An Improved Water Quality Model fone Onkaparinga
Catchment

Petra KuhnertDan Pagendam Jim Cox, Nigel Flerding He
Clive Jenkins Leon van der Linden

Goyder Institutdor Water Research
Technical Report Series N&/ &

R WATER RESEARCH

www.goyderinstitute.org



Goyder Institute for Water Research Technical Report Series 138382725

The Goyder Institutéor Water Researcls apartnershipbetween theSouth Australia Government
through the Departmenbf EnvironmentWaterand Natural Resource€SIRO, Flinders University,
the University of Adelaide and the University of South Austr@lia. Institute will enhance the South
 dzA G NI £ A+ y D 2ig® Néyetop aghd deliver Skiendiiased policy solutions in water
management. It brings together the best scientists and researchers across Australia to provide
expert and independent scientific advice to inform good government water policy and identify

future threats and opportunities to water security.
THE UNIVERSITY E

e University of 1
Department of Environment, ”fADE LAl D E South Australia UFNl|1¥15(Rise|I:Sv
Water and Natural Resources ADELAIDE » AUSTRALIA

Government
of South Australia

The following Associate organisations contributed to this report:

Government \/
of South Australia e o &
of South Australia "=, i
ﬂ hrimary ndustries | RESEARCHAND
w SA Water o dusties  DEVELORMENT

Enquires should be addressed to:  Goyder Institute for Water Research
Level 1, Torrens Building
220 Victoria Squarddelaide, SA, 5000
tel: 08-8303 8952
e-mail: enquiries@goyderinstitute.org
Citation
Kuhnert, P.M., Pagendam, D., Cox, J., Fleming, N., He, Y., Thomas, S., Jenkins, CI, van der Linden, L.,
2015 An improved water cality model for the Onkaparinga Catchme@oyder Institute for Water
Research Technical Report Series 1¥d6, Adelaide, South Australia

Copyright

© 2015CSIROrI0 the extent permitted by law, all rights are reserved and no part of this publication
covered by copyright may be reproduced opied in any form or by any means except with the
written permission of CSIRO

Disclaimer

The Participants advise that the information contained in this publication comprises general
statements based on scientific research and does not warrargmresent the completeness of any
information or material in this publication.



Table of Contents

LIST OF FIQUIES. ...ttt e e e e e e e et e e e e e e s amn s e e e e e e eeennnns 5
IS A0 N = 1 o] =TSRRI 11
EXECULIVE SUMIMAIY. ... .ottt e e e e e e e e e e e e e e e e eeeeeeeeeemsnnnnes 13
ACKNOWIEAGEIMENTS. ... 16
0o [T 1o o [PPSR PRI 17
Y (00 1Y L= T [ o U 18
Activity 1: RainfaHRunoff Model Calibration & Error Quantification..................c......... 25
YT (1Y Z= U1 o] o 25
Overview of Statistical Modelling of Hydrographic Data................cceevvviiiimiiiiiiiiiiiiiiiiiinnnns 25
SCOLtt Creek (A50B0502).....uuuuuuuuiuiiniiiiiiiimr e e e e e e e e e e e e e e e e e e e e e e e e e e s amteeeeeeeeeeeeeeeereeeeeeeeeeeensnnnnne 28
Onkaparinga River at Houlgraves (AS5030804).........ccoiiiiiiiiiiiiireiiiieee e e e e emreaa s 31
Echunga Creek (AS5030508).......ccceiiiiiiiiiiiiiiiiriiiis s e e e e e ee et s e e e emraan s e e e e e e e e esranna e eeeesemans 34
Lenswood Creek (AS03B0507).....uuuu i e eeeiieeeiiime e ettt ee e e e e e e e e e e ae e e e eetab e e aeeeeeeeserannnans 37
Aldgate Creek (A5030509).......ciiieeiiieiiiiiie e e e s e e e e e e e e et e e e e amta e e e e e e e e e aarb e e e aasanaa s 40
Cox Creek at Uraidla (A5030526) .......ccccceiiiiiiiiiiiiiieeiiiiiisseeeeeeeeeviinis s s emrrnnnn e e s eeesnsennnnn 43
Activity 2: Development of SitdBased Statistical Models.............ccceevviviiiriciiiiiieeeee, 47
1Y (o 1AV (o] o PR PUPUPRRRPUPRPRRPPRY”. ¥ 4
Overview of Statistical Modelling FrameworK..............coooiiiiiiiiiciiiiiie e, 47
SCOtt Creek (AB0B0502).....cuuuuiiiieeei ettt ee e e e e e e e e e e e et smress e e e e eaaeeeastbaa e e emraannnaas 48
Onkaparinga River at Houlgraves (AS030804).........ccooiiiiiiiiiiiieeiiiiiee e e e emrea s 57
Echunga Creek (AS5030508)........cieeiiiiiiiiiiiii e it ee e e e ee et e e e emraan s e e e e e e e e e e sbna e e eeesemaans 66
LenswoOdCreek (AS030507.).....uuuuriieeeeieieeiieeeeeiei e mr e e e e e e e e e e e e e e e e e e e 74
Aldgate Creek (AS5030509). ... ..uuuuuuuuuuuunime e e e e e e e e e e e e e e e e e e e e e e e e e s amt e e e e e e e e eeeeeeeeeeeeeeeeeeeeanaee 83
Cox Creek at Uraidla (AS5030526.) .....ceuerirriieieeieiieeieiiiiiii e e e e e e e e e e e e e e e e e e e aeaeas 92
Activity 3: SpatieTemporal Models to Investigat&cenarios..........ccceeeeeevevevvviiieeennnns 101
1Y/ 1)Y= U1 o] o 101
Scenario 1: Sale of SA Water Land Holdings (Scott Creekashment)..............ccoevvvveveeeee. 101
Scenario 2: Impact of Continued pansion of Perennial Horticulture (Cox Creek stdiichment)
........................................................................................................................................ 102
Overview of Statistical Modelling Framework..............cooooiiiiicees 103
SCENANO L RESUILS... .. e e e e e e et s s e e e e e e aama s s e eaaeaannnes 104
1S3 O PRP 104

I U 106

LI PR 109
SCENANO 2 RESUILS...... et e e e e e e eama e e e e eeeeeneees 111
LIS TSR PP 111

LI PRI 113

LI PP 114
SCENANO 3 RESUILS...... et e e e e e e e ema e e e e e aeeenaees 116



LS 35 SRSV UR R PTR 116

I PSP 119

LI PSP 121
Discussion and CONCIUSIONS........ccuuuuiiiieeeieeiiiee e et e e e ettt e e e e e e e e e eeennens 123
RETEIENCES. ...t e e e et e e e e e e e am e e e e e e e e eeennnns 125
Appendix A¢ Summary of Covariates used in Modelling............cccccoeeeiiiiieniiinnne 128
Appendix B- Diagnostic Plots for Site Based Models.............ooovvviiiiiiiimiiiiiiiieieieeennn 129
SO CrBEBK i a e e e e e e e e e eas 129
Onkaparinga RiVer, HOUIGIAVES ..........coiiiiiiiiie e emr e 130
Tod 010 ] o = T O T RSP 131
[T 0TSV oo Lo I @ = = PP PPPRR 132

F (o o = (I O T P 133
L0 QO =T 134
Appendix G Landuse Compositions Upstream from Onkaparinga Gauges............. 135
SCOtt Creek (AB030502).....cuuieuuiiieeeeei ettt e ettt aaa e e e e eeeeeaaeea e e eeeessa s s eeaaeeeaesenn e earnes 135
Onkaparinga River at Houlgraves (A5030504)..........ccooiiiiiiiiiiiiiiiiieeeeeeeee e 135
Echunga Creek (A50305Q6)........cccoiieeiieeieeeer ettt e e e e eme e 136
Lenswood Creek (AS030507)... . uuueerreeeeeeeeeeeeeeieiiiii b mr s e e a e e e e e e e e e e e e e e e aas 136
Aldgate Creek (A5030509). ... ..uuuuuuuuuiuuiiimr e e e e e e e e e e e e e e e e e e e e e e e e e e s amreeeeeeereeeeeereeeeeeeeeeeeeane 137
Cox Creek at Uraidla (AS5030526.) ......cueerrrreieiieieiiiieiiii e me e e e e e e e e e e e e e e e e eaeeeas 137



List of Figures
Figure 1: Maps showing (a) the Mt Lofty catchment and contributing areas and (b) the Onkaparinga

catchment with sites that were investigated as part of fmigject overlayed...................ccooeueee. 19

