UNIVERSITE DU QUEBEC A MONTREAL

IMPACTS DE L'UTILISATION DE QUANTITES AJUSTEES DE PRECIPITATIONS SOLIDES
DANS LE SYSTEME CANADIEN D'ANALYSE DES PRECIPITATIONS

MEMOIRE
PRESENTE
COMME EXIGENCE PARTIELLE

DE LA MAITTRISE EN SCIENCES DE L'ATMOSPHERE

PAR

CATHERINE AUBRY

JANVIER 2024



UNIVERSITE DU QUEBEC A MONTREAL
Service des bibliothéques

Avertissement

La diffusion de ce mémoire se fait dans le respect des droits de son auteur, qui a signé
le formulaire Autorisation de reproduire et de diffuser un travail de recherche de cycles
supérieurs (SDU-522 — Rév.04-2020). Cette autorisation stipule que «conformément a
larticle 11 du Reéglement no 8 des études de cycles supérieurs, ['auteur] concéde a
I'Université du Québec a Montréal une licence non exclusive d’utilisation et de
publication de la totalité ou d’'une partie importante de [son] travail de recherche pour
des fins pédagogiques et non commerciales. Plus précisément, ['auteur] autorise
I'Université du Québec a Montréal a reproduire, diffuser, préter, distribuer ou vendre des
copies de [son] travail de recherche a des fins non commerciales sur quelque support
que ce soit, y compris I'Internet. Cette licence et cette autorisation n’entrainent pas une
renonciation de [la] part [de 'auteur] a [ses] droits moraux ni a [ses] droits de propriété
intellectuelle. Sauf entente contraire, [I'auteur] conserve la liberté de diffuser et de
commercialiser ou non ce travail dont [il] posséde un exemplaire.»



REMERCIEMENTS

Je tiens en premier lieu a exprimer ma profonde gratitude envers mes deux co-directeurs, Julie
Thériault et Stéphane Bélair, qui m'ont accompagne, conseillé et guidé tout au long de cette
aventure de maitrise. Mes remerciements suivants vont a ceux qui ont été les fondements de ce
parcours de deux ans. Leur amitié précieuse a non seulement enrichie mon mémoire, mais aussi
mon quotidien. Une annonce de chips plus tard, ils sont devenus bien plus que de simples collégues.
Je souhaite a tout le monde de rencontrer dans leur vie une Florence Beaudry et un Olivier
Chalifour. Un remerciement tout particulier a Pei-Ning Feng et a Eva Mékis pour leur partage de
connaissances et leur aide a travers ma découverte de CaPA et des fonctions de transfert. Je tiens
également a exprimer ma reconnaissance envers les membres d'ECCC, particuliérement Franck
Lespinas ainsi que Dikra Khedhaouiria, pour leurs précieux conseils lors de nos rencontres
hebdomadaires. A ma famille, je veux exprimer ma gratitude pour leur soutien tout au long de mes
années d'études, et particuliérement durant ces deux dernieres années. \VVotre presence est un pilier

solide dans ma vie.



TABLE DES MATIERES

REIMIER CIEMENTS ottt ittt ettt ettt et e e ettt s e e te e e e ea s ta s tae st e ansean s e e senasenasenessnssensennsesnssnnsnnnns iii
TABLE DES IMATIERES ... oveeeee oot eeee e e e e eeeeeee e et e e e e seseaseeeseaeseesseeseeseasseasessseesseesesesensseesessseasssesessensean iv
LISTE DES FIGURES ..eeieniine ittt ettt et e ettt ettt et e e et st st et s et s e e sensanasanessnsensennsesnssnnsnnnns Vi
LISTE DES TABLEAUX .. evnientietiee ettt ettt ettt e e ee e et st st st et s easeasensansansanssanstanstnstnseensennsenns viii
LISTE DES ABREVIATIONS, DES SIGLES ET DES ACRONYMES ...coeeieeiieeeee ettt iX
RESUME <.ttt et et et e e et e e et e et ee e e e e et e e e ee et e e e ee et eeeeeeee et eeeeeees et eueeee e eneeeeee et eeeeeeaseaeeeenaeaes X
CHAPITRE | — INTRODUCTION ettt ettt e ettt st sa st st st san st ssssnssssssesssssssssssssnssnses 11
1.1 APEIGU AE CAPA ...ttt ettt ettt et et e s te e be e aaeste e teessesseeseensessaenteenaenneens 12
1.2 Incertitudes pour les précipitations SOIIAES..........cooerveiririeirereere s 14
RS I I (0 g [ (Lo A o [ A = L1 (2] 4 PO 17
1.4 Les fONCLIONS A8 traNST It EXISTANTES ... ..eeeeeeee ettt e e e e e e e e e e e e e e e eeeeeeeeeens 21
T O o] =01 1| £SO PRSPRRS 22
L8 1Y o 1 I8 =N 23

IMPACTS OF ADJUSTING SOLID PRECIPITATION AMOUNTS IN THE CANADIAN

PRECIPITATION ANALYSIS SYSTEM.....oooiiiiieeeeesteeeeeeee ettt 24
ABSTRARCT ..ttt ettt et et e st e be s bt e bt e st eae e st et e tesbesbesseebeeseeneensensentententens 25
20 A [0 oo [0 od o] o PP SROPRUSRPRRPRI 26
2.2 Data and MethodOIOgY ........coovieiiiiiiece ettt et ae e e 30
2.2.1 Domain of Study and PEriOQ........cccerieiieierieeie e ete st sae e sre et eesseeaeenaesreenes 30
2.2.2 CaPA’S CONTIGUIALION ....ceiviiiiieieesiie st siee ettt ete et e et e e esteesaaessbeeseaesbeesaeesnbeessneenseas 31
2.2.3 The hourly adjusted GataSeL..........ccccvevieeeereeiereereete et e e b e e 33
2.2.4 The Adjusted Daily Rainfall and Snowfall (AdjDIyRS) dataset ..........ccceeerverieeeernenne. 34
2.2.5 The transfer TUNCLIONS ..ot 35
2.2.6  ODJECHIVE BVAIUALION.....c.uieieeeeieeiesieee ettt s ae et esre e tessaesseenseeneesreenes 39
2.2.7 EXPEIMENTS SEIUD .ovvietieiieeitie et esiee et e stte et ste e et e e ste e e v e e saeesteesaaeesseessaeenseesseeenseassseenseas 42
2.3 Evaluations of the different transfer FUNCLIONS ..........cccooieiiiieniiieeee e 43
2.3.1 Impact of hourly data adjusted With UTF ..........ccoieieiieiececeeeeeseee e 43
2.3.2 Impact of hourly data adjusted with climate-specific transfer functions........................ 45
2.3.3 Impact of hourly data with adjustment depending on snowfall intensity ....................... 46
2.3.4 Evaluation against AdJDIYRS ........coui ittt 49



2.8 DISCUSSION .. 51

2.4.1 Sensitivity of CaPA’s results to various TFs based on air temperature............ccceevuveennee 51
2.4.2 Interannual Variability .........ccoeouieieiieeee e 53
2.4.3 Enhancement of the TF impact using SNOW iNtENSILY .........cccevveereeriesierieeeeseee e 55
2.4.4 Role of verification dataset and approach .........ccoceeveeieiecceseesece e 56
2.5 SUMMArY and CONCIUSIONS .......ccuveiiieiieieceeste ettt e e e e e steetesaeesaeeseesaesreenaeaneans 59
CHAPITRE 3 - CONCLUSION i, 61
REFERENCES ....ootutetttaettie ettt sse sttt s et s bbbt ns et ntes 66



LISTE DES FIGURES

Figure 1: The domain of CaPA’s analyses is shown in grey, covering eastern British Columbia
(BC), Alberta (AB), Saskatchewan (SK), Manitoba (MB), and western Ontario (ON). The
domain extends from the north of United States to the south of the territories. The pink dots
indicate the location of ECCC’s hourly automatic weather stations, and the black stars indicate
the location of the Adjusted Daily Rainfall and Snowfall (AdjDIyRS) manual stations........31

Figure 2: Catch efficiency for a single-alter as a function of wind speed for three different air
temperatures (Tair) and snowfall intensity (SI) for different sites: Marshall (red), Marshall Sl
(green), Haukeliseter (blue), Haukeliseter SI (pink), Batt’s Lake (grey) and Universal (black).
Panel a): Tair = 0°C and SI = 1.6 mm/h. Panel b): Tair = -5°C and SI = 1 mm/h. Panel c): Tair
=-10°C and SI = 0.4 mm/h. A wind threshold is applied for every transfer function (see Table

Figure 3: Objective evaluation metrics for CaPA’s analyses with the assimilation of unadjusted
data (blue lines) and of data adjusted with UTF (orange lines). The evaluation is performed
for winter 2019, from 1 December 2018 to 31 March 2019, and is valid over the entire study
area shown in Figure 1: a) is for FBI-1 with a black line indicating no bias, b) is for ETS, c)
is for POD, and d) is for FAR. The letter g provides the 6-hourly precipitation thresholds used
for the evaluation (mm). White areas indicate that the differences between the two
experiments are statistically significant at the 95 % confidence level, based on the bootstrap
method; grey areas indicates that the differences are not statistically significant. ................ 44

Figure 4: Same as Figure 3 but for the hourly adjusted data with the universal transfer function
(orange) and the control run (DIACK)...........coveiieiiiicce e 45

Figure 5: Same as Figure 3 but for the hourly adjusted data with the Marshall transfer function
depending on the air temperature (red) and the hourly adjusted data with the Marshall transfer
function depending on the snowfall intensity (Brown). ..o 47

Figure 6: Same as Figure 3 but for the hourly adjusted data with the Marshall transfer function
depending on snowfall intensity (brown) and the control run (black). ........c.ccccocvvvveiiviiinnnn. 48

Figure 7: Objective evaluation metrics for CaPA’s analyses for the Control experiment (black lines)
and with the assimilation of observations adjusted with MarTFsi (brown lines). The
evaluation is performed against the AdjDIyRS dataset for winter 2019, from 1 December 2018
to 31 March 2019, and is valid over the entire study area shown in Figure 1: a) is for FBI-1
with a black line indicating no bias, b) is for ETS, c) is for POD, and d) is for FAR. The letter
q provides the daily precipitation thresholds used for the evaluation (mm). Because the
evaluation is for daily accumulations, the thresholds are different from previous figures. White
areas indicate that the differences between the two experiments are statistically significant at
the 95 % confidence level, based on the bootstrap method; grey areas indicate that the
differences are not statistically SigNIfiCant. ...........cccooiveiiie i 50

Figure 8: Same as Figure 7 but for Hourly_adj HauKTFSI........cccoiiiiiiiiicee e 51

Vi



Figure 9: Average total precipitation for the 138 stations in the domain using different transfer
functions for the 2017, 2018, and 2019 winter seasons. The error bar shows the standard
deviation of the average total PreCipitation. ...........cceoeieiiriiiiinecee e 53

Figure 10: Evaluation with the LOOCYV approach of CaPA for the Control run (black) and for the
first guess (grey) for the frequency bias index FBI-1 with a black straight line indicating no
bias valid for the study domain: a) is for winter 2017, b) is winter 2018 and c) is winter 20109.
The letter q is the 6-hourly precipitation accumulation (mm). White areas mean that the
differences between CTRL and FG are statistically significant at the 95 % confidence level,
based on the bootstrap method; grey areas mean that the differences are not statistically
R [0 a1 07= T | SO SO SR 55

