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Water Quality:
a global challenge

Over three billion people are at risk of illness from
poor water quality due partly to a lack of
monitoring (UN, 2023).

Aquatic ecosystems rapidly degrading: 35% of
wetlands and 15% of coral has been lost since
1970 (Convention on Wetlands, 2021; Souter et
al., 2021).

Comprehensive monitoring of inland and coastal
waters needed for effective management and
conservation.
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AquaWatch Australia concept
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AguaWatch Data System
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A cloud-based solution for water quality 8 P :
monitoring and forecasting
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Inland Water Quality Modeling and Forecasting

M Dl S gy Mo in o ] Bt

MIlON( . Hyperparameter
i o | tuning
Meteorology

HydraSpectra
cell counts

chlorophyll

L/Eestimating

Hydrodynamic Growth . . p 8. s =
Model B a3 =

b g Uua

fFe e =

AquaWatch Web Services:
Stratification and mixing products

Algal forecasting products

Y

Machine Learning - i
Classification « .+ " 4




@4———___ AR

Longwave

radiation
Evaporatlon\
Sensible heat
1l I
“’ O Convection l ?

~ - Velocity gradient
=~ ~ . Internal waves Shear stress i
L)

Shortwave
radiation

Wind stress
Inflow

Boundary mi

Physical processes in a lake

Momentum

Ju 0 ou , 104
E=£<(V+Vf)£>_c A0z
Heat

aT 0 vy \ 0T 1 0dl
aw((ﬁa—)&)*@&
k—e—turbulence model

dk 0 v \ 0k
E=£<(V+ >az>+P+G—e

de 0 +vt de F (6P + 0sG )e
ot _az\\" TG, )az | T T T8y

gop
=c, — = —N?2 N2 =-2——
Ve = g G or p 0z

OFFICIAL

OFFICIAL

The CFD Govermng Equations
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OFFICIAL CFD SIMULATION STAGES

CSIRO The CFD Workflow ? l
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CSIRO The CFD Solver — Why Fortran and C++?

| FORTRAN / C++ FOR HPC & PARALLEL Computational Fluid

Dynamics (CFD)

T I
1. COMPILED LANGUAGES | an nn“

- Translated directly into optimized machine code

- Minimal runtime overhead -+ faster execution

1 1
| Fortran | | C++ |
2. MEMORY CONTROL
________________________________________________________________ | (Since 1950s) | | (Since 1980s) | TYPESCRIPT n H"ST

- Precise control over memory allocation and layout T "mn" e#

- Contiguous arrays improve cache efficiency | |

- Reduces memory fragmentation for large-scale simulations - Optimized for numerical arrays - Object-oriented design
- Simple, fast compilers - Complex data structures
3. ARRAYS & DATA STRUCTURES - Massive legacy CFD codes (50+ years) - Better memory management
''''''''''''''''''''''''''''''''''''''''''''' - Proven stability on supercomputers - Modern software practices
- Fortran: column-major arrays = ideal for PDE sclvers - Trusted in aerospace, climate, energy - Widely adopted in HPC projects

- C++: row-major arrays, vectors, custom layouts | |

- Enables predictable memory access -» higher performance 1
Horizontal Grid
| | (Latitude-Longitude)
[ 1

|  why Still Used? |
| |

4. LOOPS & VECTORIZATION

- Compilers can unroll loops automatically

Vertical Grid

1
|
- SIMD/vector instructions utilized : {Height or Pressure) |~
|
|
|
\

+ Extreme performance for HPC simulations

s Robust parallelization (MPI, OpenMP)

- Critical for inner numerical kernels in CFD & climate models

Physical Processes in a Model

solar  derTeatria
radiation radiation
[ i

5. PARALLELISM & HPC SUPPORT + Large validated codebases
________________________________________________________________ « Community trust in accuracy & reliability

- Native support for MPI, OpenMP, CUDA, OpenACC

- Scales to thousands of cores efficiently

- Essential for climate, aerospace, and CFD simulations
Python

(Modern Wrapper & Glue)
6. PROVEN PERFORMANCE

T
CONTIMENT

» Eas rototypin scriptin,
- Decades of optimization in scientific computing v SRS [

Strong ecosystem (NumPy, SciP
- Mature, wvalidated numerical libraries * e b ( ¥ y)

. s s C ts Fortran/C++ vi
- Reliable for large-scale HPC applications + Connects Fortran/C++ via wrappers

+ Great for pre/post-processing, AI/ML
e BUT: too slow for HPC kernels




CSIRO

[Forl:ran/C++ vs Python in CFD]

|Fortran / C++|

[High-performance solvers]

[Legacy, validated codebases]

[Parallel computing (MPI/OpenMP) ]

[Numerical libraries (BLAS, LAPACK)]

[Critical applications: aerospace, climate, engineering]

Feature

Speed / Performance

Memory control

Parallel / HPC

Legacy libraries

Ease of prototyping

Numerical stability

Fortran

Excellent

Very good

Native

Many decades

Low

Excellent

C++

Excellent

Very good

Native

Growing

Medium

Excellent

[Pre—processing & meshing]

[Wrappers for Fortran/C++ solvers]

[Post-processing & visualization]

[Machine learning integration]

[Rapid prototyping of ideas]

Python (alone)

Poor (unless wrapped)

Limited

Via wrappers

Limited

Excellent

Limited

The CFD Solver with Python?