Figure 2: Raw flow data for the six sites in the Onkaparinga catchment.....................c......... 20

Figure 3: Plots of the raw data showing samples of TSS for the six sites in the Onkaparinga

(0= 103 0] .4 1= 0 | SR PP P TP PPPPP 21

Figure 4: Plots of the raw data showing samples of TN for the six sites in the Onkaparinga catchment.
................................................................................................................................................ 22

Figure 5: Plots of the raw data showing samples of TP for the six sites in the Onkaparinga catchment.
................................................................................................................................................ 23

Figure 6: Summary of TSS samples stratified by flow and represented through a histogram for (a) Cox
Creek (A5030526), (b) Scott Creek (A5030502), (c) Lenswood Creek (A5030507), ¢&) Ecakn
(A5030506), (e) Aldgate Creek (A5030509); and (f) Onkaparinga River at Houlgraves (A5020504).
Figure 7: Rainfatunoff model calibration results for Scott Creek (A5030502) between 1985 and

1987 showing: (a) rainfall input data; (b) SIMHYD Calibration using parameters equal to the mean of
the posterior distribution; and (c) posterior samples from the BHM.........cccccovvvvviviiinniinnnnnn... 30

Figure 8: Rainfatunoff model calibration results for Scott Creek (A5030502) between 2005 and

2007 showing: (a) rainfall input data; (b) SIMHXdibration using parameters equal to the mean of

the posterior distribution; and (c) posterior samples from the BHM..........ccccocvvvvvviiiniiinnnnnn... 31

Figure 9Rainfallrunoff model calibration results for the Onkaparinga River at Houlgraves
(A5030504) between 1985 and 1987 showing: (a) rainfall input data; (b) SIMHYD Calibration using
parameters equal to the mean of the posterior distribution; and (c) posteaonples from the BHM.
................................................................................................................................................ 33

Figure 10: Rainfatunoff model calibration results for the Onkaparinga River at Houlgraves
(A5030504petween 2005 and 2007 showing: (a) rainfall input data; (b) SIMHYD Calibration using
parameters equal to the mean of the posterior distribution; and (c) posterior samples from the BHM.
................................................................................................................................................ 34

Figure 11: Rainfatunoff model calibration results for Echunga Creek (A5030506) between 1985 and
1987 showing: (a) rainfall input data; (b) SIMHYD Calibration using parameters equal to the mean of
the posterior distribution; and (c) posterior samples from the BHM..........cccccvvvvevveiiiniiinn... 36

Figure 12: Rainfatunoff model calibration results for Echga Creek (A5030506) between 2005 and
2007 showing: (a) rainfall input data; (b) SIMHYD Calibration using parameters equal to the mean of
the posterior distribution; and (c) posterior samples from the BHM..........cccvvvvvvieiiin. 37

Figure 13: Rainfatlinoff model calibration results for Lenswood Creek (A5030507) between 1985
and 1987 showing: (a) rainfall input data; (b) SIMHYD Calibration using paranteiatsoethe

mean of the posterior distribution; and (c) posterior samples from the BHM......................... 39

Figure 14: Rainfatlnoff model calibréion results for Lenswood Creek (A5030507) between 2005

and 2007 showing: (a) rainfall input data; (b) SIMHYD Calibration using parameters equal to the
mean of the posterior distribution; and (c) posterior samples from the BHM......................... 40

Figure 15: Rainfatlnoff model calibration results for Aldgate Creek (A5030509) between 1985 and
1987 showing: (a) rainfall input data; (b) SIMHClibration using parameters equal to the mean of

the posterior distribution; and (c) posterior samples from the BHM...........ovvvvvevieiiiniiinnnnnnn. 42

Figure 16Rainfallrunoff model calibration results for Aldgate Creek (A5030509) between 2005 and
2007 showing: (a) rainfall input data; (b) SIMHYD Calibration using parameters equal to the mean of
the posterior distribution; and (c) posterior samples from the BHM...........ccccooiiiiii. 43

Figure 17: Rainfatlinoff model calibration results for Cox Creek at Uraidla (A5030526) between

1985 and 1987 showing: (a) réafl input data; (b) SIMHYD Calibration using parameters equal to the
mean of the posterior distribution; and (c) posterior samples from the BHM......................... 45



GOYDER
NSTITUTE

FOR WAT t [ EARCH

Figure 18: Rainfatlinoff model calibration results for Cox Creek at Uraidla (A5030526) between
2005 and 2007 showing: (a) rainfall input data; (b) SIMHYD Calibration using parameters equal to the

mean of the posterior distribution; an@) posterior samples from the BHM........................... 46
Figure 19: Raw flow and concentration data presented on thestade for TSS at the Scote€k site
Figure 20: Raw flow and concentration data presented on theséade for TN at the Scott Creek site
Figure 21: Raw flow and concentration data presented on thesbade for TP at the Scott Creek site
(NS00 15721 ) PR UPPRPRR 50

Figure 22: Smooth terms from the generalised additive models fit for Scott Creek (A5030502) for
each of the three constituents. TY8) past sum of flow; TN: (b) seasonal term, (c) past sum of flow

(d) discounted flow (d=0.75); TP: (€) SEaSONal tEIM.....oiiiiiiiiieee e 52
Figure 3: Predictions from the generalised additive model fit to constituent data at Scott Creek
(A5030502) for (a) TSS, (0) TN @nd (C).TR.....eeiieiiieee e 54

Figure 28: Estimate of the annual loads (Mt), flows (ML) and flow weighted concentrations (mg/L) for
Scott Creek (A5030502) accompanied by 80% confidence intervals) &3S, (€d) TN and (eff)

I RS SUPRP 55
Figure 29: Raw flow and concentration data presented on thestade for TSS at the Onkaparinga
River, Houlgraves Site (AS5030504)........ccciiiuuiiiiiiiiriiiiiriirerreereereereeeeeeaaaaaaaeaaaaeaaeaaeeassassssssnsnnes 58
Figure 29: Raw flow and concentration data presented on thestade for TN at the Onkaparinga
River, Houlgraves Site (AS5030504)........ccciiiuuiiiiiiiiiiiiiiriiiereeererreereeeeeeaaaaaaaeaaaaeaaeaaesassanssssnssnnes 58
Figure 29: Raw flow and concentration data presented on theséade for TP at the Onkaparinga
River, Houlgraves Site (AS5030504)........cccciciuiiiiiiiiiiiiiieirieereeree e ereeeeeeaaaaaaeaaaaaeaaeasesassasssssnssnnes 59

Figure 30: Smooth terms from the generalised additive model for Onkaparinga River at Houlgraves
(A5030504) showing (a) the characteristics of season, gtridal flow, (c) discounting term (d0.25),

(d) discounting term (d0.5) and discounting term (d0.95) in relation to.TSS............cccccccnnnnes 61
Figure31: Smooth terms from the generalised additive model for Onkaparinga River at Houlgraves
(A5030504) showing the characteristics of (a) season, and (b) the discounted flow (d0.75) in relation

Figure 32: Smooth terms from the generalised additive model for Onkaparinga River at Houlgraves
(A5030504) showing the characteristics of (a) season, (b) the past sum of fldiscéu)nted flow

(d0.5) and (d) discounted flow (d0.1) in relation 10 TR........cccccuiiiiiiiiiiiiiieeer e e 63
Figure 33: Predictions from the generalised additive elditl to constituent data at Onkaparinga
River, Houlgraves Site (A5030504) for (a) TSS, (b) TN and.(C).TP-......c.covveiiiiiiiiiiiieeeeei 64

Figure 34: Estimatef the annual loads (Mt), flows (ML) and flow weighted concentrations (mg/L) for
Onkaparinga River, Houlgraves Site (A5030504) accompanied by 80% confidence intefbals: (a)

TSS, (E0d) TN QNG (Bff) TPureiieiiiiiie ettt e e e e e e et e e e e nte e e e snaeeeeeneeeeans 65
Figure 35: Raw flow and concentration data presented on thesdade for TSS at the Echunga Creek
LI (AN 0151 01 ) SRR 68
Figure 35: Raw flow and concentration data presented on thesdade for TN at the Echunga Creek
LI (AN 0151 01 ) SRR 68
Figure 35: Raw flow and concentration data presented on thestade for TP at the Echunga Creek
YL C N 1010 SRR 69

Figure 36: Smooth terms from the generalised additive models fit for Echunga Creek (A5030506) for
TSS and TN. TSS: (a) seasonal term, (b) past sum of flisegonted flow (d=0.5); TN: (d) seasonal
term, (e) past sum of flow (f) discounted flow (d=0.5)........covviiiiiiiiiiiiiiiii e, 70