Figure 11: Case study of a precipitation event from 6 January 2019 at 1200 UTC to 7 January 2019
at 1200 UTC. Panel a) represents the precipitation accumulation (mm) with CaPA’s first guess
superimposed with the location of the synoptic manual stations used for the LOOCV
evaluation for that specific day. Panel b) is the same but with the location of the AdjDIyRS
stations used for the evaluation. Panel c) represents observations from the hourly adjusted
database that show the mean air temperature (°C) of the event. Panel d) represents
observations from the hourly adjusted database that show the maximum wind speed (m s*) of
the event plotted at the STAtIONS. ........ccvciiiieicce e 57

Vii


https://uqam-my.sharepoint.com/personal/fc791060_ens_uqam_ca/Documents/Maitrise/Revue_littérature/CatherineAubry_memoire_correction.docx#_Toc156685169
https://uqam-my.sharepoint.com/personal/fc791060_ens_uqam_ca/Documents/Maitrise/Revue_littérature/CatherineAubry_memoire_correction.docx#_Toc156685169
https://uqam-my.sharepoint.com/personal/fc791060_ens_uqam_ca/Documents/Maitrise/Revue_littérature/CatherineAubry_memoire_correction.docx#_Toc156685169
https://uqam-my.sharepoint.com/personal/fc791060_ens_uqam_ca/Documents/Maitrise/Revue_littérature/CatherineAubry_memoire_correction.docx#_Toc156685169
https://uqam-my.sharepoint.com/personal/fc791060_ens_uqam_ca/Documents/Maitrise/Revue_littérature/CatherineAubry_memoire_correction.docx#_Toc156685169
https://uqam-my.sharepoint.com/personal/fc791060_ens_uqam_ca/Documents/Maitrise/Revue_littérature/CatherineAubry_memoire_correction.docx#_Toc156685169
https://uqam-my.sharepoint.com/personal/fc791060_ens_uqam_ca/Documents/Maitrise/Revue_littérature/CatherineAubry_memoire_correction.docx#_Toc156685169
https://uqam-my.sharepoint.com/personal/fc791060_ens_uqam_ca/Documents/Maitrise/Revue_littérature/CatherineAubry_memoire_correction.docx#_Toc156685169

LISTE DES TABLEAUX

Table 1: Coefficients and wind thresholds for the exponential transfer function (Equations 1 and 2)
for different sites. Data are from Koltzow et al. (2020)........ccccovieierieriinienieneee e 38

Table 2: Experiments performed in CaPA for each winter (2017, 2018, and 2019) ..................... 42

Table 3: Absolute difference between universal transfer function (UTF) and more climate-specific
transfer function (MARTF, BLTF HAUKTF) scores for FBI and ETS for winter 2019. White
areas mean that the differences are statistically significant at the 95% confidence level, based
on the bootstrap method; grey areas mean that the differences are not statistically significant.
Numbers in bold represent differences that are statistically significant in favor of the more
climate-specific transfer FUNCHION. ..o i 46

viii



LISTE DES ABREVIATIONS, DES SIGLES ET DES ACRONYMES

RDPS - The Regional Deterministic Prediction System - Le Systéme régional de prévision
déterministe (SRPD)

HRDPS - The High Resolution Deterministic Prediction System (HRDPS) - Le Systeme a haute
résolution de prévision déterministe (SHRPD)

GEM - The Global Environmental Multiscale Model

CMC - Centre Météorologique Canadien

ECCC - Environnement et Changement Climatique Canada
SMC - Service Météorologique du Canada

CaPA - Canadian Precipitation Analysis system — Systéme Canadien d’Analyse de Précipitations
(Pas d’acronyme équivalent en francais)

ETS Equitable Threat Score — Indice de Menace Equitable (pas d’acronyme équivalent en frangais)

FBI-1 Frequency Bias Index minus one — Indice de Biais catégoriel moins un (pas d’acronyme
équivalent en francais)

POD - Probabilité de détection

FAR - False Alarm Ratio - Ratio de fausse alarme

MBAG - Manitoba Agriculture (pas d’acronyme équivalent en frangais)

GRCA - Grand River Conservation Authority (pas d’acronyme équivalent en frangais)
TRCA - Toronto River Conservation Authority (pas d’acronyme équivalent en frangais)
SHEF - Réseau coopératif américain

QPE - Quantitative Precipitation Estimate — Estimation Quantitative de Précipitations

NWP — Numerical Weather Prediction — Modele de prévision numérique du temps (PNT)



RESUME

Connaitre la distribution spatio-temporelle des précipitations en temps quasi réel est essentiel pour
diverses raisons, notamment les prévisions météorologiques et d'inondation, la surveillance de la
sécheresse, la gestion de l'irrigation, la prévention des incendies de forét et la production
d'’hydroélectricité. La gestion de ces activités peut étre optimale lorsque les estimations de
précipitations disponibles sont fiables. Le systéme Canadien d’Analyse de Précipitations (CaPA)
est un projet développé et coordonné par Environnement et Changement Climatique Canada
(ECCC). Ce systeme d'analyse vise a fournir une estimation des précipitations en temps quasi réel
a I'échelle de I'Amérique du Nord. En hiver, la qualité des analyses de CaPA est limitée parce que
de nombreuses observations automatiques de surface des précipitations solides ne sont pas
assimilées en raison de la sous-captation de la jauge causée par le vent pres de la surface.
L’efficacité de collecte varie considérablement pour différentes vitesses de vents, pouvant par
exemple diminuer son efficacité de collecte de prés de 75 % a des vitesses de vents de plus de 7 m
s, L'objectif de cette étude est d'évaluer la valeur ajoutée de l'ajustement des quantités de
précipitations en fonction de la vitesse du vent dans CaPA. Pour ce faire, une nouvelle base de
données horaires de précipitations provenant de stations automatiques a travers le Canada est
d'abord incluse dans CaPA avec des quantités de précipitations ajustées sur la base de plusieurs
types de fonctions de transfert. Dans l'ensemble, les résultats de cette étude suggerent que
I'ajustement des précipitations solides a I'aide d’une fonction de transfert qui dépend de I'intensité
des précipitations solides plut6t que de la température de I'air pres de la surface est plus susceptible

d'améliorer les estimations de précipitations de CaPA pendant la saison hivernale.



CHAPITRE | — INTRODUCTION

Les précipitations sont lI'une des variables les plus importantes en météorologie. Les mesures des
précipitations sont utilisées par un large éventail de professionnels, notamment les hydrologues,
les gestionnaires de bassins versants et les agriculteurs pour quantifier et distribuer I'eau disponible
afin de répondre aux besoins de la société. Elles sont essentielles pour assurer la sécurité publique
dans divers domaines tels que le contréle des avalanches et les opérations de dégivrage des avions,
mais elles sont également utiles pour améliorer les modéles climatiques et météorologiques
(Kochendorfer et al., 2017). La distribution spatio-temporelle des précipitations en temps quasi réel
est en outre importante pour la prévision des inondations, la surveillance de la sécheresse et
certaines applications telles que la gestion de l'irrigation et la production d'énergie hydroélectrique
(Barnett et al., 2005; Pomeroy et al., 2007). Ces activités sont mieux gérées lorsque les estimations
des précipitations disponibles sont fiables. Malgré une longue historique de surveillance, les
observations de précipitations souffrent encore de biais et d'erreurs notables (Kochendorfer, 2017).
Pour les régions eloignées, la couverture d’observations demeure d’ailleurs incompléte (Wang et

al., 2017).

En raison de sa vaste étendue, I'obtention d'une couverture d'observation exhaustive, englobant
I’intégralité Canada est une tache difficile. La faible densité de stations météorologiques dans le
pays constitue un obstacle important et, en hiver, les mesures prisent avec des pluviométres sont
sensibles aux effets du vent, ce qui réduit leur efficacité de capture (Sevruk et al., 1991; Goodison
et al., 1998). Un entretien régulier peut limiter ces problémes de mesure, mais le colt associé peut
étre élevé si les stations sont éloignées ou d'acces limité (Lespinas et al., 2015). Les radars

météorologiques peuvent également fournir des estimations spatiales et en temps quasi réel des
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précipitations. Cependant, il existe de nombreuses imprécisions documentées avec les radars, telles
que les effets de portée ou les échos du sol (Lespinas et al., 2015; Jameson et Kostinski 2002). La
couverture spatiale est par ailleurs limitée au sud du Canada. (Lespinas et al., 2015). Les données
satellitaires peuvent également étre utilisées pour obtenir une estimation des précipitations en
temps quasi réel. Encore dans ce cas, il y a des incertitudes pour la prédiction des quantités de
précipitations. Elles proviennent des limites des algorithmes satellitaires qui établissent un lien
entre les observations et les taux de précipitations de surface, ainsi que du sous-échantillonnage

spatial et temporel des données micro-ondes passives (Ebert et al., 2007 ; Lespinas et al., 2015).

1.1 Apercu de CaPA

Jusqu'au début des années 2000, aucune estimation quantitative des précipitations (QPE) en temps
quasi réel n'était disponible au Canada, car le pays est vaste et les réseaux de surveillance
météorologique de surface couvrent une zone limitée (Fortin et al., 2018). L'objectif global du
systeme Canadien d’Analyse de Précipitations (CaPA) est d'offrir un produit de précipitations en
temps quasi réel qui aurait de multiples applications comme ['initialisation des modéles
d'Environnement et Changement climatique Canada (ECCC), la vérification de leurs prévisions
météorologiques et le soutien des services climatiques (Fortin et al., 2018). CaPA est un projet
national coordonné par la Division de la recherche météorologique de ECCC. Le projet a été initié
en novembre 2003 et sa premiere version opérationnelle a été mise en place en avril 2011 au Centre
Météorologique Canadien (CMC) (Fortin et al., 2018 ; Mahfouf et al., 2007). Il produit des
accumulations de précipitations pour I'Amérique du Nord a fine résolution temporelle (6 heures et

24 heures) et spatiale (grille de 15 km et une grille de 2.5 km) (Khedhaouiria et al., 2020).
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Pour compenser la faible densité de stations météorologiques au Canada, CaPA combine les
observations de précipitations in situ et radar avec un champ d’essai obtenu par une prévision
météorologique numérique a court terme générée par le modéle GEM (Global Environmental
Multiscale) d’ECCC (Lespinas et al., 2015 ; C6té et al., 1998; Milbrandt et al., 2016). En outre,
dans les régions montagneuses, les stations météorologiques ne représentent pas avec précision les
effets orographiques sur les précipitations, en raison de leur position dans les vallées (Lespinas et
al., 2015). L'utilisation du modele GEM, qui prend en compte les informations topographiques,
permet de résoudre en partie ce probleme (Mailhot et al., 2006). Les observations assimilées dans
CaPA sont fournies par différents réseaux tels que les stations synoptiques manuelles et
automatiques (SYNOP), les bulletins météorologiques de routine pour l'aviation (METAR), deux
réseaux coopératifs : le Réseau Météorologique Coopératif du Québec (RMCQ) et le réseau
coopératif météorologique américain appelé Standard Hydrometeorological Exchange Format
(SHEF), le réseau géré par le British Columbia Wildfire Service (BCForest), celui géré par le
ministere des Ressources naturelles et des Foréts de I'Ontario (OMNR), et le Manitoba Agriculture

Network (MBAG) (Lespinas et al., 2015).