Python (High-level)

)

Wrappers / Glue
4

Fortran / C++ Solver (HPC)
t

Results back to Python for visualization

N a‘®

@ python’



CSIRO LAKEoneD Python wrapper using cffi

mulation =cord_vector

LodSimulation(ModelStates):
def record_vector(self, name:str) -> None:

py pkg lakeone d\

N RarnrAde A variahle with vertical nrafile. (vertar) c-api-bindings (F#/C#)
Records a variable 1.TJ1tl1 vertical profile (vector) code generation wrap_generated.py Pythonic custom
lwg.RecordVectorLms_py(self, name) parses C AP ' _ generates| | generated wrapper classes
generates python, low-level inheriting from
def record_scalar(self, name) -> None: Rcpp, matlab, etc. interop code refcount classes
low-level interop 7 \
> ® lak generated.py )
Lses via
—~ . i "EEI" obi Luses .
@_lod_wrap.check_exceptions ¢ d GitHub:
def _RecordVectorLms_native(simulation, variableldentifier): P csiro-hydroinformatics/c-interop
lakeoned_so.RecordVectorLms(simulation, variablelIdentifier) lakeoned native Iihriry
def RecordVectorLms_py(simulation:'LodSimulation', variableIdentifier:str) -> No =
| simulation_xptr = wrap_as_pointer_handle(simulation) cinterop
variableIdentifier_c_charp = wrap_as_pointer_handle(as_bytes(variableIdentif L 1D < python package
_RecordVectorLms_native(simulation_xptr.ptr, variableldentifier_c_charp.ptr) Ci+ core L_1D
C API
models
L
d RecordVectorLms = - = T T
) SIMULATION_PTR simulation, cinterop glzr:t:j . python python
char* variablelIdentifier); C++/C data lifetime package > package
marshalling AT T refcount cffi

JNED_API  lod_matrix_2d* GetRecordedVectorLms (LAKE_MO




CSIRO Hydrodynamics Python wrapper from notebooks

[%] lake_hume.ipynb X |+
B+ XO O » m C » Code v

object sim isa lakeoned.classes.LodSimulation ,wraps native pointer of type id "LAKE_MODEL_SIMULATION_PTR"
sim.execute simulation()

T:xr.DataArray = sim.recorded vector('T') eee

a = plot_vec_ts(T, x=TIME_DIMNAME, y=DEPTH DIMNAME, eee
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CSIRO Hypertuning Hyperparameters

o Light:
 Manual method: - clear_water_att
Bottom boundary:
= Trial and error by guessing the parameter values (floats) = bottom_stress_coeff
Wind:
= Run lakelD, which takes a few minutes. »  wind_factor
Turbulence:
= Compare the results with the ground truth. min_tdiff
Meteorological scaling factors:
= Rinse, repeat maybe 100s of times, and still not be near the global optima. . i scale
vel_scale
e Better approach: - hum_scale
temp_scale
= We want to do the "trial and error" search in parallel and at scale. ki i ki i i e Wk i
that tt.ming?
» We need to automate this, so it finds the best parameter set for us auto-magically. Sttt
Me:

We want the "trial and error"” search to be smart and directed towards the global optima. .~

We want to do it with as little code as possible and as efficiently as possible.

Optunal!

: Credit: Viky Akbartama
OFFICIAL
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CSIRO Hypertuning — Optuna

* Whatis Optuna: import optuna

def objective(trial):

o Open-source framework for automated hyperparameter optimisation.

o Built for machine learning, deep learning, and general optimisation.

return evaluation_score

o Designed to find the best model configuration with minimal manual tuning.

study = optuna.create_study()

study.optimize(objective, n_trials= _ )
[ ] W hy We C h Ose O pt u n a : generator.py Storage Optuna Dashboard

Artifact Store I
Which is better?

o Optuna provides the best balance of power, flexibility, and usability, making e — 8

it ideal for most modern machine learning workflows with great —
results with minimal code/effort. OPTUNA _

) Comparisons Wlth Other frameWOrkS: Credit: Optuna core-dev. GitHub: c-bata

Feature / Framework Optuna Hyperopt Ray Tune Scikit-Optimize Bayesian Optimization
(bayes_opt)

Language Python Python Python Python Python

Search Algorithms Many (incl, TPE, CMA-ES, Grid, TPE, Random Many (incl. TPE, PBT, BOHB) GP, RF, Random Bayesian (GP), Random
Random)