Figure 37: Smooth terms frorhé generalised additive model for Echunga Creek (A5030506)
showing the (a) seasonal term, (b) past sum of flow (c) discounting term (d0.95) and (d) discounting



@
O
<
_|D
i
AJ

|
F

Figure 38: Predictions from the generalised additive model fit to constituent data at Echunga Creek
Site (A5030506) for (a) TSS, (b) TN and (C). TR ccnvevreeveneeeeenn d 2

Figure 39: Estimate of the annual loads (Mt), flows (ML) and flow weighted concentrations (mg/L) for
the Echunga Creek Site (A5030506) accompanied by 80% confidencelsniedh) TSS, (€d) TN

Lo L0 I (3 T TR I PP 73
Figure 40: Raw flow and concentration data presented on thestade for TSS at theenswood

Creek SIte (AB03B0507.) ... eeieeiiiiiteiii e e e ettt e e et e e e e e e e e s e r e e e e e e e nn e e e e e e eas 75
Figure 40: Raw flow and concentration data presented on theséade for TN at the Lenswood

CrEEK SIE (AD0B0507.) ... ceeiueteeeeiiteee e et ee e e ettt et e e et et e e e be e e e e sbe e e e abbe e e e aabe e e e eannb e e e e anreeaeeanneeas 76
Figure 40: Raw flow and concentration data presented on thestade for TP at the Lenswood Creek
Y1 ST 10 1 0 T PP UPRTR PP 76

Figure 41: Smooth terms from the generalised additive model for Lenswood Creek (A5030507)
showing the characteristics ¢d) the seasonal term in the model, (b) the past sum of flow, (c)
discounting term d0.1, (d) discounting term d0.25, (e) discounting term d0.5 and (f) discounting term
O.75 TN FelatiON 10 TS S ittt e e e e e e e e e e e e e e aaaaaaaeaaeeas 78

Figure 42: Smooth terms from the generalised additive model for Lenswood Creek (A5030507)
showing the characteristics of (a) the seasonal term in the model, (b) the past sum of flow, (c)
discounting term d0.1, (d) discounting term d0.25 and (e) discounting term d0.95 in relation to TN.
................................................................................................................................................ 79

Figure 43: Smooth terms from tlgeneralised additive model for Lenswood Creek (A5030507)
showing the characteristics of (a) the seasonal term in the model, (b) the past sum of flow, (c)
discounting term d0.1, (d) discounting term d0.25 and (e) discounting term d0.95 in relatior8t» TP.
Figure 44: Predictions from the generalised additive model fit to constituent data at Lenswood Creek
Site (A5030507) for (a) THD, TN aNd (C) TR...oeveiieiiieii e 81

Figure 45: Estimate of the annual loads (Mt), flows (ML) and flow weighted concentrations (mg/L) for
the Lenswod Creek Site (A5030507) accompanied by 80% confidence intervdls: T&S, (€})

LI IR Lo (3 () TIPSO P PP PPPPPPP 82
Figure 46: Raw flow @nconcentration data presented on the lagale for TSS at the Aldgate Creek
SIEE (AB03B0509)... . ieeeiiiee e e ettt e e e e e e et e e e e e e e e r e e e e e e ——aaea e e ————aaeaaaa————raaeaaanaa—rraaaaan 86
Figure 46: Raw flow armbncentration data presented on the lggale for TN at the Aldgate Creek
SITE (AB03B0509)... .. cieeiiiiee e e ettt e e e e e e et e e e e e e e e e e e e e e e ———ae e e e ———aeeeaaaa————raaeeaanaa—raaaaaan 86
Figure 46: Raw flow and concentratidata presented on the legcale for TP at the Aldgate Creek
SIEE (AB03B0509)... .. ciieiiiiee e e ettt e e e e e e e e e e e e e e e e e e e e e e ————aa e e e e ————aeeaaaa i ———aaaeeaaara—raaaaaan 87

Figure 47: Smooth terms from the generalised additivodels fit for Aldgate Creek (A5030509) for

TSS and TN. TSS: (a) seasonal term, (b) past sum of flow, (c) discounted flow (d0.1), (d) discounted
flow (d0.25), (e) discounted flow (d0.75); TN: (f) past sum of floW..........oeeveeveeiiieniil. 88

Figure 48: Smooth terms from the generalised additive model for Aldgate Creek (A5030509) showing
the characteristics of (a) the seasonal term in the model, (b) thesastof flow, (c) discounting

term d0.95 and (d) discounting term d0.75 in relation t0.TR...........vviiiiiiiiiieiiiieceeeeeee 89
Figure 49: Predictions from the gentisad additive model fit to constituent data at Aldgate Creek
Site (A5030509) for (a) TSS, (B) TN @nd (C).TP..eee e 90

Figure 50: Estimatof the annual loads (Mt), flows (ML) and flow weighted concentrations (mg/L) for
the Aldgate Creek Site (A5030509) accompanied by 80% confidence interv@d$ T@p, (€d) TN

=0 I (=3 ) TR I PSPPSR 91

Figure 51: Marginal effect of Brooks Bridge sedimentation basin on TSS (a) prior to being operational
and operational post 30 November 2006 and TP (a) prior to being operatiorsgpanational past

30 November 2007. Dotted lines represent 95% confidence intervals around the marginal.&¥ect.
Figure 52: Raw fl@ and concentration data presented on the iegale for TSS at the Cox Creek site
(NS0T 015721 ) DSOS PP PSRRI 94



Figure 52: Raw flow and concentiat data presented on the legcale for TN at the Cox Creek site
NS0 20121 ) DRSSPSR 94
Figure 52: Raw flow and concentration data preseriadhe logscale for TP at the Cox Creek site
N1 020121 ) DRSSPSR UPRRPIR 95
Figure 53: Smooth terms from the generalised additive models fitdgar@eek (A5030526) for TSS
and TP. TSS: (a) seasonal term; TP: (f) seasonalierm..........cccvevveiiiiiiiiiiieeeeeeee e 97
Figure 54: Smooth terms from the generalissitiitive model for Cox Creek (A5030526) showing the
characteristics of (a) season, (b) the accumulation of flow, (c) discounted flow (d0.25) and (d)

discounted flow (d0.75) iN relation t0 TMN-.........uuiiiiiiri e 98
Figure 55: Predictions from the generalised additive model fit to constituent data at Cox Creek Site
(A5030526) for (a) TSS, (0) TN @nd (C). TR . .eeii e Q9

Figure 56: Estimate of the annual loads (Mt), flows (ML) and flow weighted concentrations (mg/L) for
the Cox Creek Site (A5030526) accompanied by 80% confidence inteiv@d$ T@S, (€d) TN and

(=) (3 TR SRS 100
Figure 57: Variable importance ranking for TSS based on two criteria (left) Percent dASEdn
LToTo L= o101 Y28 104

Figure 58: Estimates of loads and total flow for each financial year for Scott Creek. Estimates for the
original data are shown in black while for the scenario of lasel change, estimates are shown in

Figure 59: Estimates the flow weighted concentrations for Scott Creek for each financial year.
Estimates for the original data are shown in black while estimates for the scenario are shown in blue.

.............................................................................................................................................. 106
Figure 60: Variable importance ranking for TN based on two criteria (left) Percent MSE and (right)
LToTo L= oW 1§28 107

Figure 61: Estimates of TN loads and total flow for each financial year for Scott Creek. Estimates for
the original data are shown in black while for the scenario ofase change, estimates are shown

0 ) 1SS 108
Figure 62: Estimates of the flow weighted TN concentrations for Scott Creek for each financial year.
Estimates for the original data ashown in black while estimates for the scenario are shown in blue.

.............................................................................................................................................. 108
Figure 63: Variable importance ranking for TP based on titeria (left) Percent MSE and (right)
[aT0 0 [ o181 P PP PP PPPPPPRP 109

Figure 64: Estimates of TP loads and total flow for each financial yeaedirCreek. Estimates for

the original data are shown in black while for the scenario ofase change, estimates are shown

T o] 11 =PRSS 110

Figure 65: Estimates of the flow weighted TP concentrations for Scott Creek for each financial year.
Estimates for the original data are shown in black while estimates for the scenario are shown in blue.

.............................................................................................................................................. 110
Figure 66: Variable importance ranking for TSS based on two criteria (left) Percent MSE and (right)
LToTo L= oW1 Y2 111

Figure 67: Estimates of loads and total flow for each financial year for Cox Creek. Estimates for the
original data are shown in black while for the scenario of fasel change, estimaseare shown in

Figure 68: Estimates of the flow weighted concentrations for Cox Creek for each financial year.
Estimatedor the original data are shown in black while estimates for the scenario are shown in blue.