De nombreuses études utilisent CaPA comme source d'information sur les précipitations (Fortin et
al., 2018). Un tel produit de précipitations maillées était nécessaire pour le Canada. Les produits
CaPA sont utilisés dans les études hydrométéorologiques comme substitut pour comprendre les
événements passes (Brimelow et al., 2014; Brimelow et al., 2015; Milrad et al., 2013; Milrad et al.,
2015) ou pour évaluer la qualité des prévisions de précipitations et de débit (Cookson-Hills et al.,
2017; Milrad et al., 2017; Teufel et al., 2016). Dans les études de modélisation de la surface du sol
et de I'atmosphere, plusieurs études ont examiné les processus de surface de la saison chaude en

utilisant les analyses CaPA pour obtenir un forcage des précipitations pour leur modele de surface
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du sol (Alavi et al., 2016; Carrera et al., 2015; Garnaud et al., 2016; Garnaud et al., 2017; Husain
etal., 2016; Kornelsen et al., 2016; Xu et al., 2015). Certaines études de modélisation hydrologique
ont également utilisé CaPA, notamment en raison de la disponibilité des produits couvrant le
Canada et les Etats-Unis et de la facilité d'accés aux données (Deacu et al., 2012; Fry et al., 2014;
Haghnegahdar et al., 2014). CaPA est un projet de plus en plus utile pour la communauté
scientifique. Il est utile pour les applications de modélisation et utilisé comme proxy dans plusieurs
études (Fortin et al., 2018). Toutefois, certains défis restent a relever. Il existe des incertitudes pour
CaPA en ce qui concerne la mesure de la neige (Fortin et al., 2018). Les précipitations en hiver
posent un probléme en raison du niveau élevé d'incertitude de tous les types de mesures, y compris

les jauges a neige (Mahfouf et al., 2007; Rasmussen et al., 2012).

Une procédure de contrble de la qualité est incluse dans CaPA pour traiter et détecter les
observations de précipitations solides. Actuellement, les stations automatiques sont exclues lorsque
la température est en dessous de 0 °C et que la vitesse du vent dépasse 0,6 m/s a cause du probleme
de sous-captation par le vent (Feng et al., 2023). Pour les stations synoptiques manuelles, les
critéres d'exclusion sont une température inférieure & 0°C et une vitesse du vent supérieure a 3 m/s.
En conséquence, cette procédure de contrble de qualité entraine le rejet de nombreuses stations en

période hivernale.

1.2 Incertitudes pour les précipitations solides

Il est difficile de mesurer précisément la quantité de précipitations solides a 1’aide de capteurs
automatiques (e.g. Rasmussen et al. 2012). Dans des conditions froides et venteuses, les mesures

de neige comportent des incertitudes et des biais importants (Milewska et al., 2019 ; Pan et al.,
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2016 ; Kochendorfer et al., 2022). Les jauges de précipitations sous-estiment également la quantité
de précipitations solides, principalement en raison des effets du vent (Kochendorfer et al., 2022).
Seulement autour de 50% des précipitations sont mesurées lorsque le vent est d’environ 3-4 m/s
(Wolff et al., 2015). Les hydrométéores qui tombent plus lentement sont plus susceptibles d'étre
déviés par l'air qui circule autour et au-dessus de la jauge (Thériault et al. 2012). La gravité de la
déviation dépend de la hauteur de la jauge au-dessus de la surface, de la vitesse du vent a sa hauteur
et de son profil (Sevruk et al., 1991). Les jauges créent un courant ascendant turbulent en amont
qui empéche les flocons de neige de tomber dans I'orifice et d'étre mesurés (Sevruk et al., 1989).
Dans des conditions venteuses et froides, certaines erreurs de mesure des capteurs de précipitations

peuvent dépasser 100 % des précipitations mesurées (Kochendorfer et al., 2018).

L'un des facteurs a prendre en compte est également le changement dans le réseau d'observation de
surface au Canada. Le changement le plus important a été le passage de mesures manuelles a des
mesures automatisées. Cette transition a commencé au début des années 1990, mais s'est accéléree
au début des années 2000. Le changement d'une mesure manuelle des précipitations vers une
mesure automatisée peut éventuellement entrainer des économies, mais il impose des restrictions

et peut altérer la qualité des donnees (Mekis et al., 2018).

Pour atténuer l'influence des vents, des paravents comprenant un ou deux anneaux de lamelles
métalliques sont installés autour des jauges. Il a été constaté que le paravent sur les jauges avait la
plus grande importance dans la réduction du biais des précipitations. Les modéles congus par Alter
(1937) sont couramment utilisés et sont appelés paravent simple-Alter pour un seul anneau et
paravent double-Alter pour un double anneau (Kochendorfer et al., 2022). Les configurations

typiques de paravents utilisées sont sans paroi (UN), a simple paroi (SA), a double paroi (DA), a
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double paroi Belfort (BDA) et a double paroi de référence pour l'intercomparaison (DFIR), tel
qu'illustré dans l'article de Rasmussen et al. (2012). Une jauge a double paroi ne captera pas autant
de flocons de neige que si elle se trouvait a I'intérieur d'une grande cl6ture double de forme
octogonale, telle que la DFIR. La construction de grandes clotures doubles entraine un
encombrement important, un codt élevé et nécessite un entretien. La double paroi (DA) semble étre
un compromis méme si son installation entraine un codt important et que son utilisation avec
d'autres configurations de paravent complique I'hnomogénéité du réseau et des données (Smith,
2009). Le biais lié au vent varie considérablement en fonction de I'environnement et des
caractéristiques du paravent, s'il y en a un, et du capteur de précipitations. L'homogénéisation des
données n'est donc pas triviale. 1l est nécessaire de disposer d'une référence avec laquelle comparer
les données, car les types de jauges et les configurations des paravents sont affectés de maniére
différente par le vent. Le DFIR de I'Organisation météorologique mondiale (OMM) est la référence

connue pour évaluer ce biais (Smith, 2009).

Lors d'une des campagnes de mesures sur le terrain par le WMO Solid Precipitation
Intercomparison Experiment (SPICE) field measurement a Marshall, aux Etats-Unis, les séries
chronologiques d'accumulation hivernale ont permis de mettre en évidence lI'importance de ce
paravent contre le vent. La jauge de précipitations avec un paravent DFIR a accumulé jusqu'a deux
fois plus de précipitations qu'une jauge sans paravent pendant plusieurs mois d'hiver (Kochendorfer
et al., 2022). En ayant plus de protection, comme une double cléture ou une double paroi,
I'efficacité de collecte est augmentée (Smith. 2009). Les jauges de précipitations qui sont mal
protégées ont également tendance a manquer les événements de faible accumulation dans des
conditions venteuses. Il est recommandé de protéger la jauge pour réduire les effets de la sous-

capture induite par le vent. Cependant, malgré 1’installation d’un paravent, un biais dii au vent
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persiste dans les mesures de neige (Wolff et al., 2015). C'est pourquoi les fonctions de transfert

sont utilisées pour produire des données plus précises.

1.3 Les fonctions de transfert

Les fonctions de transfert ont d'abord été développées en fonction de la vitesse du vent et de la
température de l'air pour les mesures automatisées des précipitations (Wolff et al., 2015;
Kochendorfer et al., 2018). Elles servent a ajuster la sous-capture des mesures de précipitations
induites par le vent. Les fonctions de transfert sont dérivées de mesures de précipitations sur des
tests de terrain et décrivent I'efficacité de la collecte c’est-a-dire le rapport entre les précipitations
accumulées et les précipitations accumulées de référence pour une certaine période pour un
systeme de jauge et de paravent spécifique. Elles peuvent étre appliquées pendant une courte
période, de 30 a 60 minutes, alors que les mesures manuelles sont ajustées par observation pour

une période de 12 ou 24 heures (Kochendorfer et al., 2018).

Les fonctions de transfert peuvent étre utiles dans de nombreuses applications. La premiére est la
validation des modeles météorologiques. Des études récentes reconnaissent que la sous-capture des
précipitations solides est I'une des principales raisons pour lesquelles les précipitations solides
mesurees et modélisées sont différentes (Kochendorfer et al., 2022). L'étude de Kgltzow et al.
(2020) a conclu que l'application de fonctions de transfert pour ajuster la sous-capture des
précipitations solides induite par le vent fournit des informations utiles, réduit les erreurs de mesure
des précipitations en donnant des valeurs de précipitations plus réalistes, et diminue les biais
systématiques des prévisions. Une autre application concerne les biais de précipitations et
I'nydrologie régionale. La sous-capture induite par le vent est également responsable des écarts

entre les simulations des modeles et les observations hydrologiques. L'application d'une fonction
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de transfert a permis d'améliorer la concordance entre I'ensemble des données maillées et les

observations hydrologiques indépendantes (Kochendorfer et al., 2022).

Les performances des fonctions de transfert varient considérablement d'un site a l'autre,
principalement en raison des différentes caracteristiques du vent. En raison de la diversité des
conditions climatiques et des sites, chaque type de configuration capteur de précipitations-paravent
doit avoir sa propre fonction de transfert. Toutefois, lorsque le méme type de paravent est utilisé,
la méme fonction de transfert peut étre utilisée pour différents types de jauges de précipitation
(Kochendorfer et al., 2018). Kochendorfer et al. (2022) ont montré que les fonctions de transfert
étaient indépendantes du type de jauges, mais dépendaient de la configuration du paravent. Les
fonctions de transfert sont utiles, mais doivent étre appliquées avec prudence. La connaissance du
climat et de la météorologie locale est essentielle pour comprendre la sous-capture des
précipitations et pour attribuer la bonne fonction de transfert & un site d'observation (Kochendorfer

etal., 2022).

La variabilité de I'efficacité de capture peut s'expliquer par les différences de forme des cristaux de
glace, la vitesse moyenne de chute des hydrométéores et la taille des hydrométéores qui peuvent
varier de maniére significative d'un site a l'autre (e.g. Thériault et al., 2012). Une topographie
complexe peut également contribuer a la variabilité de I'efficacité de la collecte d'un site a l'autre.
Les régions montagneuses avec des terrains complexes peuvent étre sujet a des flux turbulents en
raison de la rugosité accrue de la surface (Nitu et al., 2019). Les hypotheses faites pour des
fonctions de transfert plus globales ne seront pas entierement applicables dans ces cas, car cela

affectera I'efficacité de capture de la jauge.
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Pierre et al. (2019) ont évalué des fonctions de transfert accessibles développées dans différents
régimes climatiques pour I'ajustement des mesures de précipitations solides sur un seul site (forét
Montmorency, Québec, Canada). L'étude a montré que les fonctions de transfert développées pour
cette forét spécifique affichaient des valeurs de biais et d'erreur plus faibles par rapport a d'autres
fonctions non spécifiques, montrant I'importance du climat et des conditions du site dans la
performance de la fonction de transfert. Cependant, I'identification de la fonction de transfert
optimale pour un site spécifique est incertaine et les erreurs dues a I'application de toute fonction

de transfert doivent étre traitées avec précaution.

Nitu et al. (2019) a examiné des fonctions de transfert universelles qui peuvent s'appliquer a
différents sites, en utilisant des données collectées a partir de huit emplacements distincts répartis
dans 16 pays. Les résultats ont indiqué que I'utilisation de la vitesse du vent et de la température de
I'air représentatives dans les fonctions de transfert réduit les biais. Cependant, leur performance a
été affectée négativement lorsqu'elles ont été appliquées a des sites avec un terrain complexe (Nitu
et al., 2019). Cette étude souligne également le potentiel des fonctions de transfert universelles
pour une configuration spécifique de jauges de précipitation, pouvant étre appliquée a des mesures

dans divers climats.

Parallelement, I'étude menée par Kochendorfer et al. (2018) a évalué un grand nombre de
combinaisons de jauges et de paravents en utilisant des fonctions de transfert nouvelles et
existantes. Pour la plupart des combinaisons, les fonctions déja existantes se sont avérées aussi
performantes que les nouvelles et plus spécifiques a l'instrument. L'utilisation de données
provenant de plusieurs sites pour créer une fonction de transfert est préférable a I'utilisation de

données provenant d'un ou deux sites seulement, en raison des biais liés aux sites. C'est pourquoi
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il est possible qu'une fonction de transfert générique développée avec plusieurs sites soit plus
universellement applicable a une jauge qu'une fonction de transfert spécifique a cette jauge

(Kochendorfer et al., 2018).

