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Table S1: Details for each site contributing water isotope observations to this study. Sites are arranged by latitude, northernmost to
southernmost. An entry of ‘some’ in the ‘Publicly available’ column indicates that some but not all of the data from that site was publicly
available at the time of this manuscript’s publication. This includes GNIP sites where there is monthly data through to 2023, but only data
35 through to the end of 2014 is publicly available. An entry of ‘pers. comm.’ in the ‘Publicly available’ column indicates that currently unpublished
data were provided directly to the first author. GNIP = Global Network of Isotopes in Precipitation; CSIRO = Commonwealth Scientific and

Industrial Research Organisation.

Site name | Latitude| Longitude Elevation | Start | End | Total | Total Orlgln.al Source/s Pul?llcly Reference/s Variables
(m) year | year | months | years | resolution available measured
Crosbie et al., 2012;
. Duvert et al., 2020; Hollins
Darwin 124 130.9 304 | 1962 | 2023 | 408 | 55 |DAb: GNIP, CSIRO, g0 et al., 2018; Munksgaard et| 5°H, §'50
Monthly pers. comm. )
al., 2019; Zwart et al.,
2018
Willis Island -16.3 150 9.3 2015 | 2023 86 9 |Daily Pers. comm.  |Some NA &H, 5'%0
Cairns -16.9 145.8 134 | 2014|2023 | 114 | 10 |Daily Pers. comm.  |Some %Z%ksgaard ctal, 2019, | ooy g1s0)
Chillagoe -17.2 144.5 368.9 | 2015 | 2023 64 9 |Daily Pers. comm.  |No NA &H, 5'%0
Broome -18 1222 15 2007 | 2008 | 4 2 |Monthly ~|Gcoscience |y Hawkins et al., 2022 5°H, 5'%0
Australia
Halls Creek -18.2 127.7 408.1 2008 | 2010 15 3 |Monthly CSIRO Yes Crosbie et al., 2012 &%H, 8'%0
Tennant -19.6 1342 3733 | 2007 | 2008 | 6 2 |Monthly ~|Gcoscience |y Hawkins et al., 2022 5°H, 5'%0
Creek Australia
Mount Isa 20.7 139.5 340.3 | 2006 | 2023 | 111 18 |Monthly  |GNIP, CSIRO |Some Crosbie et al., 2012; 5H, 50
Hollins et al., 2018
Exmouth 21.9 114.1 11.8 [ 2008 | 2009 | 2 2 |Monthly  |CSIRO Yes Crosbie et al., 2012 5°H, 5'%0
Rockhampton | -23.4 150.5 2.8 2008 | 2010 17 3 |Monthly CSIRO Yes Crosbie et al., 2012 &°H, §'%0
. . Crosbie et al., 2012; 211 18
Alice Springs | -23.8 133.9 546 1962 | 2023 273 39 |Monthly GNIP, CSIRO |Some Hollins et al.. 2018 &*H, 6'°0
Giles 25 128.3 587.7 | 2007 | 2008 | 9 2 |Monthly |Geoscience |y Hawkins et al., 2022 §H, 50
Australia
Barakula 264 150.5 334 | 2007 | 2008 | 13 2 |Monthly ii‘s’fﬁ;ﬁ;‘ce Yes Hawkins et al., 2022 §H, 50




Crosbie et al., 2012;