.............................................................................................................................................. 112
Figure 69: Variable importancanking for TN based on two criteria (left) Percent MSE and (right)
(100 [ o181 SO P PR TPTPPPRP 113



Figure 70: Estimates of TN loads and totakffor each financial year for Cox Creek. Estimates for

the original data are shown in black while for the scenario ofdas&l change, estimates are shown

1T o] 15 =P PPPPPPPRP 114

Figure 71: Estimates of the flow weighted TN concentrations for Cox Creek for each financial year.
Estimates for the original data are shown in black while estimates for the scenario are shown in blue.

.............................................................................................................................................. 114
Figure 72: Variable importance ranking for TP based on two criteria (left) Percent MSE and (right)
[aT0 o [ o101 OO PP PP PPRPPPRI 115

Figure 73: Estimates of TP loads and total flow for each financial year for Cox Creek. Estimates for
the original data are shown in black while for the scenafitanduse change, estimates are shown

Figure 74: Estimates of the flow weighted TP concentrations for Cox Crescfofinancial year.
Estimates for the original data are shown in black while estimates for the scenario are shown in blue.

.............................................................................................................................................. 116
Figue 75: Variable importance ranking for TSS based on two criteria (left) Percent MSE and (right)
LToTo L= o101 Y28 117

Figure 76: Estimas of loads and total flow for each financial year for Aldgate Creek. Estimates for
the original data are shown in black while for the scenario ofdas&lchange, estimates are shown

Figure 77: Estimates of the flow weighted concentrations for Aldgate Creek for each financial year.
Estimates for the original data are shown in black while estimates for the scenariocava shblue.

.............................................................................................................................................. 118
Figure 78: Variable importance ranking for TN based on two criteria (left) Percent MSE and (right)
LToTo L= oW 1§28 119

Figure 79: Estimates of TN loads and total flow for each financial year for Cox Creek. Estimates for
the original data are showim black while for the scenario of lanu$e change, estimates are shown

0 ) 1SS 120

Figure 80: Estimates of the flow weighted Tovicentrations for Cox Creek for each financial year.
Estimates for the original data are shown in black while estimates for the scenario are shown in blue.

.............................................................................................................................................. 120
Figure 81: Variable importance ranking for TP based on two criterion (left) Percent MSE and (right)
[aT0 0 [ o181 P PP PP PPPPPPRP 121

Figure 82: Estimates of TP loads and total flow for each financial year for Aldgate Creek. Estimates
for the original data are shown in black while for the scenario of-laselchange, estimates are

£y 01017 T N o 18 = PSRRI 122
Figure 83: Estimates of the flow weighted TP concentrations for Aldgate Creek for each financial
year. Estimates for the original data are shown in blackendstimates for the scenario are shown in

Figure 84: Diagnostic plots for the generalised additive model fit to TSI rdWM (row 2) and TP

(row3) data collected at Scott Creek (A5030502) showing (a) standard residual plots testing for
normality and (b) the autocorrelation function of the residuals..........ccccccveeiil. 129
Figure 85: Diagnostic plots for the generalised additive model fit to TSS (row 1), TN (row 2), TP
(row3)data collected at Onkaparinga River at Houlgraves (A5030504) showing (a) standard residual
plotstesting for normality and (b) the autocorrelation function of the residuals..................... 130
Figure 86: Diagnostic plots for the generaliseditide model fit to TSS (row 1), TN (row2), TP (row

3) data collected at Echunga Creek (A5030506) showing (a) standard residual plots testing for
normality and (b) the autocorrelation function of the residuals..........ccccccvvvvvvviiini . 131
Figure 87: Diagnostic plots for the generalised additive model fit to TSS (row 1), TN (row2), TP (row3)
data collected at Lenswood Creek (A5030507) showing (a) stand&tdakglots testing for

normality and (b) the autocorrelation function of the residuals..........cccccccvvvvviviiinl. 132



@)
O
<
—{U
i
A

Figure 88: Diagnostic plots for thergealised additive model fit to TSS (row 1), TN (row2), TP (row3)
data collected at Aldgate Creek (A5030509) showing (a) standard residual plots testing for normality

and (b) the autocorrelation function of the residuals...........ccccccvvviiiii s 133
Figure 89: Diagnostic plots for the generalised additive model fit to TSS (row 1), TN (row 2) and TP

(row3) data collected at Cox Creek (A503026) showirgtdaylard residual plots testing for
normality and (b) the autocorrelation function of the residuals..........ccccccoevviiiin .

10



List of Tables

Table 1: Summary of sites used in this study that span the Onkaparinga catchment with numbers of
observations and years when TN, TP and TSS were collected.............cccccccviiivviiiiinieeneennnen. 19

Table 2: Summary of errors in flow for each of the 7 sites in the Onkaparinga catchment. Note, as
there is no information about the potential error in the gauge positioning, we have borrowed from
GBRstudies that suggest this is around L1020.........uueeriiiieiiiiiiieriiee e 27

Table 3: The nine parameters in the SIMHYD rainfathff model...........ccccccc . 28
Table 4: Prior distributions and posterior distribution summary statistics for Scott Creek......28

Table 5: Prior distributions and posterior distribution summary statistics for the Onkaparinga River at
[ [ T Lo = 1YL= PP PRR RPN 32

Table 6: Prior distributions and posterior distribution summary statistics Echunga Creek.....35

Table 7: Prior distributions and posterior distribution summary statistics Lenswood Creek...38

Table 8: Prior distributions and posterior distribution summary statistics Aldgate Creek....... 41

Table 9: Prior distributionand posterior distribution summary statistics Cox Creek at Uraidla44

Table 10: Summary of parameter estimates from generaliséitiae model fit to TSS from Scott

Creek (A5030526) that explains 50.1% of the variation in the.data....................coe oo 51

Table 11: Summary of parater estimates from generalised additive model fit to TN from Scott
Creek (A5030526) that explains 48.7% of the variation in the.data....................ccoe oo 51

Table 12: Summary of parameter estimates from generalised additive model fit to TP from Scott
Creek (A5030526) that explains 41.1% of the variation in the.data....................ccoe oo 51

Table 13: Summary of parameter estimates from generalised additive model fit to TSS from
Onkaparinga River at Houlgraves (A5030504) that explains 50.3% of the variation in the..d=88.
Table 14: Summary of parameter estimates from generalised additive model fit to TN from
Onkaparinga River at Houlgraves (A5030504) that explains 73.5%\afrihion in the data....... 60

Table 15: Summary of parameter estimates from generalised additive model fit to TP from
Onkaparinga Riveat Houlgraves (A5030504) that explains 57.4% of the variation in the.data60

Table 16: Summary of parameter estimates from genszdliadditive model fit to SS from Echunga
Creek (A5030506) that explains 45.5% of the variation in the.data...........c.ccc.ccccLLL 67

Table 17: Summary plarameter estimates from generalised additive model fit to TN from Echunga
Creek (A5030506) that explains 62.7% of the variation inthe.data..............cc.cccccLLL 67

Table 18: Summary of parameter estimates from generalised additive model fit to TP from Echunga
Creek (A5030506) that explains 64.4% of the variation inthe.data..............cc.cccccLLL 69

Table 19: Summary of parameter estimates from generalised additive model fit to SS from Lenswood
Creek (A5030507) that explains 54.2% of the variation in the.data..........cccccccvvvvvelll 77

Table 20: Summary of parameter estimates from generalised additive model fit to TN from
Lenswood Creek (A5030507) that explains 65.6% of the variation inthe.da.............ccccvuuee 77

Table 21: Summary of parameter estimates from generalised additive model fit to TP from Lenswood
Creek (A5030507) that exjia 57.1% of the variation in the data.........cccccccvvvvviviiiienn 77

Table 22: Summary of parameter estimates from generalised additive model fit to SSlétgate

Creek (A5030509) that explains 44.9% of the variation in the.data.....................ccccee e 85

Table 23: Summary of parameter estimates from genszdliadditive model fit to TN from Aldgate
Creek (A5030509) that explains 50.6% of the variation in the.data.....................cccee e 85

Table 24: Summary plrameter estimates from generalised additive model fit to TP from Aldgate
Creek (A5030509) that explains 47.1% of the variation in thedata....................coe e 85

Table 25: Summary of parameter estimates from generalised additive model fit to TSS from Cox
Creek (A5030526) that explains 56.9% of the variation in thedata....................cco oo 96