Méme si les fonctions de transfert sont efficaces, elles présentent certaines limites qui doivent étre
prises en compte. Le premier exemple concerne la poudrerie, source d'incertitudes dans les mesures
opérationnelles dans certaines régions. Pour des vitesses de vent supérieures 8 9 m s, les fonctions
de transfert peuvent entrainer des erreurs de mesure des précipitations tres importantes. En effet,
les conditions venteuses peuvent générer de la poudrerie qui peut étre mesurée comme des
précipitations tombantes par une jauge (Kochendorfer et al., 2022). Pour résoudre ce probleme,
une vitesse maximale du vent pour la fonction de transfert peut étre appliquée pour exclure la

poudrerie (Yang et Ohata, 2001 ; Yang et al., 2005 ; Kochendorfer et al., 2022).

La performance générale des fonctions de transfert dépend aussi d'autres facteurs qui doivent étre
pris en compte, comme les caractéristiques des cristaux de glace (Thériault et al., 2012) ou les
particularités aérodynamiques qui affectent les mesures représentatives de la vitesse du vent.
L’efficacité de collecte des cristaux de glace varient en fonction de leur forme, taille et de leur
vitesse de chute (Thériault et al. 2012; Leroux et al. 2021). Vu que le taux de précipitation est relié
a la distribution de taille, le taux de précipitation peut aussi étre utilisé pour ajuster les précipitations

solides (Colli et al. 2020).
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1.4 Les fonctions de transfert existantes

Plusieurs fonctions de transfert ont déja été présentées et documentées dans la littérature. Elles ont
été développées pour différents types de paravents et de conditions climatiques. Par exemple, les
fonctions de transfert décrites dans Kochendorfer et al. (2017) sont basées sur huit sites
d'observation : le Centre for Atmospheric Research Experiments (CARE), Ontario, Canada ;
Haukeliseter, Norvege ; Sodankyld, Finlande ; Caribou Creek, Saskatchewan, Canada ;
Weissfluhjoch, Suisse ; Formigal, Espagne ; Marshall, Colorado ; et Bratt's Lake, Saskatchewan,
Canada exploités pendant deux hivers (Pierre et al., 2019). Des jauges Geonor T-200B chauffées
et des jauges OTT Pluvio chauffées par orifice ont été utilisées avec et sans paravents pour
développer les fonctions. Une fonction de transfert dite universelle a été définie a partir de ces sites,
sigmoidale pour la température de I'air et exponentielle pour la vitesse du vent a la hauteur de la
jauge. Cette équation est un modele tridimensionnel qui varie avec la température, elle ne nécessite

donc pas de phase de précipitations (Smith et al., 2020).

Une autre approche, introduite par Colli et al. (2020), consiste a définir des fonctions de transfert
en utilisant I'intensité des précipitations solides comme paramétre d'entrée au lieu de la température
de l'air. Les jauges a neige ont tendance a recueillir sélectivement les particules les plus grosses,
avec des vents forts, en raison de la plus grande vitesse a laquelle elles tombent. Par conséquent,
ces particules peuvent traverser les lignes d'écoulement au-dessus des jauges de mesure et étre
collectées (Colli et al., 2020). Sur la base des résultats obtenus sur les sites d'observation de
Marshall (Colorado, Etats-Unis), CARE (Canada) et Haukeliseter (Norvége), I'étude conclut que
la sous-capture des jauges de précipitations solides causée par le vent est plus fortement corrélée a

I'intensité des précipitations solides qu'a la température de l'air.
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1.5 Obijectifs

Il est nécessaire d'ajuster les mesures de précipitations solides des stations de surface assimilées
dans CaPA pour compenser la sous-captation liée a la vitesse du vent. Comme montré par Feng et
al. (2023), I'assouplissement des criteres de contrble de qualité basés sur le vent pour assimiler
davantage d'observations de surface en hiver pourrait avoir un impact substantiel sur les biais
d'analyse dus a la réduction des précipitations, qui peuvent alors étre compensés par I'utilisation

d'une fonction de transfert.

L'objectif principal de 1’étude est d’évaluer I’amélioration de CaPA pour les précipitations solides
en utilisant les fonctions de transfert pour ajuster les quantités de précipitation horaires. Pour ce
faire, une nouvelle base de données horaire d’accumulation de précipitation (Smith et al., 2022)
sera évaluée. Puis, plusieurs fonctions de transferts seront testées telles que la fonction de transfert
universelle, des fonctions de transfert plus spécifiques au climat et une autre qui dépend du taux de
précipitations solides. Les différentes expériences seront évaluées et comparées entre elles de facon

systématique.

Ce mémoire est structuré comme suit. Le chapitre 2 regroupe, sous la forme d’un article
scientifique, la méthodologie, les données, la configuration de CaPA utilisee dans cette étude, un
résumé des résultats obtenus en incorporant les nouvelles données ajustées dans CaPA, une
discussion plus détaillée des résultats ainsi que la conclusion principale. Le mémoire se conclut au

chapitre 3, en offrant une conclusion plus exhaustive et compléte.
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CHAPITRE 2

IMPACTS DE L'UTILISATION DE QUANTITES AJUSTEES DE PRECIPITATIONS SOLIDES
DANS LE SYSTEME CANADIEN D'ANALYSE DES PRECIPITATIONS

Ce chapitre est présenté sous la forme d’un article scientifique rédigé en anglais prét a étre soumis
au Journal of Hydrometeorology. Il porte sur les impacts de I'utilisation de quantités de
précipitations solides ajustées pour la sous-capture de la vitesse du vent sur le systeme canadien
d'analyse des précipitations. Différentes fonctions de transfert seront utilisées pour I’ajustement,
dont une fonction universelle et des fonctions plus spécifiques au climat qui dépendent soit de la
température de 1’air ou de I’intensité des précipitations solides.
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ABSTRACT

The spatiotemporal distribution of precipitation in near real-time is critical for various purposes,
including weather and flood forecasting, monitoring drought, irrigation management, fire forest
prevention, and hydroelectric production. The management of those activities can be optimal when
precipitation estimates are reliable. The Canadian Precipitation Analysis (CaPA) is developed and
coordinated by Environment and Climate Change Canada (ECCC). This analysis system aims to
provide a near real-time North American-wide precipitation estimate. In winter, the quality of
CaPA’s analyses is limited because many automatic surface observations of solid precipitation are
not assimilated due to the gauge undercatch caused by near-surface wind. The collection efficiency
at specific wind speeds exhibits considerable variations. The objective of the study is to evaluate
the added value of adjusting precipitation amounts considering the wind-induced undercatch in
CaPA. A new database of hourly precipitation measurements from automatic stations across
Canada is included in CaPA as part of this study, with precipitation amounts adjusted based on
several types of transfer functions. Overall, results from this study suggest that increasing solid
precipitation using a specific type of transfer functions that depend on snowfall intensity rather
than near-surface air temperature is more likely to improve CaPA’s precipitation estimates during

the winter season.

25



2.1 Introduction

Precipitation is one of the most important variables in meteorology. It is essential for ensuring
public safety in various domains such as avalanche control and aircraft de-icing operations, but it
is also helpful to improve climate and weather models (Kochendorfer et al, 2017). The spatio-
temporal distribution of precipitation in near real-time is in addition important for flood forecasting,
drought monitoring, and some applications such as irrigation management and hydroelectric power
generation (Lespinas et al., 2015). These activities are best managed when available rainfall and
snowfall estimates are reliable. Despite a long history of monitoring, precipitation observations
still suffer notable biases and errors, and their coverage across territories remains incomplete

(Kochendorfer, 2017).

Up until the early 2000s, no near real-time nationwide quantitative precipitation estimate (QPE)
was available in Canada, because of its large area and because surface weather monitoring
networks cover only a limited portion of the country (Fortin et al, 2018). The Canadian
Precipitation Analysis system (CaPA) is coordinated by Environment and Climate Change Canada
(ECCC) and its objective is to offer near real-time gridded precipitation estimates. The project
initiated in November 2003 implemented its first operational version in April 2011 at the Canadian
Meteorological Centre (CMC) (Mahfouf et al, 2007; Fortin et al. 2018). CaPA produces
precipitation accumulations over North America for two temporal (6-h and 24-h) and spatial
resolution (15-km and 2.5-km grid spacing) in deterministic and ensemble modes (Lespinas et al.
2015, Khedhaouiria et al. 2020). To compensate for the low density of weather stations in Canada,
CaPA combines precipitation observations from both meteorological stations and weather radar

with a background field obtained from short-term numerical weather prediction (NWP) forecasts
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generated by ECCC’s Global Environmental Multiscale (GEM) model (C6té et al. 1998; Milbrandt

et al. 2016).

The interest in analysis systems such as CaPA is growing in the scientific community, even though
several challenges remain (Fortin et al., 2018). Some of these limitations are related to uncertainties
regarding snowfall measurement. In CaPA’s current configurations, quality control procedures
lead to the rejection of many surface stations observations in winter. During cold and windy
conditions, snow measurements are affected by include significant uncertainties and biases
(Milewska et al, 2019; Pan et al., 2016; Kochendorfer et al, 2022). Precipitation gauges
underestimate solid precipitation, primarily because of wind effects (Kochendorfer et al, 2022).
The gauge deflects the environmental air, producing an updraft upstream of the gauge that prevents
snowflakes from falling into the orifice and be measured (Sevruk et al., 1989). Hydrometeors that
are falling slower are more prone to deflection by the air flowing around and over the gauge
(Thériault et al. 2012). Under windy conditions, some precipitation gauge measurements errors can

exceed 100% of the measured precipitation (Kochendorfer et al, 2018).

To mitigate the influence of wind effects, shields comprising one or two concentric rings of metal
slats are often installed around the surface precipitation gauges. The shielding on the gauges has
an important impact on bias reduction for precipitation measurement. Shield models designed by
Alter (1937) are commonly used and named as single-Alter (SA) for a single ring and double-Alter
(DBA) for double ring (Kochendorfer et al, 2022). However, wind-related biases remain for
snowfall measurements even with this type of gauge shields (Wolff et al., 2015). For this reason,

transfer functions are used to adjust precipitation measurements.
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Transfer functions were first developed as a function of wind speed and air temperature for
automated precipitations measurements (Wolff et al, 2015; Kochendorfer et al, 2018). Their
formulation and calibration are derived from precipitation testbed measurements; they essentially
provide an estimate of the collection efficiency for a specific gauge-shield system, i.e., the ratio of
accumulated precipitation divided by the accumulated precipitation of a reference. Because the use
of transfer functions can result in large precipitation measurement errors for wind speed greater
than 9 ms™, a maximum wind speed threshold is set. Consequently, this helps to filter blowing
snow, which, if considered as precipitation by automatic gauges, could lead to an overestimation

of measured precipitation (Yang and Ohata, 2001; Yang et al, 2005; Kochendorfer et al, 2022).

Several transfer functions have already been presented and documented in the literature. They were
developed for different types of shields and climate conditions. For instance, catch efficiency
transfer functions described in Kochendorfer et al. (2017) are based on eight observational sites:
the Centre for Atmospheric Research Experiments (CARE), Ontario, Canada; Haukeliseter,
Norway; Sodankyld, Finland; Caribou Creek, Saskatchewan, Canada; Weissfluhjoch, Switzerland;
Formigal, Spain; Marshall, Colorado; and Bratt’s Lake, Saskatchewan, Canada (Pierre etal., 2019).
A so-called universal transfer function has been defined out of those sites, sigmoidal for air
temperature and exponential for wind speed at gauge height. These transfer functions depend
mainly on the wind speed and air temperature. Air temperature is used as a proxy for the phase of

the precipitation.