Charleville 264 146.3 301.6 | 2006 | 2023 | 124 | 18 |Monthly  |GNIP, CSIRO |Some : §H, 5'%0
Hollins et al., 2018
Meckatharra | -26.6 118.5 517 | 2006 | 2017 | 104 | 12 |Monthly |GNIP, CSIRO |Some Crosbie et al., 2012; &H, 50
Hollins et al., 2018
Brisbane 274 153.1 4 1962 | 2023 | 573 | 56 |Monthly |GNIP, CSIRO |Some Crosbie et al., 2012; &H, 50
Hollins et al., 2018
CSIRO, : .
Toowoomba | -27.6 152 589.9 | 2007 | 2010 | 20 4 |Monthly |Geoscience  |Yes Crosbie et al., 2012; §H, 50
; Hawkins et al., 2022
Australia
Goondiwindi | -28.5 150.3 2122 | 2007 | 2008 | 6 2 |Monthly ii(s’tsr‘:ﬁgce Yes Hawkins et al., 2022 &H, 50
Moree 295 149.8 200.3 | 2007 | 2008 | 8 2 |Monthly |Gcoscience Iy Hawkins et al., 2022 5H, 50
Australia
Warialda 295 150.6 3355 | 2007 | 2008 | 5 2 |Monthly ii(s’tsr‘:ﬁgce Yes Hawkins et al., 2022 &H, 50
Narrabri 303 149.8 2115 | 2007 | 2008 | 4 2 |Monthly |Gcoscience Iy Hawkins et al., 2022 5H, 50
Australia
ﬁszﬁl;ne -30.9 147.5 146.6 | 2008 | 2014 | 72 7 |Daily Publication | Yes Crawford et al., 2017 &H, 50
Woomera 312 136.8 166.6 | 2006 | 2021 | 80 15 |Monthly  |GNIP, CSIRO |Some Crosbie et al., 2012; &H, 50
Hollins et al., 2018
Cobar 315 145.8 260 | 2006 | 2016 | 108 | 11 |Monthly |GNIP, CSIRO |Some Crosbie et al., 2012; &H, 50
Hollins et al., 2018
Nyngan 31.6 147.2 167.9 | 2007 | 2008 | 5 2 |Monthly |Gcoscience Iy Hawkins et al., 2022 5H, 50
Australia
Gilgandra 31.7 148.7 2745 | 2007 | 2008 | 5 2 |Monthly ii(s’tsr‘:ﬁgce Yes Hawkins et al., 2022 8H, 50
Perth 31.9 115.9 154 | 1962 | 2023 | 449 | 47 |Monthly |GNIP, CSIRO |Some Crosbie et al., 2012; 5H, 50
Hollins et al., 2018
Dubbo 322 148.6 270.8 | 2007 | 2008 | 5 2 |Monthly |Gcoscience Iy g Hawkins et al., 2022 &H, 50
Australia
Wellington -32.6 148.9 305.1 | 2011 | 2013 22 3 |Monthly Publication Yes Cuthbert et al., 2014 &°H, §'%0
Condobolin | -33.1 147.1 190 | 2007 | 2008 | 4 2 |Monthly ii(s’tsr‘:ﬁgce Yes Hawkins et al., 2022 &H, 50
Lithgow 335 150.2 957.4 | 2005 | 2008 | 43 4 |Monthly  |Publication  |Yes 2H(;llg3hes and Crawford, | mpy 5150
Cowra -33.8 148.7 319.5 | 2007 | 2008 | 7 2 |Monthly ii(s’tsr‘:ﬁgce Yes Hawkins et al., 2022 8H, 50




Esperance -33.9 121.9 7.3 2008 | 2010 19 3 |Monthly CSIRO Yes Crosbie et al., 2012 &°H, §'%0
Sydney -33.9 151.2 6 2006 | 2023 | 191 18 |Monthly  |GNIP, CSIRO |Some gﬁﬁlslb;::tt;l 2281182; &H, 50
gzlvg;rd“p 34 115 70 | 2005|2019 | 150 | 15 |Daily GNIP Yes Griffiths et al., 2022 &H, 50
Dail Crawford et al., 2023;
Lucas Heights| -34.1 151 99.3 2005 | 2020 | 149 15 Y Publication Some Hughes and Crawford, &%H, 8'%0
g g
Monthly 2013
Mount -34.1 149.9 1119.5 | 2005 | 2009 | 54 5 |Monthly  |Publication  |Yes Hughes and Crawford, §H, 5'%0
Werong 2013
Taylorville 34.1 139.9 156 | 2007 | 2007 | 3 1 |Monthly ii(s’tsr‘:ﬁgce Yes Hawkins et al., 2022 5H, 50
Mildura 342 142.1 50 | 2006 | 2014 | 94 9 |Monthly  |GNIP, CSIRO |Some gﬁﬁlslbl;::tt;l 2281182; §H, 5'%0
Loxton 345 140.6 28.8 | 2007 | 2007 | 3 1 |Monthly ii(s’tsr‘:ﬁgce Yes Hawkins et al., 2022 &H, 50
Big Hill 34.6 150 656.8 | 2005 | 2008 | 35 4 |Monthly |Publication  |Yes ZH(;llg;‘es and Crawford, §H, 5'%0
Adelaide 349 138.6 341 | 1962|2023 | 317 | 32 |Monthly |GNIP, CSIRO |Some gﬁﬁlslb;::tt;l 2281182; 5H, 50
Murray -35.1 139.3 13.7 | 2007 | 2008 | 8 2 |Monthly ~|Gcoscience |y Hawkins et al., 2022 &H, 50
Bridge Australia
Evatt 352 149.1 598.5 | 2007 | 2008 | 12 2 |Monthl Geoscience |y g Hawkins et al., 2022 5H, 50
Y Australia
Wagga Crosbie et al., 2012; 211 218
Waeea 35.2 147.5 212 {2006 | 2021 | 169 | 16 [Monthly |GNIP, CSIRO |Some Hollins ot ol 2018 &H, 5%0
Tarcutta 353 147.7 226.5 | 2007 | 2008 | 7 2 |Monthly ii(s’tsr‘:ﬁgce Yes Hawkins et al., 2022 5H, 50
Braidwood 354 149.8 644 | 2006 | 2008 | 21 3 |Monthly ii(s’tsr‘:ﬁgce Yes Hawkins et al., 2022 8H, 50
Googong 354 149.2 7219 | 2007 | 2008 | 12 2 |Monthly ii(s’tsr‘:ﬁgce Yes Hawkins et al., 2022 &H, 50
Tidbinbilla 354 148.9 1121 | 2007 | 2008 | 14 2 |Monthly iig;‘;ﬁgce Yes Hawkins et al., 2022 &H, 50
Wilkawat 354 140.4 933 | 2007 | 2008 | 2 2 |Monthl Geoscience |y g Hawkins et al., 2022 5H, 8'30
y Australia
Deniliquin 355 144.9 91.7 | 2007 | 2008 | 5 2 |Monthly ii(s’tsr‘:ﬁgce Yes Hawkins et al., 2022 8H, 50