YDER
INSTIT

Table 26: Summary of parameter estimates from generalised additive model fit to TN from Cox

QO
O

Creek (A5030526) that explains 58.9% of the variation in the.data...........c.ccccceeLL 96
Table 27: Summary of parameter estimates from generalised additive model fit to TP from Cox Creek
(A5030526) that explains 57% of the variation in the data..............cccccociiiiiiiiiiiiiiiieee, 97
Table 28: Landse changes imposed iN SCENANQ.L........cccccoccuririiiiiiiiiiiieeeeeeee e e e ae e e 101
Table 29: Landse changes impoSed iN SCENANQ.2........cc.uurriiieiiiiirieie e e 102
Table 30: Landse changes imposed iN SCENANQ.3........ccuuuiiiiieiiiiieeiee e 102
Table 31: Covariates used in dit@sed statistical Models.............cccvviviiiiiiniiiiien 128
Table 32: Landses in the catchment area contriting to the Scott Creek site.............ccceeeee... 135
Table 33: Landses in the catchment area contributing to the Houlgraves .site...................... 135
Table 34: Landses in the catchment area contributing to the Echunga Creek.site............... 136
Table 35: Landses in the catchment area contributing to the Lenswood Creek site............ 136
Table 36: Landses in the catchment area contributing to the Aldgate Creek.site................. 137
Table 37: Landses in the catchment area contributing to the Cox Creek site...................... 137

12



Executive Summary

The investment into the quality of water supplyising from catchments of the Mount Lofty Ranges
(MLRwatershedin South Australia is critical to ensure a safe and reliable water supply to the city of
Adelaide. The MLRatershedoccupies an area of 1,640 kand houses a range of lantses that

include agricultural, urban and conservation areas. Soils in the region vary from sandy loam to clay
and rock and rainfall across the region ranges between 600 to 1200 mm petry&886, a

composite sampler networlwas established in the MLR wershed to investigate the impact of
particular land uses on water qualityA number of constituents hawbeen studied since this tinme
monitor potential impacts on the water supply and the health of aquatic ecosystems.

The Mt Lofty Ranges atershed is comprised of a number of catchments consisting of the Torrens
and Little Para catchments in the north and the Onkaparinga and Myponga catchments in the south.
The focus of this study is the Onkaparinga catchment and cordainsnber of sukcatchment sites

that can export very high nutrient loads duripgriods ofintense runoff. The monitoring sites of

intered in this report were chosen durirggworkshop with SA WateBAEPA and SARDI their
importance in the catchmentnder study. TMese sites are summarised below.

Location Site ID TN TP TSS
# Years # Years # Years
Scott Creek A5030502| 605 | 19962009 | 682 | 19962013 | 565 | 19992013

Onkaparinga River 8 A5030504| 194 | 20042009 | 677 | 19962013 | 560 | 19992013
Houlgraves

Echunga Creek A5030506| 193 | 20042009 | 621 | 19962011 | 508 | 19992011

Lenswood Creek A5030507| 549 | 19962010 | 594 | 19962012 | 501 | 19992012

Aldgate Creek A5030509| 163 | 20042009 | 544 | 19962012 | 465| 19992012

Cox Creek dbraidla | A5030526| 666 | 19962012 | 689 | 19962012 | 574 | 19992012

How data and water quality data is collected at gauges. Because the composite sampling network
was established in 1998istorical data for flow date back further than for water quality

Furthermore, flow isneasuredat regular intevals(every 5 minutes) and is easily aggregated to
obtain measurements of daily flow volumeson@positewater qualitysamplirg resultsin flow-

weighted samples of various constituerlst are composited for collection every two to four

weeks.

This reportfocuses on three key pollutants, namely total suspended sediment (TSS), total nitrogen
(TN and total phosphorous (TP). Using statistical models, we study the processes that drive
hydrology and water quality in the Onkaparinga catchment and apply thdaadrmse change
scenario modellingSpecifically, this report focuses on:

1. Applying a Bayesian calibration approacltaédibrate the SIMHYD rainfadinoff model for
use in the Onkaparinga catchment and quantify potential sources of uncertainty in the
hydrology.

2. Developing stattgcal models (site based modefsy sites monitored in the Onkaparinga
catchment in the MLRvatershedfor the purpose of quantifying constituent loads wih
estimation of uncertainty.

3. Using statistical models to investigdteee scenario®f landuse changandwhether there
are changes in loads atide uncertainty around loads

13
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Statistical mdels employed to address the above poirdsnsisted of generalised additive models
(GAMs)and generalised additive mixed modéGAMMsXhrough the Loads Regression Estimator
(LRE) package that was developed for thentifiaation of loads for the Great Barrier Reef
catchments. Site based models for the six sites studied in the Onkaparinga cataisadra variety
of hydrological variableas covariates for understanding thariation in the data measurefr each
site. Specifically, these hydrological variables inclutied, decomposednto baseflow and runoff as
well asflow discounting terms that took into account past caeteristics @ the hydrograph This
could consist of a total accumulation of flow from tsart of sampling to the shoiterm flow record
prior to the current constituent sampled. Models were fit using the LRE package using the R
statistical programming language.

Three scenarios that were explored as part of this report consisted of:
1. Investigating the sale of SA Water land holdings in Scott Creetasctiment
2. Quantifying the impact of continued expansion of perennial horticulture in the Cox Creek
sub-catchment.
3. Quanifying the impact on water quality of infill within township boundaries of Aldgate
Creek Railway Station.

These scenarios were determined at meetings with SA WatéISA EPand were structured

around the statistical modelling approach used to evaluatehescenario. A Random Forests

modelling approach was used to develop a sp&imporal model for each constituent across the six
sites of interest in the Onkaparinga catchment. The model ispasametric and popular in the

machine learnin@ndis based on decision tree methodology. The approach can take a large number
of potential covartes as predictors to develop an ensembfalecision trees on bootstrap samples

of the data. Variable importance rankings can assist in identifying imporgaiables.

A summary of the findingsom the statistical modelling performed in this repastprovidedbelow
along with some suggestions in relation to the data collected, models fitted and interpretations from
each type of model that can be taken forwlanto the future.

ltem | Summary of Findings

Site Based Statistical Models

1 | The statistical models presented in this report should be regarded as a first (preliming
investigation into the water quality of sites in the Onkaparinga catchment in thiedfty
Ranges. These models require some detailed investigations into their interpretation &
the prediction of the loads as presented in this report.

2 | The impact of the sedimentation porad Brooks Bridge (upstream of the Cox Creek
monitoring site)is mt conclusive and highlights a complex relationship between the pg
02y0S 2LISNIGA2yFf0 YR A0Qa AYyUGSNI OGAZ2
models need careful interpretation aridvestigation to ensure all relatiships are
captured in he model

3 | While the sitebased models for each constituent explained a large propouiorariation
in the datathere were some difficulties noted for some sites and some constituents w
extremes (high and low values of the constituent) were preicThis may be due to the
nature of sampling (i.e. compaosite sampling) and may require a more dedicated focug
capturing samples at those extremes.

4 | A large proportion of the variation explained by the site based models for each consti
ishydrologicali.e. can be explained by patterns in the recent flovesher than seasonal

Constituent and Flow Data

| Measurements of flow and concentration for adinstituents needo be carefully
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examined for outliers and highly influential valueshi\® every effort was made ithis
report to use reliable dataadditional (new) data would be required if improved modellir]
outputs are considered necessafBlow in particular for some sieexhibited some unusua
patterns While it appears that a digpell may have contributed to low flow events, it
would be useful to confirm that the data provided is accurate to ensure the prediction
resulting from the statistical models is appropriate.

Scenarios

6 | Scenarios investigated through the Random Foresthmdology were preliminary and we
suggest thathe specific scenarios that were implemented in this report be revisited fo
their suitabilityas there was considerable discussaerthe duration of the project in
relation to theland-uses considered.

7 | Scenarios conducted within the statistical framework presented in this report allows f¢
assessment of confidence around the changes in loads observed. This is an advanta
the statistical modelling approach when compared to deterministic modedippgoaches
such as dynamic Seetn
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Introduction

The investment into the quality of water supply arising from catchments of the Mount Lofty Ranges
(MLR)watershedin South Australia is critical to ensure a safe and reliable water supply ttyhef
Adelaide The MLRvatershedoccupies an area of 1,640 kand houses a range tfnd-uses that
include agricultral, urban and conservation areaSoils in theegion vary from sandy loam to clay
and rockandrainfallacross the regionanges between 600 to 1200 mm per yelslionitoring of the
guality and quatity of water in MLR watersheklas been ongoing sind®96. Anumber of
constituentshave been studied sce this time througltomposite sampling measures rtwonitor
potentialimpact on the water supplyandthe health of aquatic ecosystem#his report focuses on
three key pollutants, namely total suspended sediment (TSS), total nitrogen (TN) and total
phosphorous (TP) anthe potential mitigation strategies that could be implemented to reduce the
impact of these constituents omaterways.Note we do not distinguishetween the different
speciesof nitrogen that comprise TN in the analyses that follow.