Even if transfer functions can adjust solid precipitation measurements, they are not always able to
account for the scatter in the data at given wind speeds. For example, Rasmussen et al. (2001)

showed that the collection efficiency can vary by more than 50% for a given wind speed. Thériault
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et al. (2012) showed that the type of solid precipitation, hence the fall speed and the distribution
size of precipitation, explains most of this scatter. Slower-falling particles tend to be deflected by
the updraft upstream of the gauge while faster-falling particles fall in the gauge. Colli et al. (2020)
proposed to use the snowfall intensity, linked to the distribution size, to adjust solid precipitation.
Gunn and Marshall (1958) showed that the slope of the size distribution decreases with increasing
snowfall intensity, leading to higher concentration of larger snowflakes. Hence, Colli et al. (2020)
showed that the undercatch of solid precipitation gauges caused by wind is more strongly correlated

with snowfall intensity than with air temperature.

There is a need to adjust surface stations solid precipitation measurements assimilated in CaPA to
compensate for the gauge undercatch due to wind speed. As shown in Feng et al. (2023), relaxing
wind-based quality control criteria to assimilate more surface observations in winter could have
substantial impact on analyses biases reducing precipitation estimates, which can then be
compensated with the use of a transfer function. The main objective of this study is to evaluate the
added value of using an hourly precipitation database adjusted with transfer functions for wind
speed undercatch into CaPA. Several transfer functions were then tested to see which one performs
best, including the universal transfer function, climate-specific transfer functions, and transfer

functions based on snowfall intensity.

This article is structured as follows. The methodology, data, and CaPA configuration used in this
study are outlined in the following section. Section 3 provides a summary of the results obtained
from incorporating the new adjusted data into CaPA, followed by a more detailed discussion of the

results in section 4. A summary together with the main conclusion are provided in section 5.
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2.2 Data and methodology

2.2.1 Domain of study and period

The analysis domain for this study covers Central Canada with a focus on the Canadian prairies
(Figure 1). The domain extends from the eastern part of British Columbia to the western part of
Ontario and form northern central United States to the southern portion of the Canadian territories.
The benefit of studying this region is that it contains different landscapes such as the prairies, the
Canadian shield, the Rocky Mountains, and the Boreal Forest (Evans, 2013). The analysis and
results provided in this study capture geographical and large-scale weather influences on
precipitation within the selected area. These outcomes related to CaPA's precipitation analysis

improvements have relevance to a wide range of applications.
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e Hourly automatic stations
* Adjusted Daily Rain and Snow (AdjDIyRS) stations

Figure 1: The domain of CaPA’s analyses is shown in grey, covering eastern British Columbia
(BC), Alberta (AB), Saskatchewan (SK), Manitoba (MB), and western Ontario (ON). The domain
extends from the north of United States to the south of the territories. The pink dots indicate the
location of ECCC’s hourly automatic weather stations, and the black stars indicate the location of
the Adjusted Daily Rainfall and Snowfall (AdjDIlyRS) manual stations.

The study focuses on three winter seasons, i.e., 2016-2017, 2017-2018 and 2018-2019. These years
were selected because a quality-controlled version of the hourly adjusted dataset used in this study
is not available after 2019. Also, a new version of CaPA, along with an upgrade to the NWP system
used to provide CaPA’s first guess, was operationally implemented in November 2016. To ensure
consistency throughout the study, it was determined that a period during which the same version
of CaPA would be utilized. Each winter season begins on December 1st and ends on March 31st.

For simplicity, the three winter seasons are referred to as 2017, 2018 and 2019.

2.2.2 CaPA’s configuration

The CaPA precipitation analysis system has been developed in the last two decades at ECCC (see

Mahfouf et al. 2007 for the first version). In CaPA, observations from surface stations, ground-
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based weather radars, and space-based products are combined with background information from
short-range forecasts produced by ECCC’s GEM model (Coté et al. 1998; Milbrandt et al. 2016).
It should be noted that the GEM model and the atmospheric assimilation system were not run for
this study, with the analyses relying on data from de-archived operational databases. The
precipitation analyses are produced with a two-dimensional optimal statistical interpolation,
namely a simple kriging of innovations (also called simple residual kriging), as described in Fortin
et al. (2015) and Lespinas et al. (2015). The error parameters associated with the first guess and
observations are obtained from a variographic approach. Comprehensive quality control is used for
all observation types ingested in CaPA (see Fortin et al. 2015 and Lespinas et al. 2015). In addition
to quantitative precipitation estimates, CaPA also provides a confidence index, which informs on

the contribution of the observations, in addition to what is already available from the first guess.

First implemented in November 2016, as explained in Fortin et al. (2018)’s review, several
configurations of CaPA’s are now operated at ECCC. Two of these configurations are based on
deterministic versions of CaPA, for the regional and high-resolution prediction analyses produced
on 10-km north American and 2.5-km pan Canadian domains (see Fortin et al. 2018). An ensemble
version of the high-resolution (2.5-km) analyses has also been implemented, as described in
Khedhaouiria et al. (2020). In this study, the high-resolution 2.5-km deterministic CaPA
configuration is used, except that the geographical domain of the analysis is smaller (Figure 1) and
that weather radars are not assimilated, to solely evaluate the direct influence of transfer functions.
Satellite products such as Integrated Multi-satellitE Retrievals (IMERG) for Global Precipitation

Measurement mission (GPM) are not assimilated yet in CaPA’s 2.5-km configurations.
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Several networks of precipitation gauges are assimilated by CaPA before adding the new adjusted
dataset. They include manual and automatic synoptic stations (SYNOP), automatic stations from
ECCC, the legacy stations network from the Meteorological Service of Canada (MSC), the aviation
routine weather reports (METAR), the US meteorological cooperative network [Standard
Hydrometeorological Exchange Format (SHEF)], a network managed by the British Columbia
Wildfire Service (BCForest), a network managed by the Ontario Ministry of Natural Resources

and Forestry (OMNR), and the Manitoba Agriculture Network (MBAG).

2.2.3 The hourly adjusted dataset

The data used in this project are provided by ECCC and are publicly available (Smith et al., 2022).
It is composed of hourly unadjusted and adjusted precipitation amounts, wind speed measured at
10-m or at gauge height, and 2-m air temperature from a set of 397 automated surface stations.
Precipitation observations are adjusted using the universal transfer function to consider the bias
related to the wind undercatch. The initial observing date is different for each station and depends
on when automated precipitation gauges were installed. Measurements from some of these sensors
start in 2001, but for most the data starts in 2004 or later. Quality control procedures were applied
to the dataset. These include a range check against fixed thresholds for precipitation, removal of
negative values, filtering of low noise thresholds, manual screening of outliers with climatologist
guidance, and additional quality control measures for temperature and wind speed data to identify

outliers and missing values (Smith et al., 2022).

Of the 397 stations included in the dataset, 150 stations are within the domain shown in Figure 1.
Because much of this study’s focus is related to reducing wind bias undercatch, near-surface wind

speed measurements are of great importance. In the dataset, some stations report a 2-m wind speed
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that is obtained by averaging four archived measurements each representing 15-minutes mean
during the reporting hour (Smith et al., 2022). In contrast, specific stations provide a 10-m wind
speed that is measured near the end of the hour without being averaged over the entire hour (Smith
et al, 2022). Since wind speed thus appears to be better represented at 2-m for this dataset, it was
decided to remove stations that only reported wind speed at 10-m height. With this criterion, the

total number of observing stations within the analysis domain is 138, as shown in Figure 1.

Several adjustments are performed on the hourly precipitation observations prior to their
assimilation into CaPA. These observations are first temporally aggregated to 6 h since CaPA only
produces analyses at that temporal scale (or at the daily scale, which is not examined in this study).
The adjustment based on the transfer functions (described below in this section) is performed at
the hourly time scale prior to the temporal aggregation, with the appropriate observations for 2-m
wind speed and air temperature. Also, surface stations from CaPA’s traditional datasets that are
located too close to stations from the hourly dataset are removed from the assimilation. The
assumption is that observations from the new dataset are more accurate, especially when

adjustment with transfer functions is performed.

2.2.4 The Adjusted Daily Rainfall and Snowfall (AdjDIyRS) dataset

The AdjDIyRS dataset is presented in Mekis & Vincent (2011) and Wang et al. (2017). These data
are used in this study to objectively assess the quality of CaPA’s precipitation analyses, i.e., they
are not assimilated in CaPA. They include stations with manual observations for daily rainfall and
snowfall with sufficient metadata to perform the adjustment in Canada. All observations are made
by human observers once a day. To generate the AdjDIyRS dataset, four major adjustments are

implemented. These adjustments involve converting snowfall ruler measurements to their water
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equivalent using the snow-water equivalent (SWE) ratio map by Mekis and Brown (2010),
correcting for gauge undercatch and wind-induced evaporation (Mekis et Hogg, 1999; Devine et
Mekis, 2008; Mekis et Vincent, 2011), assigning a small precipitation amount to each trace event
(Mekis et Vincent, 2011), and adjusting daily precipitation data for other reported flags
(Hutchinson et al., 2009). The validity time is taken as 1200 UTC each day. The location of the

AdjDIyRS stations is shown in Figure 1.

2.2.5 The transfer functions

Multiple transfer functions were used in this study. First, the universal transfer function (UTF)

from Kochendorfer et al. (2017) was applied:

CE = e—a(U)(l—tan_l(b(Tair))+c) (1)
in which CE is the gauge catch efficiency (or collection efficiency), U is the wind speed (m s2),
Tair is the air temperature (°C), while a, b and ¢ are empirical coefficients that depend on the specific

type of gauge, shield type, and observation site.

Second, other transfer functions, more climate-specific, are also examined in this study. They are
shown in Figure 2 and the values are given in Table 1. The selection is based on four criteria,
namely whether these functions and their coefficients are published, the location of the site for
which they were developed, the type of climate at these sites, and the amplitude of the collection
efficiency. Transfer functions were selected from the list provided in Koltzow et al (2020), which
depend on air temperature and are from different study sites with published coefficients. Some of

these sites are in Canada, but very few are actually in the study area shown in Figure 1 which,
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according to Pierre et al. (2019) has mostly a boreal climate with a small arid zone. The transfer

functions evaluated in this study are:

Bratt's Lake transfer function because it is in the study area. The Bratt's Lake observatory
is positioned roughly 30 km southwest of Regina, Saskatchewan (Canada), in an area of
open prairie with minimal topography, resulting in elevated exposure and correspondingly
high wind speeds (Smith et al., 2019).

Marshall site transfer function, because it is close to the study area, at the edge of the boreal
zone, with an arid climate. The field site is situated on the eastern slopes of the Colorado
Front Range, just outside Boulder, Colorado (US) and its elevation is approximately 1740
m above sea level. The site is mostly flat, and the absence of trees, large buildings, or other
obstructions allows for unimpeded wind flow around the gauges (Kochendorfer et al, 2017).
Haukeliseter transfer function, based on a site in Norway, because it has a collection
efficiency much smaller than what is produced with the universal transfer function (see
Figure 2). This large difference in collection efficiency will allow to see if the difference
in the adjustment would have a significant effect in CaPA. The site is located at 59.812° N,
7.214° E, on a plateau at an altitude of 991 meters in the alpine region of southwestern

Norway and has a boreal climate, like the domain of study (Kochendorfer et al, 2017).
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Figure 2: Catch efficiency for a single-alter as a function of wind speed for three different air
temperatures (Tair) and snowfall intensity (SI) for different sites: Marshall (red), Marshall Sl
(green), Haukeliseter (blue), Haukeliseter SI (pink), Batt’s Lake (grey) and Universal (black). Panel
a): Tair = 0°C and Sl = 1.6 mm/h. Panel b): Tair = -5°C and SI = 1 mm/h. Panel ¢): Tair = -10°C
and SI = 0.4 mm/h. A wind threshold is applied for every transfer function (see Table 1).