NA (not currently

. _ : : 2 18
Yarrangobilly 35.7 148.5 1098.2 | 2007 | 2017 112 11 |Monthly Publication No available from publication) &H, 6'*°0
Kelly Hill -36 136.9 28.7 2011 | 2013 24 3 |Daily Pers. comm. |No NA &°H, §'%0
Albury -36.1 146.9 196.3 | 2007 | 2008 | 6 2 |Monthly ~|Gcoscience |y Hawkins et al., 2022 5°H, 5'%0
Australia
Horsham -36.7 142.2 1272 | 2007 | 2008 | 11 2 |Monthly ii‘s’tsﬁ;ﬁ‘;ce Yes Hawkins et al., 2022 5H, 50
Learmonth 374 143.7 4343 | 2008 | 2010 9 3 |Monthly CSIRO Yes Crosbie et al., 2012 &%H, 8'%0
Melbourne 37.8 145 113 | 1962 | 2023 | 536 | 52 |Monthly |GNIP, CSIRO |Some Crosbie et al., 2012; §H, 5'%0
Hollins et al., 2018
Cape Grim -40.7 144.7 94 1979 | 2023 | 433 | 42 |Monthly |GNIP, CSIRO |Some Crosbie et al., 2012; §H, 5'%0
Hollins et al., 2018
Unpublished
Hobart -42.8 147.5 8.8 2019 | 2022 37 4  |Daily (from the lead|No NA &H, 5'%0
author)
Margate -43 147.3 120.9 1994 | 2000 18 7 |Monthly GNIP Yes Hollins et al., 2018 3180
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Table S2: Details of predictor variables included in the random forest models. The first column shows the variable

name as it appears in figures throughout the manuscript. Variables flagged as ‘direct’ are used without modification from the

original source (e.g., ERAS) other than regridding. Where relevant, the ‘Source’ column entry is a reference containing the

details of how the predictor variable was calculated from the raw meteorological data (not included if the variable required

only a ratio and/or conversion from native units).

Variable Variable long name Variable name/s | Direct or Source
name in ERAS derived
Meteorological variables
Temp Air temperature at 2 metres 2t Direct NA
Evap Evaporation mer Derived NA
Snow_frac f;z;t}ion of precipitation delivered as sEtp Derived NA
MSLP Mean sea level pressure msl Direct NA
Prec Precipitation amount tp Derived NA
Prec_int Precipitation intensity pr Derived NA
Prec_type Ratio of convective to total precipitation cp.tp Derived NA
RH Relative humidity 2t,2d Derived Sonntag, 1990
Wind dir Wind direction at 10 metres 10u,10v Derived NA
Wind speed | Wind speed at 10 metres 10si Direct NA
Climate indices
ASLP Trans-Pacific sea level pressure gradient | msl Derived Vecchi et al., 2006
DMI Dipole Mode Index sst Derived Saji et al., 1999
10BM Indian Ocean Basin Mode sst Derived Yu et al., 2022
Nifio 3.4 Nifio 3.4 sst Derived See Section 2.3
SAM Southern Annular Mode msl Derived X;zlzsquez—hmenez and Abram,
Weather objects
Anticyclone | Anticyclone NA Derived Jin et al., 2024
COL trop Cutoff low (troposphere) NA Derived Jin et al., 2024
COL strat Cutoff low (stratosphere) NA Derived Jin et al., 2024
Cyclone Cyclone NA Derived Jin et al., 2024
Front Front NA Derived Jin et al., 2024
PV streamer | Potential vorticity streamer NA Derived Jin et al., 2024
WCB_ascent | Warm conveyor belt (ascent) NA Derived Jin et al., 2024
WCB inflow | Warm conveyor belt (inflow) NA Derived Jin et al., 2024
Other
Month s Month (sine) NA Direct NA
Month ¢ Month (cosine) NA Direct NA
Elev Elevation NA Direct NA
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Figure S1: As per Fig. 1 but showing skill scores for out-of-sample spatial 3*Hp variability.
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Figure S2: As per Fig. 1 but showing skill scores for out-of-sample spatial dxsp variability.
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Figure S3: As per Fig. 2 but showing skill scores for out-of-sample spatial 5*Hp variability.
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10