Therehave been a number of investigations into the quantification of constituent loads in the MLR
watershedwith the aim of assessing the impact to tAdelaidewater supply(Anonymous, 2012,

Cox et al., 2000, Cox et al. 2011, Dougherty et al., 2004, Flemahd801, Fleming et al. 2012,
Fleming et al. 2010, Kirkby et al. 1997, Stevens et al. 19883e studies have focussed the Cox
Creek and OnkaparindRiverwhere the former of these has been identified as having poor water
guality and requiring spéalised treatment measures to ensure the water is safe to use. In recent
years, there has been a foctmwvards constructing a sediment and nutrient budget through a
catchment modéing tool such as Sour¢@/elsh et al. 2013hat aims to spatially represeihe
movement of constituents in the catchment through a hydrologieivork. Flow is generated
through a rainfalrunoff model that incorporates rainfall and potential evapotranspiration (PET) to
generate flow based on one or more deterministic relasibips. Constituent generation is based on
a physicaprocess model (Source aedrlier representations of catchment processesh as Sedr
(Wilkinson et al. 2009nd CMS$®Davis and Farley, 19pthat identifies major sources, sinks and
loads ofsedimentsat a daily time stegWilkinson et al. 2014)A more recent focus is the
guantification of event mean concentrations (EMC) and dry weather concentrations (DWC) for
calibratingthe Source model for differedand-uses within the MLRvatershed(Fleming et al., 2010,
Thomas et al., 2010Lalibration of a hydrological model implementediource was also
investigatal using the Parameter Estimationaioor PESTFleming et al. 2012)

While there has been considerable effort in applying these models in the MLR watershad, it w
noted in Thomas et a{2010)that a considerable improvement in modelling the TN, TP a88 T
processess requiredto ensure the model is applicable for the MvBtershedand has the capacity
to support natural management policy and planning initiatives. As suchrgihist has focussed on
three activities(outlined below)to assist in the délery of a methodology that can assist in
managing the water quality and quantity in the MivRtershed

Activity 1.

In the first activity, we applied Bayesian calibration approashmilar to thatrecentlydewveloped by
Pagendam et a(2014)to quantify uncertainties in flow data andbtain calibrations that
acknowledgeheseuncertainties. This calibration involved the specification of a Bayesian
Hierarchical Model (BHM) through three components: (i) a parameter model; (ii) a process model,
and (iii) adata model. Each of these component models is used to formulate our scientific
understanding about the relationship between rainfall and runoff and account for potential sources
of uncertainty. The process model used in this activity was based upotMiEY® rainfaltunoff

model (Chiew et al., 2002), which is a popular raimtaibff model in Source. The data model used
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in this activity was based on a characterisation of error in the rating curve by comparing it to
gaugings.Under the BHM formulation, the parameters of the SIMHYD rainfathff model were
estimated (with measures of uncertainty also provided) and the calibrated model was visually
compared to the observed stream flow records.

Activity 2.

This second actiwitrevolved around elveloping statistical mode(site-based models and spatio
temporalmodels)for sitesmonitored in the Onkaparinga catchmentthe MLRwvatershedfor
predicting concentrations of TSS, TN and TP. This workasad ormethods developedh Great
Barrier Reef (GBR) catchmergisroon et al. 2011;Kuhnert et al.2012)which rely on the use of
Generalized Additive Models (GAMs) and Generalized Additive Mixed Models (GAMb&,
2006)for the purpose oestimatingconstituent loadsand theuncertaintyaround these estimates
The work conducted in Activity 1 was incorporated into theselsésedmodelsto provide an
estimate of the error in flow ratesThe GAMs and GAMMs used in this actimigde use of a
number of predictors based dmportant characteristics oflow in addition toflexible
nonparametricsplineterms.

Activity 3.

Activity three evaluatedhree land-use changeacenarios witin a statistical modelling frameworko
investigatewhether these resulted ichanges in loadsThe statistical models adopted in this activity
were Random ForestBreiman, 2001)which usalecision treesonstructed on the predictor
variablesto partition the observed datinto homogeous groups and then appdimple prediction
modek within each group.Individual tees are created on bootstrap samples of the data and with
random feature selection (random selection of predictovg}h the Random Forest itself then
constructed asn ensemble of trees (either regression or classification djasehich when

averaged, lead to more accurate predictioriie Random Forests were built using a variety of
predictor variables including important characteristics of flow (as in Activity 2) as well as the
proportions ofthe catchment in different landise categoriesOnce these models were constructed
from the observed data for the existing monitoring sites, predictions were made using modified
land-use variables. For two of the scenarios, an increase in urbanisation was considered and the
rainfalkrunoff calibrations from Activity 1 were used to generay@mthetic timeseries of stream flow
08 AYONBlIaAYy3 {Lal , 6 5Qa& LISNBA2dza FTNI OGA2Y LI NI YS{
land-use in the catchment.

Study Region

The Mt Lofty Ranges Wasdred(Figure 1 (a)is comprised of a number of catchments consisting of
the Torrens and Little Para catchments in the north and the Onkaparinga and Myponga catchments
in the south The focus of this study is tii@nkaparinga catchmerfsee Figure 1 (bgnd contains a
number of subcatchment sites that can export very high nutrient loadsing periods ofintense

runoff. The monitoring sites of interest in this study are outline@able 1land were identified at a
workshop withSA WaterSAEPA and SARD&K becausahey offered good spatial coveragé the
Onkaparinga catchmenbDailymeasurements of flow are available fragaugesat water quality
monitoringsites over anumber of decadefigure 3. Within the catchment, flow and water quality

data are collected at different temporal resolutionSlowdatais captured atregular intervals

(daily) whereas vater quality smpling conducted in th®nkaparingaatchment has concentrated

on capturingdataduring low flow periodsvith large flows being captured a small proportion of the
time. Events are typically measured using composite water quality samples, whereby a broad range
of samples might be collected over the evdrigure6 highlights thesamplingdistribution forTSS
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stratified by percentiles of floor the sitesmonitored inTable 1. It is apparent from these
histograms that water quality samples are ragepresentative of the lower percentiles of flow
(baseflow) than the higher percentiles of flow. Similar plots arise for TN and TP. Figéires 3
summarise the raw TSS, TN and TP data for the six sites investigated.
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Figurel: Maps showing (a) the Mt Lofty catchment and contributing areas and (b) the Onkaparinga catchment with sites

that were investigated as part of this project overlayed.

Tablel: Summary of sites used in this study that span theaPainga catchment witmumbers of observations aryears
whenTN, TP and TS&recollected.

Location Site ID TN TP TSS
# Years # Years # Years

Scott Creek A5030502| 605 | 19962009 | 682 | 19962013 | 565 | 19992013
Onkaparinga River a8 A5030504| 194 | 20042009 | 677 | 19962013 | 560 | 19992013
Houlgraves

Echunga Creek A5030506| 193 | 20042009 | 621 | 19962011 | 508 | 19992011
Lenswood Creek A5030507| 549 | 19962010 | 594 | 19962012 | 501 | 19992012
Aldgate Creek A5030509| 163 | 20042009 | 544 | 19962012 | 465 | 19992012
Cox Creek diiraidla | A5030526| 666 | 19962012 | 689 | 19962012 | 574 | 19992012
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Figure6: Summary of TSS samples stratifigdiow and represented throughhastogramfor (a) Cox Creek (A5030526), (b)
Scott Creek (A5030502), (c) Lenswood Creek (A5030507), (d) Echunga Creek (A5030506), (e) Aldgate Creekg#b030509)
(f) Onkaparinga River &toulgraves (A5030504)
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Activity 1:RainfallRunoff Model Calibratior& Error Quantification
Motivation

As stated in the introduction, this report focussed on three key activities for assisting in managing
the water quality and quantity in the MLR watershed. The first activitytavastain rainfallrunoff
calibrations that acknowledge uncertainties in thieserved flow data and acknowledge the
existence of model structural errdi.e. that the rainfalfrunoff model itself is imperfect)Rainfalt

runoff models are widely used in hydrology and allow stream flow to be predicted fromstmes

of rainfall ard potential evapotranspiration These models are a core component of catchment
models such as Sourcedarequire careful calibration to observed flow dat@nce calibrated, a
rainfall runoff model can be used for a variety of purposes, including igfplemiods of missing flow
data in hydrographic records and predicting fleweordsin ungauged catchments.