Define-by-Run Yes No Yes No No

Pruning Support Yes Limited Yes No No

Parallelisation Yes Limited Yes No Limited

Ease of Use Very Easy Easy Complex Simple Easy

OFFICIAL



CSIRO Hypertuning — Optuna - CmaEsSampler

RandomSampler GridSampler TPESampler ~ CmaEsSampler  NSGAlISampler QMCSampler
Float parameters v v v v i v

Integer parameters ¥ v ¥ v A v
Categorical parameters v v ' A s A

Pruning v v v 'y * (& for single-objective) v
Multivariate optimization & A v v " A&
Conditional search space v A W A i A
bulti-objective optimization s v W * ¥ (& Tor single-objectihve) s

Batch optimization v v ¥ v v "
Distributed optimization v v ¥ v i v
Constrained optimization ® * W "

Time complexity (per triaf) (*) Ofd) dn) O{dnlogn)  O(d%) Ofmp?) (=) Oldn)
Recormmended budgets (#trials) (**) as many as one likes number of combinations 100 = 1000 1000 = 10000 100 = 10000 as many as one likes

v : Supports this feature. A: Works, but inefficiently. x: Causes an error, or has no interface.

The CmaEsSampler is based on the Covariance Matrix Adaptation Evolution
Strategy (CMA-ES), a powerful evolutionary algorithm that’s particularly well-
suited for complex, multi-variate, continuous, high-dimensional, non-linear,
and noisy optimization problems:

GPSampler

el e | w |

®

|

ﬂ{n*]

- 500

BoTorchSampler BruteForceSampler

v o (3¢ for infinite domain]
i ¥

i v

i v

- "

& v

e ¥

L4 v

v ¥

¥ X

On’) O(d)

10 - 100 number of combinations

CMA Evolution Strategy for Six-hemp camel function

* Less likely to get stuck on local optima, CMA-ES can explore the global space 151
effectively.

* Learns parameter correlations. This lets it explore interactions between
hyperparameters intelligently.

*  Useful for small trial budgets. CMA-ES often finds good solutions quicker.

2.0

15

1.0

0.5

* Having said that, it's trivial to plug-in another sampler and try! g

T T
1 2 3 3 -2 =1 0 1 2 3

Credit: Optuna core-dev. GitHub: c-bata
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Hypertuning — Results

Manually

CSIRO

Surface temperature
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2017-09-28 21:00:00
2017-09-27 13:00:00
2017-09-26 10:00: 00
2017-09-24 15:00:00
2017-09-23 03:00:00
2017-09-22 00:00:00
2017-09-20
2017-09-19 13:00: 00
2017-09-18 10:00: 00
2017-09-17
2017-09-14 21:00:00
2017-09-04 22:00:00
2017-08-24 13:00: 00
2017-08-21 11:00: 00
2017-08-19 20:00: 00
2017-08-16 17:00:00
2017-08-15 06:00:00
2017-07-02 12:00:00
2017-07-01 09:00:00
2017-06-29 12:00: 00
2017-05-31 12:00:00
2017-05-23 11:00:00
2017-05-16 15:00:00
2017-05-11 19:00:00
2017-05-07 19:00:00
2017-05-02 20:00: 00
2017-04-28 00:00: 00
2017-04-22
2017-04-20
2017-04-19
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2017-04-13 09:00:00
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2017-03-08 06:00:00
2017-03-07 03:00:00
2017-03-06 00:00: 00
2017-03-04 21:00:00
2017-03-03 18:00:00
2017-03-02 15:00:00
o 2017-03-01 12:00:00
-
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2017-03-04 00:00:00
2017-03-03 04:00:00
2017-03-02 08:00:00
o 2017-03-01 12:00:00

Jan 2021 Jul 2021 Jan 2022 Jul 2022 Jan 2023

Jul 2020

0
5
10

Timestamp

OFFICIAL



OFFICIAL

CSIRO

s = S Jupyter
Applications . WMS/WFS
E ] ' Grafana

Replication

. O Failover
Kubernetes/Services A & flux Seheduling

Deployment

Compute
Network

Storage

Layers of abstraction are needed to distribute CFD code for operational use

OFFICIAL



CSIRO
Partnership Opportunities

* On-ground pilot sites and product validation (eg
California — UCMerced)

e R&D collaboration on key AquaWatch
technology/science areas

e Citizen-science collaborations w. First Nations and
Education Organisations

* Implementation of integrated AquaWatch system in
new countries

* Cloud-computing data analytics platform
implementation in host organisation

* Ground-to-Space in-situ data-relay trials and
implementation

» Space Optics Collaborations (via CSIRO
Manufacturing)

* Earth observation constellation partnership and
development via eg. PPP

* Space Segment - Dual-use Options
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THANK
YOU

CSIRO ENVIRONMENT & AQUAWATCH
AUSTRALIA

Dr Duy Nguyen
E: duy.nguyen@csiro.au
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