130

135

140

(a) Correlation (b) MBE (c) NME
0724 0.750 1
1 -
0.70 0.7254
0.68- 01 0.700
0.66 - 1 0.675+
064 L 0.650
(d) SD difference (e) 5th percentile difference (f) 95th percentile difference
-6
0.42 4 204
-8+
0.40
16
0.38 -104
0.36 124
124
0.34 4 | ‘
8 -
0.32
x , , A
(g) DEOP o ° e ® = e o @
8° oS¢ o8¢ oS¢
0.754 o o o o
20 M o0 M
xS @ed“o
@e
0.704
0.65
0.60 -
oL o
s ° o °
*«° W
6\)0@6 o
g\e

Figure S5: As per Fig. 3 but showing skill scores for out-of-sample temporal *Hp variability.

11




145

150

155

(a) Correlation (b) MBE 0(&: NME
0.65
l 0.84
0.60 A 0.0
0.55 4 | 0801
0.5
0.50 - ' 0.76 1
1.0
0.45- ' 0.72
(d) SD difference (e) 5th percentile difference (f) 95th percentile difference
[
64 2.5+
0.5
4 | -3.0
041 -3.5+
2 -
-4.0
" ' 3 '
(9) DEOP & <= & «
075 3 3 3¢
<@ <& <@
o ?“\\Q H° ?\)\\Q
Qo° Qe
i ¢
0.70 1
0.60
0.55
o
6\0\0‘%
2
ONe
o <
@

Figure S6: As per Fig

12

. 3 but showing skill scores for out-of-sample temporal dxsp variability.




(a) 1962-2023 (b) 1980-2019

1.00
0.99

s in range

0.98 -

ictor:

0.97

0.96

f pred

0.95

Ion O

0.94.
0.93

roport

0.92 @

Figure S7: Proportion of predictor variables that are within range of the training dataset. Panel a) shows values for the

longer models trained over 1962-2023, using the reduced set of predictor variables (without weather objects). Panel b)

shows values for the models trained over 1980-2019, using the full set of predictor variables (including weather objects).
160 Points show locations of sites contributing precipitation isotopic data to the random forest models.

13



Median modelled 52H (%oyspow)