Thissection demonstrates how statistical modelling framework known Bayesian Hierarchical
Modelling(BHM)can be used to calibrate rainfalinoff models whilst acknowledgingncertainty in

the obseved flow data andtructural errors in the rainfallunoff model. Specifically, this is
demonstrated for six gauged sites in the Onkaparinga catchment with the SIMHY D-rairdgl|

model (Chiew eal., 2003. Using the BHM approach outlined in the subsequent section, we provide
calibrated parameter sets for each of the six gauges so that these might be used in future modelling
FOGABAGASA® ¢KSaS OF f Ao NI (rgfgrihe Onkdparingy F I O

/' T GOKYSyGés oKSNBE ¢S Ay@gSaaA3alrasS GdkKS tA1Ste

Overview of Statistical Modelling of Hydrographic Data

In order to use catchent models such as Sourfmr studying the potential impactsf land-use
change scenarios, reliable calibration of rainfatioff models are required. Typical calibrations rely
on maximisinga suitable objective functiofusually some measure &t between the model
predictions and observed dataHowever,ther 2 RSt £ SND& OK2A OS tpgpEalyi KA &
subjective and often does not acknowledge various sources of error or uncertainty thanetkist
data andthe model itself For example, hydrografe data is understood to hawabservation errors
that one can quantify by comparing data from gaugings to rating curkreaddition, we cannot

treat a rainfallrunoff model as being a perfect representation of the true stream flow, there are
structural errors in these deterministic models that shouéddzknowledge@nd quantified One
could also argue that the rainfall time series that drives the raintglbff model contains errors that
could also be acknowledgelbut these can also be accounted for to some degree through model
structural error.

Inthis section, we undedke statstical analysethat estimate the most appropriate parameters for
rainfalkrunoff modesk, given theobserved hydrographic datahilst acknowledging: (i) uncertainty

in the observed data; and (i) model structural errdhese analyses build on the methods used in
the recent work of Pagendast al.(2014). The statistical approach employed for these calibrations
belongs to the Bayesn Hierarchical Modellinfjameworkand, more specifically, is known as
Bayesian StateSpae Modelling(see Cressie and Wikle, 2011n recent yearshe approach has
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beensteadily gainingn the hydrology literaturegee Kuczera et al, 2006; Vrgtal. 2008; Wu et al,
2010; Schmelteet al.2011). Bayesian statistical methods typically retya computational
approach known as Magk chain Monte Carlo (McMC)oiRthe work undertaken hereirthe McMC
algaithm used waghe Particle Marginal Metropolislastings (PMMH) algorithand this was

implemented using the LibBiodelling languagévww.libbi.org0 = 2y [/ { Lwh Qa. ForNJ 33 Dt

a thorough account of Basian Hierarchical Modelling fepatiotemporal statistis, we direct the
reader to the book by Cressie and Wikle (201\ outline the approach adopted in this activity
below.

A Bayesian Hierarchical Model (BHbf)the type outlined by (Cressie and Wikle, 20tb)sists of

three component models: (i) a parameter model; (ii) a process model; and (iii) a data model. The
parameter model summarises our prior beliefs about parametdues given previous studies or
scientific knowledge from expert opinions, but can also be uninformative if there is little prior
information to draw upon. The process d®l is constructed by conditioniran the parameter

values and is usually based ame stochastic analogue of a deterministic process modeljghis

often achieved by adding Gaussiasise(or noise from some other distributiomd the process

model. The data model is formulated as being condilam a set of parameters and@alisaton

of the underlying process and is simply the likelihood of the data given the parameters and the true
underlying process.

Statistical analyss were undertaken for six gauged siteighin the Onkaparinga caltenent in the
Mount Lofty rangesvatershed The process model chosen to represent the relationship between
rainfall and unoff was the SIMHYD model (Chiew et2002), which is a popular modehoice

within the Source communityForeach ofthese analyseslightly different parameter models wer
used for each of thgaugeqthese are outlined in the section for each of the modelled gaugeg)
each calibratio was performed assuming that tleentributing areato each gaugbehaved as
single homogeneous unit.

The process maa employed in thé8HM was
@ Yo h, o,

where & is the true (latent) stream flow at time "Y0*‘ h,  represents a truncatesormal

distribution with meart and variance 6 (4 Ndzy OF 6 SR G | SNR X -@degativé K I (i
real line),w A AQA s the state of the SIMHYD rainfall runoff model at time t, Wijitdenoting

the total runoff,”Q the groundwater store ané the soil moisture store. From one time step to the
next, the state of the SIMHYD model is propagatedvard as® "Qw h M , where Qt

denotes the operation performed by SIMHYD to propagate the state vector forward onesuhay

the rainfalli and potential evapotranspiration (PET)

Thedata model used in the BHM was:
x "YOOh! &

where is the observed stream flow in¥s and is thecoefficient of variation Thecoefficient of
variation wagquantifiedoffline by examining the destions between derived flow from rating
curvesandflow measured duringiaugingsy hydrographers. These deviations were quantifead
each of the six stations and thesultsare summarised in Table Zhe coefficients of variatiorere
assumedknown and fixed at these values for each of the analyséise subsequent seins Table
2 also provides values for the coefficient of variation in stream eses§on measurements that are
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Table2: Summary of errors in flow for each of the 7 sites in the Onkaparinga catchment. Note, as there is no information
about the potential error in the gauge positioning, we have borrowed from GBR studies that suggest this is around 10%.

Location Site ID RatingCurve Measurement| Crosssectional
Variance (log scale) Error(CV Error(CV)

Scott Creek A5030502 (0.2830° 0.2888 0.1
Onkaparinga Rive A5030504 (0.0839° 0.0839 0.1

at Houlgraves

Echunga Creek A5030506 (0.1280° 0.1285 0.1
Lenswood Creek A5030507 (0.1389° 0.1396 0.1
Aldgate Creek A5030509 (0.0326° 0.0326 0.1

Cox Creek at A5030526 (0.0594° 0.0594 0.1
Uraidla

The output of theBHM analysisvasa posterior probability distribution over thainfalkrunoff

model parameters anthe modelstructural error varianceThese posterior distributions

represened our understanding of these drivers of the system behaviour after having observed the
hydrographic dataThe primary motivation for these analyses was to obtain useful calibrations of

the SIMHYD rainfatunoff model at the six gauges in the Onkaparinga catchment. SIMHYD has nine
parameters(see Table 8 however, we assumed that for each gauge, the pervious fraction was
Sljdzr f G2 GKS FTNIOGA2Y (GKI G -ase.dheyemdinin@dighti aA FASR |
LI NI YSGSNB INB aO2yOSLJidzZ £ ¢ LI NFYSGSNER GKIG R
and therefore do not have units associated with thebminformative prior distributions were

placed on these parameters using uniform distributions spanning the range of parameters allowed

by the SIMHYD modeThe posterior distributionsver the remaining eight parametergrovided

probability distributiors showing the likely alues that these parameters should takeknowledging

the structural errorin the model and theincertainties in the hydrographic dat&ollowing he

statistical analysisummary statistics of the posterior distributiofmean andstandard deviatioh

for each of the calibrations (one for each gauging statieere reported and, using the posterior

mean as the calibrated parameter value, theatity of the calibrated model wasxaminedvisually

by plotting the modelled hydrographs ewthe observed flow dataThis was carried out for periods

020K SIFENIe IyR tfF3S Ay ( KbBesibsdgHentysettiodssuminarigey Qa KA 3
these SIMHYD calibrations for each of the gauges, so that these parameter values might be used i

future modelling activities.

AO)¢

Traditionally ini KS & O f kydrdldgicak rdoyledling 20Bts of modelled daily flow data against
observed daily flow data have been usesla way of assessing goodnes$sit. Under the BHM
framework, we intentionall steeraway from the ue of these plots for two reasons: (i) the
traditional approach treats discrepancies between the observed data and the model as arising
because of error in the model and does not acknowledge that the data also contain error; and (ii)
the BHM approach, results in a distribution for the flow on each day, which is difficutittanghis
way. We have theffere opted for plotting the estimated flow time series (samples from the
posterior distribution) under the calibrated model overetbbserved data. This provides a visual
depiction of the agreement between the data and the estimated flows aodrismonin modelling
papers employing Bayesian Hierarchical modesurface watethydrology(see Vrugt et al. 2008;
Pagendam et al. 2014)ln our analyses we provide estimates of the error in stream flow data
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derived from ratingcurve information and posterior estimates of teeror in the SIMHYD model.