Third, a transfer function based on snowfall intensity rather than air temperature is evaluated in
this study. This formulation is introduced in Colli et al. (2020) for three different specific sites:

Marshall, CARE and Haukeliseter:

CE = e—a(U)(l—tan_l(b(SI))+c) )
where a, b, and c is a new set of numerical best-fit coefficients and Sl is the snowfall intensity. In
this study, the hourly precipitation rate from the Smith et al. (2022) database, is therefore use as a

proxy for snowfall intensity. As the Marshall and Haukeliseter sites have already been chosen as
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climate specific transfer functions in CaPA, it is relevant to test these same two sites also in CaPA

to compare these two different types of functions as well.

Each of these transfer functions are only applied to measurements from gauges with a single Alter.
It should be mentioned that in the new hourly database some of the stations changed from single
Alter to Double Alter shield between 2016 and 2019. This was the case for 14 stations: 6 of which
changed during the second winter (2018) and 8 during the third winter (2019). When precipitation

is measured with a gauge using a double Alter-shield, precipitation is not adjusted.

The hourly precipitation data are adjusted for temperatures less than and equal to 5°C, as in Smith
et al. (2022). Wind thresholds are also applied because precipitation measurements are small or
non-existent at high mean wind speeds and transfer functions are inaccurate. The threshold depends

on the transfer function and are given in Table 1, along with the function transfer coefficients.

Table 1: Coefficients and wind thresholds for the exponential transfer function (Equations 1 and 2)
for different sites. Data are from Koltzow et al. (2020)

Sites a b C Wind threshold

9.0 m st at 10-m wind speed and

Universal 0.0281 1.628 0.837 7.2 m s at 2-m wind speed
Bratt’s Lake 0.03548 1.955 0.8036 7.0 m st at 10-m wind speed
Marshall 0.04009 0.5159 0.2679 6.0 m s1at 10-m wind speed
Haukeliseter 0.05068 0.9753 0.3435 12.0 m st at 10-m wind speed
Marshall si 0.4156 8.7795 -0.7062 6.0 m st at 10-m wind speed
Haukeliseter si 12.5937 338.0402 -0.5737 12.0 m st at 10-m wind speed
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2.2.6 Objective evaluation

Two methods are used to objectively evaluate the CaPA analyses. The first is based on the leave-
one-out cross validation (LOOCV) approach. This method is typically used to evaluate
modifications proposed for operational implementation at ECCC (e.g., Fortin et al. 2018).
Generally, when evaluating an analysis, a common protocol is to select a set of independent
observations that were not used in the production of the gridded analyses and use them to compute
verification metrics. However, due to the low density of the weather station network in Canada, it
is not easy to select such independent stations. An alternative method is to select the most reliable
weather stations that were assimilated into CaPA, eliminate them individually from the observation
dataset, and estimate the analysis value at their respective locations based on the closest
observations (see Lespinas et al, 2015). The resulting observations and LOOCYV analyses values
can then be used to compute the verification metrics (Lespinas et al, 2015). In this study, manual
synoptic observations assimilated in CaPA are selected for the LOOCV objective evaluation. These
observations are subject to CaPA’s quality control and are rejected for meteorological situations
with strong near-surface winds and cold conditions (i.e., with wind speed greater then 3 m s and
air temperature below 0°C). The quality of CaPA’s precipitation analyses might then be incorrectly

estimated for strong wind events.

As a complement, the AdjDIyRS is used as another independent dataset for CaPA’s evaluation.
The objective evaluation done for daily precipitation is based on a direct comparison of CaPA’s
aggregation of 6-hourly analyses against observations from the AdjDIyRS dataset, taken as valid
at 1200 UTC each day. The LOOCYV approach is not needed in that case because observations from

AdjDIyRS are not assimilated in CaPA.
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Stationary block bootstrapping is employed to evaluate the uncertainty of the differences between
the evaluation metrics for two specific experiments. The fundamental concept behind block
bootstrapping is to preserve data structure by resampling contiguous blocks of observations rather
than individual ones. This approach aims to replicate data correlation by resampling within data
blocks, proving effective for model evaluation and validation in domains characterized by temporal
or spatial correlation in the data. This statistical significance test uses confidence intervals for each
precipitation threshold and is based on spatial and temporal correlations as well as the spatial
density of stations (see section 3a in Lespinas et al. 2015). In the following figures, the white area
indicates that the differences between the experiments are statistically significant at the 95 %
confidence level based on the bootstrap method. The grey area is for differences that are not

considered as statistically significant.

The four-evaluation metrics analyzed in this study are the frequency bias index (FBI), the equitable
threat score (ETS), the false alarm ratio (FAR), and the probability of detection (POD). These
metrics are obtained from observation and forecast/analysis values, spatially aggregated across all
stations and temporally across all dates for selected thresholds of observed precipitation. This
approach is giving an assessment of CaPA’s performance over the entire range of precipitation
(Lespinas et al., 2015). The scores are determined by categorizing events as hits, false alarms, and
misses. A hit occurs when CaPA accurately predicts the observation, while a miss happens when
CaPA fails to capture an observed event. In contrast, a false alarm occurs when CaPA predicts an

event that did not occurred.

The FBI is a measure of the bias. It calculates the frequency of forecast events over the frequency

of observed events.

FBI =

hits + false alarm (3)
hits + miss
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In this study, “FBI-1” is examined so that values are either positive (overestimation Of
precipitation) or negative (underestimation of precipitation). When the frequencies of observations

and forecast are identical, the value equals O (perfect situation).

The ETS provides a measure of the analyses’ accuracy.

ETS = hits — random success (4)

hits + miss +false alarms — random success

Where random success is:

(hits + miss) - (hits + false alarm) (5)
N

random success =

with N representing the total number of events. The range varies from _?1 to 1, where 1 means a

perfect forecast (Lespinas et al., 2015). Values under 0 indicates no skill.

The POD show the hit rate. It expresses the fraction of correct event forecasts with respect to the
total number of events observed. POD varies from 0 to 1, with 0 being for no detection and 1 being

for perfect detection.

POD = —E (6)

hits + miss

The FAR provides a measure of the number of false alarms with respect to the total of event

forecasts.

FAR = false alarm (7)

hits +false alarms

It ranges from 0 at 1, with O being for the perfect situation (i.e., no false alarms).
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2.2.7 Experiments setup

All the CaPA assimilation cycles examined in this study start on 1 November and end on 31 March
for each of the three winter seasons evaluated. The objective evaluation, starting from December
1st each year, involves discarding the first cycle month to facilitate CaPA in establishing accurate

error statistics through the variographic approach.

Two types of experiments were performed: a control experiment, which takes into consideration
only the observation stations already present in CaPA, and experiments with new hourly stations
adjusted based on different transfer functions. By comparing evaluation metrics for the control
versus the various experiments, the effect of adding new observations (either adjusted or non-

adjusted) to CaPA is determined. Table 2 summarizes the experiments conducted in the project.

Table 2: Experiments performed in CaPA for each winter (2017, 2018, and 2019)

Name of the experiment Experiment
Control Stations already presentin CaPA
Hourly_Unadj Stations already presentin CaPA + Hourly data unadjusted

Stations already present in CaPA + Hourly data adjusted with the universal

Hourly_Adj_UTF transfer function

. Stations already present in CaPA + Hourly data adjusted with the Bratt’s
Hourly_Adj_BLTF Lake transfer function

Stations already present in CaPA + Hourly data adjusted with the Marshall

Hourly_Adj_MarTF transfer function

. Stations already presentin CaPA + Hourly data adjusted with the
Hourly_Adj_HaukTF Haukeliseter transfer function

. . Stations already presentin CaPA + Hourly data adjusted with the Marshall
Hourly_Adj_MarTFsi transfer function depending on the snowfall intensity

. . Stations already present in CaPA + Hourly data adjusted with the
Hourly_Adj_HaukTFsi Haukeliseter transfer function depending on the snowfall intensity
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2.3 Evaluations of the different transfer functions

Results from experiments using different transfer functions revealed that adjusting precipitation
accumulations for wind-related undercatch effects did not have substantial impact on CaPA’s
precipitation analyses for the first two winter seasons considered in this study, i.e., 2017 and 2018.
This interannual variability is discussed in detail later in this article, along with reasons that could
explain these results. Therefore, emphasis is on results from the most recent winter season (i.e.,

2019).

This section is organized as follows, with evaluation for i) the impact of adding the new hourly
surface observations into CaPA with adjustment from UTF, ii) the impact from climate-specific
transfer functions and iii) from adjustment based on snowfall intensity, and finally iv) the impact

of adjustment by evaluating CaPA’s analyses with the AdjDIyRS dataset.

2.3.1 Impact of hourly data adjusted with UTF

The first two experiments evaluated in this section are CaPA’s cycles in which the Smith et al.
(2022) database is added, without adjustment and with adjustment from UTF. These results are

presented in Figures 3 and 4, for winter 2019.

As shown in Figure 3 in which the objective evaluation is performed for two CaPA assimilation
cycles with the new hourly dataset, the UTF adjustment can only increase the amount of
precipitation. The FBI-1 metric is thus slightly increased, especially for larger precipitation
thresholds. This increase can be considered as an improvement for that specific year since the
number of events is underestimated for all the thresholds. When the number of events is increased,

the detection (as shown by POD) increases, which is an improvement, but the false detection (FAR)
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increases, which is a deterioration. The overall impact on accuracy is an increase in ETS for larger
thresholds, indicating that the adjustment with UTF improves the quality of the precipitation

analyses for that specific winter season.
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Figure 3: Objective evaluation metrics for CaPA’s analyses with the assimilation of unadjusted
data (blue lines) and of data adjusted with UTF (orange lines). The evaluation is performed for
winter 2019, from 1 December 2018 to 31 March 2019, and is valid over the entire study area
shown in Figure 1: a) is for FBI-1 with a black line indicating no bias, b) is for ETS, c) is for POD,
and d) is for FAR. The letter g provides the 6-hourly precipitation thresholds used for the evaluation
(mm). White areas indicate that the differences between the two experiments are statistically
significant at the 95 % confidence level, based on the bootstrap method; grey areas indicates that
the differences are not statistically significant.

Comparison of Hourly adj_UTF against the control run reveal that the UTF adjustment is not
sufficient to compensate for the decrease of precipitation associated with the inclusion of
observations from the hourly dataset (Figure 4). When compared with the control run, FBI-1 values
are slightly lower than what is obtained with Control, suggesting a deterioration of the simulated

precipitation amounts. These differences are statistically significant for the 0.2 mm and 0.5 mm
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thresholds. The detection is also slightly decreased, suggested by a lower POD, while FAR remains
unchanged. The overall effect on the accuracy of the analysis is a minor reduction of the ETS for
the majority of precipitation thresholds, with the difference being statistically significant for the

0.2 mm threshold.
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Figure 4: Same as Figure 3 but for the hourly adjusted data with the universal transfer function
(orange) and the control run (black).

2.3.2 Impact of hourly data adjusted with climate-specific transfer functions

A comparison between the FBI and ETS scores of the UTF and the more climate specific transfer
functions (at Marshall, Bratt's Lake, and Haukeliseter sites) was conducted. As all transfer
functions led to highly comparable results, Table 3 displays the differences between the scores of
the UTF and of the climate-specific transfer functions. Across all experiments, the differences in

scores are in the range of two to three decimal. The most significant differences are seen between
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the UTF and the specific transfer function developed at Haukeliseter (HAUKTF), particularly for
the FBI and higher precipitation thresholds. These small discrepancies reveal that the quality of the
analyses is not significantly influenced by the choice of transfer functions, whether it is the

universal or climate-specific one.

