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Differentiable Modeling (DM)

* Genre of physics-informed ML

NNs + process-based models

Learn: parameters (dPL), missing
processes, correction factors

e Why DM?

Data driven response, with
interpretability

Indirect supervision
GPU-accelerated parallelism
Generalization and extrapolation

HBV

Physical model
Rain l Snow |
Use NN for regional — Use }I:IN tolrep ecllcel: any
2kl Si1cal mo C
parameterization Module ‘\\\N phy u
o' N
Forcing ’B/dc// SWL;B —————
- Soil moisture .
’
e
Attributes /’ /l
5‘0 4 U4 ,, Qﬂ .
\ , rec UPPER K Q
Y Soil layer 1
NN
o O I
A
Forw d Soil layer \D_b —
D, N A —————
Backprqpagation




Differentiable Modeling (DM)
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Viability

NSE CDF for Distributed Models Vs. NWM3.0

1.0
—— National Water Model 3.0 (Median NSE 0.499)
—— BHBV2.0 (Median NSE 0.743)
—— BPRMS2.0 (Median NSE 0.718)
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tions for a Framework
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Introducing a Standard

t Data Loader

(train, eval, sim)

Model Trainer J( >

Forcings,
Geopackage
Static Vars, etc.

— Forward
<« - - - Backpropogation

\NN

Physical
Component




Introducing a Standard: 5MG it

PyTorch Differentiable Modeling Framework

8MG is a generic framework for building differentiable models that seamlessly couple neural networks with process- A
based equations, leveraging PyTorch's auto-differentiation for efficient, GPU-accelerated optimization. This is the =

python ' 3.9-3.13 | & pypi v1.4.2 PyTorch 12.12.0
77 Ruff | € tests [passing | D01 '10.5281/zenodo.14868671 | license [NORECOmmercial (PSU):

fast, spiritual successor to HydroDL.

< + paradigms [m] ;g

MNILL v sndlimlal e Al dal [

~; HydrooL.2

[ Data Loader J

Forcings,
Geopackage
Static Vars, etc.

: L (train, eval, sim) J(

—» Forward
<« - -- Backpropogation

Differentiable Hydrologic Models

python [3.9-3.13 | & pypi v1.3.5 PyTorch [2.12.0
#7_Ruff ] license |NGRCOmmErdia

A library of hydrological models developed on PyTorch and designed alongside MG for the creation of end-to-end
differentiable models, enabling parameter learning, bias correction, missing process representation, and more.
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Like Dunes in the Wind

* Daily & hourly, distributed rainfall-runoff modeling on MERIT/HydroFabric

2018 Central Texas Flood Event

Observed

[

— Predicted (Daily Lumped) — Predicted (Hourly Distributed)

-

. P N

| =-10.0

Song et al., 2025

08165300 08165500 08166200

—~~ 'O
E :
£ | i . 5
E* P X
; P ‘. - 10
= .
“é 2 A % L 15
© ° d
- : a4
CD d

0-

o™ 0a'® odt® qaV Gt ga®® ot gt qa et gat® gat® et oo 8

10

(4y/ww) uoneydioalid




Like Dunes in the Wind

* Global-scale, daily, distributed rainfall-runoff modeling on MERIT
e Seamless simulations; 2.94 million catchments

global-scalt
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CDF
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Like Dunes in the Wind

NSE CDF Comparison

>10x training speedup

—— Physical Model
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Like Dunes in the Wind

* Naive + intelligent DM multimodel ensembles
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Like Dunes in the Wind

 Foundation models
 Remote-sensing, meteorology, gages, static features

* VVariational data assimilation

* New kernel design:

e >300x training speedup for lumped models
e >5x for distributed

* More models; ecosystem, LSMs
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Escaping the Lab

Pennsylvania State Uni

Hourly Differentiable Modeling
Arrives in the NGIAB-NRDS
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From Research to Operations e R
g i
i
* Integration with NextGen, NextGen In A Box (NGIAB), Delft-FEWS m] =k

OHBV2.0: Differentiable Rainfall-Runoff Module

python 3.9-3.13 | # pypi [v0.5.3 PyTorch [2.12.0
7 Ruff | €) lint |passing | license [NoR=Commercial\(PSU)

OHBYV 2.0 is a state-of-the-art, distributed differentiable HBV model leveraging intelligent parameterization, big
data, and highly-parallelized GPU compute with PyTorch to deliver CONUS-scale, high-resolution inference of
parameters and fluxes.
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