Both of these variances summarise the error between what we consider to be the tarid the
observationsand model outputs respectively and are preferred under the BHM framework to other
measures of goodness-fit (e.g. mean square error between model output and observed data) that
YAIKEG 6S dzASR Ay &AYLISSNI aY2RSt OFfAONIGA2YE | OF

Table3: The nine parameters in the SIMHYD raiafailoff model.

SIMHYD Parameter Parameter Description

BFC Baseflow Coefficient
ImpT ImperviousThreshold

InfC Infiltration Coefficient

InfS Infiltration Shape

IntC Interflow Coefficient

RISC Rainfall Interception Stor€apacity

RC Recharge Coefficient
SMSC Soil Moisture Store Capacity

PF Pervious Fraction

It should be noted, that our BHM used for identifying appropriate parameters for SIMHYD did not
attempt to model the uncertainty around the forcing variables for rainfall and PET. Because these
forcing variables are based on a complex pre processing athwestation data, it is difficult to
formulate (by necessity) informative priors on these model inputs. Since error in rainfall and PET
manifests itself as an error in flow, we effectively account for errors in these forcing variables
through the modektructural error.

Scott Creek (A5030502)

The BHMconstructedfor stream flow at Scott Creek useainfall, PET and stream fladata

collected betweerl/1/1980 and 9/9/2014.Rainfall and PET data wesgtracted from a Source

model for the Onkaparingas time series of spatially averaged SILO dea¢a the contributing area

to the gauge.Table 4summarises the prior ancharginalposterior distributions for each of the
parametersinthemodelt N} YSGSNBE RSy20SR & aFAESRENg 6 SNB | &
the BHM and therefore haveo summary staistics forthe posterior distribution noted as NA (not

applicable).

Table4: Prior distributions and posterior distribution summary statistics for Scott Creek.

Parameter Prior Postrior Posterior Std.

Mean Dev.

BFC Uniform(0.0, 1.0) 0.50% 0.01633
ImpT Uniform(0.0, 5.0) 4.515 0.069%
InfC Uniform(0.0, 400.0) 368.8 6.97%
InfS Uniform(0.0, 10.0) 2.541 0.171

IntC Uniform(0.0, 1.0) 0.01044 0.00904

RISC Uniform(0.0, 5.0) 2.981 0.08707
RC Uniform(0.0, 1.0) 0.5372 0.034&
SMSC | Uniform(1.0, 500.0) 441.86 5.688
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PF Fixed at 0.9882 NA NA
., Uniform(0.0, 50.0) 0.08196 0.003346
r Fixed at0.568 NA NA

Modelled hydrographs were obtained by running SIMHYD using parameter eajuaisto the

posterior means in Table 4. All of the parameters estimated had very tight posterior distributions
compared to the diffuse prior distributions, indicating that the data was highly informative about all
of the parameters and that there was &@gh degree of sensitivity to all of the parameters. Figufe
and 8overlay the modelled flow from SIMHYD with the observed flow data for ay&aw period

early in the time series (198B87) and later (2002007). These figures also show the trajectories
of stream flow sampled from the posterior distribution of the Bidbing McMC in grey. These
samples included a noise term to capture model structural error. For the Scott Creek site, there is
very little difference between the BHM samples and the SIMHYD model, suggesting that the
structural error contribution was smiglthis is confirmed by the fact that the posterior mean for

is small relative to flows

Discrepancies between SIMB and observations in Figures 7(b) a(i@) &re attributable to a
combination of model structural error and observation error in flosvs. In modelling the latter

error we assumed a constant coefficient of variation, resulting in larger absolute errors at higher
flows than at lower flows. This explains the apparent close agreement at lower flows, with more
obvious deviations at higin flows. A major difficulty in using deterministic rainfalhoff models

such as SIMHYD to mimic observed flows is that the rainfall input data can be error prone and that
catchments can respond differently to the spatial distribution of rainfall. gdusce of error is most
likely one of the main sources of discrepancy between the observed and the modelled series.

Whilst the calibration results obtained through the BHM estimation are satisfactory, there does

appear to be a tendency for the SIMHYDdal to have lower peaks than the observed series in
high-flow events and higher peaks in some of the smaller events at this site.
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Figure7: Rainfallrunoff model calibration results for Scott Creek (A5030502) betweenat®B%5987 showing: (a) rainfall
input data; (b) SIMHYD Calibration using parameters equal to the mean of the posterior distribution; and (c) posterior
samples from the BHM.
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Figure8: Rainfalirunoff model calibration result®r Scott Creek (A5030502) between 2005 and 2007 showing: (a) rainfall
input data; (b) SIMHYD Calibration using parameters equal to the mean of the posterior distribution; and (c) posterior
samples from the BHM.

Onkaparinga River atloulgraves (A5030504)

The BHM constructed for stream flowldbulgraves Weinsed rainfall, PET and stream flow data
collected between 1/1/1980 and 9/9/2014Rainfall and PET w@awereextracted from a Source
model for the Onkaparingas time series of spatially averagedCstlata over the contributing area
to the gauge.Table Ssummarises the prior and marginal posterior distributions for each of the
parameters in the model. Pa¥aS i SNBE RSy 2 (i S Rssumad kaoWwi vihénRénstracBny S
the BHMand therefore have summary statistics of the posterior distribution noted as NA (not
applicable)

Unlike the other sites in this study, the gauged flows at Onkaparinga are the sum of the natural flow
from the contributing area and water that has beenatied from the Murray River and released
upstream at Hahndorf Creek. The former component (i.e. natural flow) is what is modelled by a
rainfallrunoff model and therefore to calibrate the SIMHYD model, it was first necessary to correct
the observed flow dta by subtracting the time series of diversions from the time series of flow at
this site.
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Modelled hydrographs were obtained by running SIMHYD using parameter values equal to the
posterior means in Table RAll of the parameters estimated had very tigiosterior distributions
compared to the diffuse prior distributions, indicating that the data was highly informative about all
of the parameters and that there was a high degree of sensitivity to all of the param&tgrsres 9
and 10overlay the moddéd flow from SIMHYD with the observed flow data for a-year period
early in the time series (198B87) and later (2002007). These figures also show the trajectories
of stream flow sampled from the posterior distribution of the BHM using MaM§ey. These
samples included a noise term to capture model structural error. FoHthdgravesite, thereare
some noticeable differences between the SIMHYD model an8id samples, particularly at lower
flows. The structural error in the BHM samplesyides a mechanism for the stochastic model to
provide better agreement with the data. We note however, that the discrepancies at lower flows
may not have been due to model structural error, but possibly an artefact of this flow data having
been correcte for the effects of water diverted from the Murr&iver and entering at Hahndorf.

Table5: Prior distributions and posterior distribution summary statistics for the Onkaparinga River at Houlgraves.

Parameter Prior Posterior Posterior Std.
Mean Dev.
BFC Uniform(0.0, 1.0) 0.2208 0.014&
ImpT Uniform(0.0, 5.0) 1.527 0.05130
InfC Uniform(0.0, 400.0) 310.8 2.541
InfS Uniform(0.0, 10.0) 7.757 0.07199
IntC Uniform(0.0, 1.0) 0.5938 0.02017
RISC Uniform(0.0, 5.0) 4,55 0.06048
RC Uniform(0.0, 1.0) 0.91® 0.003087
SMSC | Uniform(1.0, 500.0) 4807 0.2356
PF Fixed at 0.9446 NA NA
., Uniform(0.0, 50.0) 3.921 0.01338
r Fixed ai0.296 NA NA

Figure9(b) and 1(b) show reasonablagreement between th&IMHYD modelled and observed
flow data. The SIMHYD flow contains a number of SimalK | y événts aot presenin the
observed data. This is eithas a result af(i) spurious peaks in the rainfall time series that drive the
SIMHYD model (possibly rainthlat fell in the catchment butlid not lead to eventat the gaugé

or (ii)the erroneous removal of small events from the observation séniesrrecting for divesions

at Hahndorf.
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Figure9: Rainfalirunoff model calibration results féhe Onkaparinga River at Houlgra @e&030504) between 1985 and
1987 showing: (a) rainfall input data; (b) SIMHYD Calibration using parametersd@thmimean of the posterior
distribution; and (c) posterior samples from the BHM.
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