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GRAFFAS: A Stochastic Space-Time Model for High-Resolution
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Abstract

We propose GRAFFAS (Generator of RAinfall Fields From Areal Statistics), a stochastic space-time model designed to simulate hourly rainfall fields at fine spatial resolution
(down to km?), from areal statistics time series. The spatial disaggregation approach used in GRAFFAS enables the representation of spatial heterogeneity and anisotropy, which
are essential features in many regions.

A multivariate auto-regressive Gaussian process 1s used to model the space-time dependencies of fields, including anisotropy. Then, a meta-model combines the simulated

Gaussian fields and the areal rainfall statistics to provide synthetic rainfall fields. Local parameters are introduced within this meta-model to account for spatial heterogeneity.
The model 1s calibrated and evaluated using kilometric hourly rainfall data across six climatically contrasting regions. The evaluation framework assesses the model’s ability
to reproduce key statistical properties of rainfall across temporal and spatial scales. Results highlight the importance of spatial heterogeneity in reproducing at-site rainfall
distributions (including extremes) and the co-occurrence of extreme events across a region at different aggregation timescales.
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Principle : transforming three areal statistics into a rainfall field R, (x)

X = (x1,...,Xxy) denotes the N pixels included in the studied domain. How to incorporate spatial heterogeneity?
Considering three areal statistics available at each time ¢: o . — Pr(R.(x:) > OlWAR, = w,) = F 1 — kWAR 1 4 1 WAR
1. IMF, the mean areal rainfall at time ¢, wer (Xi, i) (Ri(xi) > O 1= Wi) = Fpera(W, P AT

IME (v — LIMF
2. WAR; the wet area fraction at time ¢, IMF(x;) = k™" *IMF

3. CV; the coefficient of variation of the non-zero rainfall at time ¢, — Pr (Rt (xi) <y ‘WARt =wy) = (1 = Byer(xi,wr)) + Poer (Xi; we ) F (Y, 1 (Xi) , OF)
and a MAR(I) Process, noted Gt, defined as follows : How to incorporate anisotropy?
G,(x) =A.G,_1(X) + E;(x) with E;(x) ~ .4 (0,X) Yij = exp(—7;j/A) with 7; j = Mahalanobisp, y (xi, X )

Simulation

Observation

Then R,;(x;) giving the rainfall depth (mm/h) at pixel x; and time ¢ is defined by

0 if ®(G,(x;)) < 1—WAR,

Rt (Xl) — F—l (CI)(Gt()Cl)V‘/v)A—th—FVVARt7 U, GI) otherwise.

where F(.,u,0) (F —1) denote the (inverse) cumulative distribution function (CDF)
of the Log-Normal distribution with parameters U and o,

Gardon at 2019-09-22 17h00

with o; = \/log(l +CVA); 1 =log(IMF,/WAR,) —0.5.07

With this formulation from [2], all pixels are realizations from the same distri- 1
bution in terms of both occurrence and intensity. L

Observed and simulated rainfall fields with WAR; = 0.99,IMF, = 11,CV; = 0.2

Calibration : using hourly gridded COMEPHORE dataset

One set of parameters per season (DJF, MAM, JJA, SON) Maximum Likelihood Estimation (See [1] for more détails and Equations)

Notation Description Objective e Local parameters (corrective factors) : Bernouilli distribution (k}"4¥) and interval-censored
{VARY 1 N Corrective factor for rainfall occurrence Spatial heterogeneity likelihood formulation of the log-normal distribution (k")

IMF . . . . . < .
{k;" ot v Corrective factor for rainfall intensity Spatial heterogeneity e MAR(1) parameters : distribution of a censored-Gaussian process [3]

{a;i}izin Components of the auto-regression matrix A  Temporal dependence

, , , . _ Calibration performed on six contrasted regions
{A,b,w} Parameters of the anisotropic covariance function Spatial dependence

Mediterranean, (Altered-)Oceanic, and (Semi-)Continental Climates

Results : marginal and s!@atial roperties of simulated rainfall

100 independent time series of rainfall fields are generated by the GRAFFAS model from the observed areal statistics time series (1997-2022).
Three different simulations : Complete - Homogeneous (similar to [2]) - NoSpatialDep (without spatial dependence)

Marginal distribution Occurrence and Extreme metrics for the six domains Error bars (in %) between observed and simulated 5-year return levels for the Gapeau domain.
Prob[RR1h>5mm] Q(T=5,D=24h) Q(T=5,D=24h) for Gapeau
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Observed [mm/h] . I . I . I . I . I . I . I . 1 . 1 . 1 . 1 . 1 -50-
Gapeau Gardon Paris SaintLo Vivaraid/osgesSud Gapeau Gardon Paris SaintLo VivaraisvosgesSud . | . | . | . |
— Gapeau Paris Vivarais Domain Domain 1 52 210 840
i Gardon [ Sainto [ VosgesSud B2 Obs B2 Complete B Homogeneous E2 NoSpatialDep Size of sub—areas [km?]
From Complete simulations see [1] for results about intermittence, accumulation, and, auto-correlation metrics Rainfall fields are aggregated over various spatial scales (like a basin rainfall).
Error-bar indicates the spread of the 100 realizations One boxplots represents N pixels (number of pixel in a domain) One error bar represents the minimal, median and maximal value from the N’ pixels of the sub-areas.
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A key perspective 1s to introduce advection; a challenging approach would be to add non-diagonal co- = : Ll

efficients to the A matrix of the MAR(1) process.
This work benefited from a fund from the French National Research Agency (ANR, France2030) under the reference ANR-24-EXMA-0008.

Codes (in R) for calibrating and running the GRAFFAS model are freely available at Zenodo : QR code —-