Darwin Willis Island Cairns Chillagoe Broome Halls Creek
0 40
01 01 0 -10 4 20 4
-10 -10 4
204 2092 20 'gg ] 0 O
-30 4 -30 404 - -20
-40 4 -40 - -40 -40
-50 -7 { T —r—— %0 ————— 60 — e S T — T
-100  -50 0 -40 -20 0 20 50 25 0 2 -60 -30 0 30 -40 -30 -20 -10 0 -75-50-25 0 25 50
Tennant Creek Mount Isa Exmouth 10 RockhamptonJ Alice Springs Giles
20 20
0 -20 18 1 04
= 241 -20 O | .20
- -28 -30 1 -40 4
_60 T T T T T T T -40 . T T T T T T T T T T
50 25 0 -16 -12 -8 -4 60 -40 -20 0 20 -100 -50 0 50 -40 20 0
Charleville J Meekatharra Brisbane Toowoomba Goondiwindi
0~
0 204 (¢)
-20 4
-40 2, 40 e
-60 - 601 T T T T T T T T T
-100 -50 O 50 -80 -60 -40 -20 0 -50 0 50 -75 -50 -26 0 -30 -20 10 0 -60 -40 -20 0
Moree Warialda Narrabri Mac. Marshes Woomera
10
20 4
04 0+ 4
20 291 °7 28 e %] 07
6) 30 A D) -50 400 -20 -20
-40 -40 40 o -40
T T T T T _50 = T T T T T '100 T T T T T 604 T T T T T T T T T T
-60 40 20 0 20 -80 -60 -40 -20 0 -50 -40 -30 -20 -10 80 -40 0 -50-25 0 25 50 -50 0
Nyngan | Gilgandra Perth Dubbo | Wellington Condobolin
0
04 20 - 104 204
] Blo e 5
-20 Y 2012 30 o) -20
-40 -40 -40 -40
T T T T T T T T T T T F T T — 60 T T T
-30 20 <10 0 -40 -30-20 -10 0 -100-75-50 -25 0 25 30 -20 <10 O 60 -40 -20 0 20 15 -10 -5
Lithgow Cowra | Esperance Sydney Calgardup Caves Lucas Heights
0+ 10 18 ] 0 10 -
-20 _1g: -10 4 -%8- -10 4 _18:
-40 -20 [} -20 o | 304 -30 :58 3
.60 4 -30 = o -40 40 -
R 7 S0 0L
=75 -50 25 0 -30 -20 -10 O -40 -30 -20 -10 O -60 -40 -20 0 20 -75 50 -25 0 -60 -40 -20 0
Taylorville Mt. Werong Mildura Loxton | Big Hill Adelaide
60 0 54
301 2044 01 0+ -20 4
0 -20 -5+
r_‘ 1 -40 -40 4
=30 604 -40 4 10 o)
_60 T T T T T T T T T T T T T -15 T T T T -60 b T T T T T T T T
5 0 5 10 15 -60 -40 -20 0 -75 50 26 0 25 5 0 5 10 -80 -60 -40 -20 0O -80 -40 0
Murray Bridge | Wagga Wagga Evatt Tarcutta Wilkawatt Googong
07 0- 01 0+ 01 91
-10 ("] -20 A 25 =
»,:238 g -20 -40 4 -20 4 51 50 -
40 - -40 -60 -40 -10 4 =75
SO 0L -80 4 — T T — T
-60 -40 20 0O -120 -80 -40 0O -100-75 -50 25 0 -40 -30 -20 -10 0 8 -4 0 -100-75 -50 25 0
Tidbinbilla Braidwood Deniliquin Yarrangobilly Kelly Hill Albury
0 0 ® 0+
-25 - -20 4 04 'ig- -10 e -10 4
-50 o -20 404 -20 4
754 -40 4 40 -60 = .20 22, (&) -30
-60 -60 -80 -40
T T T — T T T T L S T T T T T T T
-120 -80 -40 0 -80 -60 -40 -20 0 -30 20 -10 =76 50 -26 0 -20 0 20 -40 -30 -20 -10 ©
Horsham Learmonth Melbourne Cape Grim Hobart
04 19 0 10 )
-10 1 ] 4 o] 104
20 -0 -10 4 10 @ 204
304 -20 -20 -20 (o} -30
40 4 -30 -30 30 -40
B . 40 50179
-60 -40 -20 0O -80 -40 0 -100-75-50-256 0 25 -50 -26 0 25 50 -60 -40 -20 0

Observed 62H (%OVSMOW)

Figure S8: As per Fig. 4 but comparing modelled and observed monthly §°Hp values.
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Figure S9: As per Fig. 4 but comparing modelled and observed monthly dxsp values.
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Figure S10: As per Fig. 5 but for the seasonal cycle of §?Hp.
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170  Figure S11: As per Fig. 5 but for the seasonal cycle of dxsp.
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Figure S12: As per Fig. 6 but for the distribution of *Hp values.
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Figure S13: As per Fig. 6 but for the distribution of dxsp values.
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Figure S14: As per Fig. 9 but showing precipitation amount-weighted annual mean 5’Hp values.
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Figure S15: As per Fig. 9 but showing precipitation amount-weighted annual mean dxsp values.
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Figure S16: Anomalies in precipitation amount-weighted annual mean 3*Hp (a—c), 8'80p (d—f) and dxsp (g—i) in each of the
three years of the Tinderbox Drought. Values are from the random forest models trained over 1962-2023, using the reduced
set of predictor variables (without weather objects). Anomalies are relative to the entire 1962-2023 interval.
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Figure S17: As per Fig. 11 but at each site showing the model’s bias relative to observations in the long-term annual mean
&?Hp (a—c), 8'80p (d—f) and dxsp (g-h) at each site. Only showing sites with 5 or more years of monthly precipitation isotopic
observations. The first column shows bias in the random forest models described in this paper (showing the mean of the 50
models created with unique random seeds); second column shows bias in ECHAM6-wiso nudged to ERAS; third column
shows bias in the linear regression using geographical variables. Point size scales log-linearly with record length (in years).
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Figure S18: As per Fig. S17 but showing model bias relative to long-term observed annual means only in years included in
both models (i.e., allowing direct comparison of the bias magnitudes). Note that the colour scales differ from Fig. S17.
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