 : so
Mean sum of residuals (m) MSR 0.58 v v 7 i - : 8§ =i ' HaB

0 seehisen ,
Scaled mean sum of residuals (%) S 100ER NS RIS ID2 BT
Coefficient of determination () Em P g

N
[

N N w w B
o 1% o v o
L L L L

Modelled values (mAHD)
G
L

0 5 10 15 20 25 30 35 40

Observed values (mAHD)




More than software..

Murray (WA) MIKE SHE

Murray Model Calibration/Validation

Groundwater calibration example
T53.U I[Im] H
T e B | R kR EE SRRt B R ERD T ECE EEEEF E PR FEPP LERE e R

S T650) 1660

v
¢

90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 .
.m '
® y o LT

- HS98BIHS99B! 1

ME=-0.0504332

MAE=0.165029 /

RMSE=0.21504 s v . el
_ - ~ AR Hso28) s e

STDres=0 209042 5 - ; e siods frsiis s v

R(Correlation)=0.878955

R2(Nash Sutcliffe)=0.616706 A
=

Surface water calibration example

614065q [m"3/s]

HS94B'
55
100 1 2N
HS55A T1S79B) o
[ ¢ 7

50]

2000 ! 2001 ! 2002 ! 2003 ! 2004 ! 2005 ! 2006 2007
ME=0.806563

MAE=2.5912

RMSE=7.2717

STDres=7.22683

R(Correlation)=0.959799

R2(Nash Sutcliffe}=0.871525




More than softwa

Murray (WA) MIKE SHE

Scenarios

Model was used to determine groundwater levels, and
surface water /drainage flows under a range of:

Climate scenarios (dry, medium and wet from IPCC)

Development scenarios (varying fill levels, drain levels, abstraction regimes)