Table 3: Absolute difference between universal transfer function (UTF) and more climate-specific
transfer function (MARTF, BLTF HAUKTF) scores for FBI and ETS for winter 2019. White areas
mean that the differences are statistically significant at the 95% confidence level, based on the
bootstrap method; grey areas mean that the differences are not statistically significant. Numbers
in bold represent differences that are statistically significant in favor of the more climate-specific
transfer function.

Thresholds
Differences with
UTF SCORES 0.2 0.5 1.0 2.0 5.0
UTF - MARTF FBI 0.000 0.000 0.002 0.000 0.048
UTF - BLTF FBI 0.002 0.005 0.002 0.007 0.024
UTF - HAUKTF FBI 0.007 0.012 0.009 0.021 0.024
UTF - MARTF ETS 0.003 0.002 0.001 0.004 0.012
UTF - BLTF ETS 0.002 0.000 0.002 0.002 0.006
UTF - HAUKTF ETS 0.002 0.002 0.002 0.002 0.006

2.3.3 Impact of hourly data with adjustment depending on snowfall intensity

Another approach, based on snow intensity rather than air temperature, is used here to adjust the
precipitation observations assimilated in CaPA. Since the Marshall and Haukeliseter sites have
been chosen as climate-specific transfer functions in CaPA, conducting tests on these exact sites
would offer valuable insights. Additionally, only three transfer functions using the snowfall
intensity are available in the scientific literature, and among them, these two functions have been

tested at the same sites. As a result, Marshall and Haukeliseter transfer functions were tested.
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Using precipitation intensity in the transfer function rather than air temperature, the impact of the

adjustment is found to be more substantial. As an example, the impact of using snow intensity

instead of air temperature in the TF is shown in Figures 5 and 6 for TF for the Marshall site. With

the snow intensity TF for Marshall (Figure 5), FBI as well as POD are substantially increased,

which improve the precipitation amount simulated for all precipitation thresholds. The false alarms

(FAR) are also increased, which deteriorated the precipitation amount simulated. The overall

impact on accuracy is a slight improvement for ETS for larger precipitation threshold, although

these differences are not statistically significant.
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Figure 5: Same as Figure 3 but for the hourly adjusted data with the Marshall transfer function
depending on the air temperature (red) and the hourly adjusted data with the Marshall transfer
function depending on the snowfall intensity (brown).
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In Figure 6, comparison of Hourly_adj_MarTFsi with the Control run indicates that results from
Hourly_adj_MarTFsi are closer to Control than what was previously described for UTF (i.e., in
Figure 4). In Figure 6, the FBI-1 and POD are quite similar. The main difference is for false alarms
(FAR), which are increased with Hourly_adj MarTFsi compared with Control. The accuracy
(ETS) is slightly decreased for the lower thresholds (0.2 mm and 0.5 mm). In contrast to Figure 3

for UTF, ETS is similar to Control for larger precipitation thresholds.
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Figure 6: Same as Figure 3 but for the hourly adjusted data with the Marshall transfer function
depending on snowfall intensity (brown) and the control run (black).

Another climate specific transfer function that depends on snowfall intensity has been developed
in Haukeliseter, Norway. Nevertheless, when compared to either the transfer function based on air
temperature developed at Haukeliseter or the control run, the results (not shown) are essentially
identical to those obtained from previous experiments using the transfer functions developed at

Marshall.
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2.3.4 Evaluation against AdjDIyRS

The impact of adding the hourly adjusted data is also determined with an objective evaluation
versus daily precipitation observations from the AdjDIyRS dataset. The purpose of this second
evaluation is to complement the findings from the LOOCV approach with evaluation versus a
different type of reference dataset. This evaluation is exclusively conducted using the MarTFsi and

HaukTFsi transfer functions, as they have shown the best results (sections 1.3.1-1.3.3).

The evaluation results against AdjDIyRS for Hourly _adj_MarTFsi are shown in Figure 7. When
compared with the Control experiment, the FBI is relatively unchanged, although the differences
are larger and more in favor of the Hourly_adj_MarTFsi experiment compared to the LOOCV
(Figure 6). For the evaluation versus AdjDIyRS, the FBI-1 is slightly decreased for lower
precipitation thresholds and slightly increased for larger thresholds, indicating that the precipitation
area is generally smaller with MarTFsi but analyzed amounts are greater. This effect is seen in the
POD, with an increase for precipitation thresholds between 2 and 6 mm. Combined with a
substantial decrease in FAR for all thresholds below 6 mm, this leads to a substantial enhancement

of the ETS for all precipitation thresholds below 6 mm.

49



©  Hourly_adj_MarTFsi © Hourly_adj_MarTFsi
== Control 8- Control

FBF1(PR 2 q)
L
N o
ETS(PR 2 q)

-0.6 01
100 15.0 10.0 15.0

10 20 30 40 6.0 02 10 20 3.0 40 6.0
Threshold (g) [mm] Threshold (gq) [mm]
c) d)

07
© Hourly_adj_MarTFsi ©- Hourly_adj_MarTFsi
-B8- Control —8- Control

zq)
L
FAR(PR = q)

POD ( PR

02 0.2

10 o SVO o C.Ib ld o I‘JIO 10 20 30 40 6
Threshold (q) [mm] Threshold (q) [mm]

Figure 7: Objective evaluation metrics for CaPA’s analyses for the Control experiment (black lines)
and with the assimilation of observations adjusted with MarTFsi (brown lines). The evaluation is
performed against the AdjDIyRS dataset for winter 2019, from 1 December 2018 to 31 March
2019, and is valid over the entire study area shown in Figure 1: a) is for FBI-1 with a black line
indicating no bias, b) is for ETS, c) is for POD, and d) is for FAR. The letter q provides the daily
precipitation thresholds used for the evaluation (mm). Because the evaluation is for daily
accumulations, the thresholds are different from previous figures. White areas indicate that the
differences between the two experiments are statistically significant at the 95 % confidence level,
based on the bootstrap method; grey areas indicate that the differences are not statistically
significant.

A similar evaluation, but for HaukTFsi, is presented in Figure 8. The results are qualitatively
similar to MarTFsi (Figure 7), but with a greater improvement of CaPA. With HaukTFsi, the FBI
for precipitation thresholds greater than 2 mm are substantially larger (and better) than for the
Control experiment. Similarly for POD, which is larger than both the Control and MarTFsi (Figure
7). The FAR is slightly increased compared with Figure 7, but it remains lower, which suggest an
improvement compared to Control for precipitation thresholds lower than 4 mm. CaPA is mainly

improved when conducting the evaluation with the AdjDIyRS database because of the large

increase of ETS, for all thresholds except 10 mm, which is neutral.

50



a) . e b)
© Hourly_adj_HaukTFsi © Hourly_adj_HaukTFsi
8- Control 8- Control
0.2 + 05
o B\ o
AN oo A 04
=3
= o &
: -0.2 4 O o o o o - °
@ ]
—0.4 A 02 4
-06 T T T T T T T T o1 T T T T T T T T
02 10 20 30 40 60 100 150 0z 10 20 30 40 60 100 150
Threshold (g) [mm] Threshold (q) [mm]
C) os 07 d)
©  Hourly_adj_HaukTFsi © Hourly_adj_HaukTFsi
o Control o Control
0.7 4 06 4
o 06 4 ;
Al AN O '
& os o
3 = 1
O o4 <<
a. e
o
03 4
03 A °
L=}
o
02 02

10.0 15.0 02 10 20 30 40 60 100 150

Threshold (q) [mm]

02 10 20 30 40 60
Threshold (gq) [mm]

Figure 8: Same as Figure 7 but for Hourly_adj HaukTFsi.

2.4 Discussion

Several aspects of the results are further examined below. These issues are related to the sensitivity
(or lack thereof) of the quality of CaPA’s precipitation analyses to the various TFs tested in this
study, to the interannual variability of the results, to the more substantial impact of TFs using snow
intensity rather than air temperature in their formulation, and to the role of verification dataset and

approach.

2.4.1 Sensitivity of CaPA’s results to various TFs based on air temperature

The results presented in the sections 1.3.1 and 1.3.2 indicate that the adjustment with UTF has a
positive impact on the quality of the precipitation analyses when compared with a version of CaPA
in which unadjusted observations are assimilated. This adjustment is, however, not sufficient to

compensate for the impact of assimilating observations from the hourly dataset into CaPA, which
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generally decrease precipitation amounts (see Feng et al. 2023). The LOOCYV evaluation indicates
that even with adjustment from various transfer functions based on near-surface air temperature,
the inclusion of the hourly dataset does not seem to improve the analyses compared with the
Control experiment. All four metrics examined (FBI, ETS, POD, and FAR) indicate better

performance for Control.

Another key outcome is the lack of sensitivity of the results to the various transfer functions based
on near-surface air temperature tested in this study, such as those developed for sites at Bratt's
Lake, Marshall, and Haukeliseter. When examining the differences between the FBI and ETS
metrics for CaPA’s analyses including these transfer functions, there does not seem to be
substantial impact with any of them during the three winter seasons examined. Only the results
from the winter 2019 has been shown on figures. In this study, the universal transfer function,
which only considers wind speed and air temperature, has almost no impact on the CaPA
precipitation estimates. This conclusion is different from what was found in Feng et al. (2023), in
which the UTF was shown to have a positive impact when evaluated over the same region as in the
present study, with the same CaPA configuration. It should be mentioned the impact in their study
was found to be nearly neutral for winter 2019, in contrast with the following years (2020 to 2022)
for which the effect of the UTF was notably positive. A potential explanation for this inconsistency
might be that the winters examined in Feng et al.'s (2023) study are more recent and involve
adjusting observations from stations already included into CaPA. In contrast, the approach in the
present study relies on a new data source. Differences in the quantity and location of observations

could account for these variations.
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2.4.2 Interannual variability

Comparing the adjustments over an extended time period and contrasting them with unadjusted
data provides valuable insights into their impact. As mentioned above in the results section, the
impact of assimilating the new hourly adjusted and unadjusted datasets is small for the first two
winter seasons examined in this study, i.e., 2017 and 2018. Reasons for this lack of sensitivity

could be due to the hourly data themselves, or to the assimilation process in CaPA.
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Figure 9: Average total precipitation for the 138 stations in the domain using different transfer
functions for the 2017, 2018, and 2019 winter seasons. The error bar shows the standard deviation
of the average total precipitation.

Figure 9 provides some insights on how data from the hourly dataset could explain this interannual
variability in CaPA’s analyses. In addition to showing the variability associated with the adjustment
from the various transfer functions tested in this study, Figure 9 also reveals that precipitation
amount and variability is less in 2019 compared with the two previous winter seasons. The decrease
in adjusted precipitation for the last two winters (2018 and 2019) can be explained by the fact that

some stations have made the change from single-Alter to double-Alter and are therefore not
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adjusted (section 2), but only up to 14 stations were changed. Still, this variability in the values of
the observations added to CaPA might at least partly explain the larger impact of the hourly datasets

for winter 2019.

Regarding the assimilation process in CaPA, it remains the same for the winter seasons under
investigation in this study. But it should be reminded that the first guess from short-range NWP
forecasts can play a substantial role in CaPA, and that the production of this first guess depends on
ECCC’s NWP systems operational at the time. The first guess for each winter was compared with
hourly data adjusted using the universal transfer function (Figure 10). For the first two winters
(2017 and 2018), the bias for the first guess tended to have positive values for small precipitation
thresholds but, somewhat negative values for larger thresholds (as measured by FBI). However,
for the winter of 2019, the FBI-1 for the first guess is mostly below zero, with lower values for

larger amounts of precipitation.

In March 2018, a change in the CaPA configuration introduced a new background field, which
affected the last winter's first guess (Fortin et al, 2018). This change had a significant impact on
the analyses because it affects how much weight is given to the observations versus the background.
When the background is less accurate, the analysis relies more on the observations to correct it,
while a more accurate background requires less correction through observations. Regardless of the
transfer function adjustments made, if the observations play a smaller role in correcting the
background, the impact of the adjustment will be less noticeable in CaPA, as seems to be the case
in the present study for winter 2017 and 2018. Since the effects of the transfer functions are not
apparent during the initial two winters because the background is more accurate, only the data for

the most recent winter is presented.
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Figure 10: Evaluation with the LOOCYV approach of CaPA for the Control run (black) and for the
first guess (grey) for the frequency bias index FBI-1 with a black straight line indicating no bias
valid for the study domain: a) is for winter 2017, b) is winter 2018 and c) is winter 2019. The letter
q is the 6-hourly precipitation accumulation (mm). White areas mean that the differences between
CTRL and FG are statistically significant at the 95 % confidence level, based on the bootstrap
method; grey areas mean that the differences are not statistically significant.

2.4.3 Enhancement of the TF impact using snow intensity

In section 2.3 it was suggested that the use of snow intensity in the transfer function is likely to
improve the quality of CaPA’s winter precipitation analyses. The comparisons between the
experiments with the Marshall and Haukeliseter transfer functions using air temperature and snow
intensity are revealing. CaPA’s analyses are improved when using the transfer function based on
snowfall intensity, in contrast to the one based on air temperature. For both the Marshall and

Haukeliseter sites, three out of the four evaluation metrics (FBI, ETS, and POD) have improved
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values with the adjustment based on snowfall intensity. These includes a reduction in forecast bias,

enhanced accuracy, and improved detection of precipitation events.

This could be explained by the fact that while air temperature is effective in determining the type
of precipitation, it does not inform much on the large variety of crystal types and the degree of
riming (Sims and Liu, 2015; Rasmussen et al., 1999; Thériault et al., 2012). The size distribution
of precipitation is linked to snowfall intensity. With an increase in precipitation rates, the slope of
the size distribution decreases, resulting in an elevated concentration of larger particles that are
prone to fall into the gauge. This contrasts with slower-falling particles that are likely to be deviated
by the updraft upstream of the gauge (Nespor and Sevruk 1999; Colli et al., 2020). Additionally,
Thériault et al. (2012, 2015) reported that the catch efficiency of a shielded gauge is more related
to the particle’s fall speed. The differences for the magnitude of the adjustment for both approaches
shown in Figure 9, in which the total precipitation for the three winter seasons from the Marshall
and Haukeliseter transfer functions have been substantially increased by using snow intensity

instead of air temperature.

2.4.4 Role of verification dataset and approach

To complement the results obtained through the LOOCV approach, an additional evaluation was
conducted using data from the AdjDIlyRS dataset. This evaluation displays a significantly improved
outcome when employing snowfall intensity-dependent transfer function adjustments in
comparison to the control experiment. All four-evaluation metrics (FBI, ETS, POD, and FAR)
exhibit improvement, with a slightly more notable enhancement observed for the transfer function

developed at Haukeliseter.
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Possible reasons for this disparity between the two types of evaluation are introduced using a case
study. This case, for 24-h precipitation accumulations valid at 1200 UTC 7 January 2019, is
presented with Figure 11. On that day, a large-scale meteorological system produced precipitation
for much of the analysis domain, with daily accumulations of more than 10 mm water equivalent

in central Saskatchewan and southern Manitoba.

5
°

Figure 11: Case study of a precipitation event from 6 January 2019 at 1200 UTC to 7 January 2019 at
1200 UTC. Panel a) represents the precipitation accumulation (mm) with CaPA’s first guess
superimposed with the location of the synoptic manual stations used for the LOOCYV evaluation for
that specific day. Panel b) is the same but with the location of the AdjDIyRS stations used for the
evaluation. Panel c) represents observations from the hourly adjusted database that show the mean air
temperature (°C) of the event. Panel d) represents observations from the hourly adjusted database that
show the maximum wind speed (m s™) of the event plotted at the stations.

A key aspect to consider in Figure 11 is that a much smaller number of manual synoptic stations
are used for the evaluation of that specific case compared with what is used with the AdjDIyRS
dataset. The LOOCYV evaluation reveals that merely 33 stations are assimilated within this 24-hour

analysis period, predominantly located in places devoid of recorded precipitation. Conversely, the
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AdjDIyRS evaluation reveals a higher count of assimilated stations, specifically 76, in areas where

precipitation is indeed observed.

For the same event, the mean air temperature and wind speed data from observations in the hourly
adjusted database (Smith et al. 2022) are presented in the lower panels of Figure 11. In Figure 11c,
some stations show temperature near zero in the mountain region and in southern Alberta and
Saskatchewan, where not much precipitation is analyzed by CaPA. The surface stations elsewhere
report mean temperature below 0°C for this event. In Figure 11d, the maximum wind speed for the
24-hour period indicate that several stations recorded winds greater than 4 m s, particularly in

southern and central Alberta, Saskatchewan, and Manitoba.

The case study analysis sheds light on the reasons that could explain the contrasting results obtained
with LOOCV based on CaPA-assimilated synoptic manual observations and with direct
comparison against daily estimates provided by AdjDIyRS. Because LOOCV only uses a limited
number of stations resulting from CaPA’s quality control, stations located in precipitation areas
can be systematically excluded from the evaluation process over areas with sub-zero temperatures
and wind speeds above 3 m s, such as what is observed for the case presented here. In addition,
the assimilated stations used for the evaluation are possibly more representative of precipitation-

free zones, which could have an influence on the objective evaluation results.

This challenging problem is avoided with the other approach when directly comparing CaPA’s
precipitation analyses with data from AdjDIyRS, which are not assimilated in CaPA and not subject
to its QC process. In that case, the evaluation considers a broader range of meteorological situations

compared to the LOOCV approach.
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2.5 Summary and conclusions

In this study, the impact of using adjusted solid precipitation amounts to correct wind-induced
undercatch on CaPA’s performance is investigated. Various transfer functions were tested, and the

precipitation analysis was evaluated using two methods.

The findings indicate that the adjustment using the universal transfer function improves CaPA’s
precipitation product, but not sufficiently to compensate for problems associated with the inclusion
of this solid precipitation adjustement database (Smith et al. 2022). There are also no notable
disparities in CaPA when comparing the performance of the UTF with that of several climate-
specific transfer functions based on air temperature. In contrast, climate-specific transfer functions
that depend on snowfall intensity improved the precipitation analysis, compared to the same
transfer function developed at specific sites using only air temperature. Notably, the use of these
snowfall intensity-dependent transfer functions leads to an improvement over the Control

experiment.

CaPA is improved further when the objective evaluation is performed with direct comparison with
the AdjDIyRS dataset (Mekis et Vincent., 2011; Wang et al. 2017). With CaPA’s traditional
evaluation method based on LOOCYV, a smaller number of surface observations are used for the
evaluation, and several of them are removed from the evaluation process because of CaPA’s QC
process. In that context, the LOOCV evaluation may not be as representative of events

characterized by strong wind and cold conditions.

These key findings have potential implications for future research and development related to

applications of CaPA during the cold season. While this project has provided valuable insights into
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the impact of different transfer functions in CaPA, there are some limitations that may have
influenced the results and interpretations. The first limitation of this project relates to the
availability of published transfer functions. The project aimed to use transfer functions that are
documented in the existing literature. However, not all published transfer functions include
coefficients specific to the site under study. Consequently, the choice of transfer functions for this
study was somewhat restricted. A second limitation of the project pertains to the duration of the
study period. Due to the constraints of data availability and consistency, only one of the three
winters examined shared the same model configuration to produce CaPA’s first guess. As a result,
the findings obtained from this project may be representative of that winter, but may not be fully
applicable to other years. Future research endeavors should aim to address these limitations by
expanding the range of available transfer functions and incorporating multiple years of data to

confirm the results presented in this study.

Overall, identifying these limitations is crucial in understanding the scope and potential impact of
the improvement of solid precipitation in CaPA. Given the promising outcomes demonstrated by
the transfer functions that depend on snowfall intensity in this study, there is merit in considering
its operational testing within CaPA. This step could potentially lead to valuable advancements in

precipitation analysis.
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CHAPITRE 3 - CONCLUSION

Avoir une idée de la distribution spatio-temporelle des précipitations en temps quasi-réel est
pertinent pour de nombreuses applications dans le domaine de la météorologie et de I’hydrologie.
Avec les observations seulement, soit les stations météorologiques, les radars et les donnees de
télédétection satellites, il est plus difficile d’avoir une bonne estimation de la précipitation recue
qui couvre I’ensemble du Canada. C’est pour cela que le Systéme Canadien d’Analyse de
Précipitations (CaPA) a été créé. C’est un systéme d’assimilation de données qui prend en compte
non seulement les observations, mais aussi un champ de fond obtenu par une prévision
météorologique numérique a court terme qui s'appuie sur le modéle GEM (Global Environmental
Multiscale). Cela permet donc d’avoir quand méme un estimé de précipitations pour les endroits

non couvert par les observations.

Malgré I’intérét de la communauté scientifique envers CaPA, certaines difficultés demeurent.
Durant I’hiver, beaucoup d’observations de précipitation solides sont rejetés par le contrdle de
qualité, ce qui réduit la qualité des analyses produite par CaPA. Dans des conditions froides et
venteuses, la mesure de la neige comprend d’énorme incertitudes et biais parce que de la turbulence
est créé autour de la jauge, ce qui empéche le flocon de tomber dans I’orifice et d’étre mesuré. Pour
contrer les effets du vent, des paravents ont été installés autour de la jauge, mais les études ont
démontré que malgré leurs installations, le biais du vent persistait. C’est pour cela que les fonctions

de transfert ont été introduites.

Les fonctions de transfert sont des équations mathématiques qui permettent de calculer une
précipitation ajustée en fonctions de la vitesse du vent et de d’autres facteurs comme la température

de I'air et de I’intensité des précipitations solides. Le but de ce projet était donc d’évaluer
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I’efficacité de plusieurs fonctions de transfert, y compris la fonction de transfert universelle, des
fonctions plus spécifiques au climat (développées au site de Bratt’s Lake, Marshall et Haukeliseter)
et des fonctions de transfert basées sur 1’intensité des précipitations solides dans CaPA. Le choix
des fonctions de transfert s’est basé sur leur publication dans la littérature, leur localisation, le type
de climat et leur efficacité de collecte. Une nouvelle base de données horaire d’ECCC (Smith et

al., 2022) a d’ailleurs été ajustée avec ces fonctions de transfert et ensuite introduite dans CaPA.

Le domaine de cette étude couvre principalement le centre du Canada et plus particuliérement les
Prairies canadiennes, pour la période hivernale (1*" décembre au 31 mars) des années 2016-2017,
2017-2018 ainsi que 2018-2019. En mars 2018, un changement dans la configuration du CaPA a
affecté la prévision initiale du dernier hiver. Ce changement a eu un impact significatif sur les
analyses, car il a affecté le poids accordé aux observations par rapport a la prévision. A la suite de
nombreux tests pour les deux premiers hivers (2016-2017 et 2017-2018), I’impact de I’ajustement
était mineur, car la prévision avait un plus petit biais que celui du dernier hiver (2018-2019). Il a
donc été judicieux de présenter seulement les résultats de 1’hiver 2018-2019, comme les impacts

des différents ajustements était plus visibles dans CaPA.

Deux méthodes ont été utilisées pour évaluer les analyses de CaPA, dont I’une qui est couramment
utilisée du c6té d’ECCC, la méthode du ‘Leave-One-Out cross validation’ (LOOCV). Comme cette
approche assimile déja les stations présente dans CaPA et qui sont sujettes au contréle de qualite,
il a été convenu de faire une seconde évaluation contre un jeu de données indépendant les données
Adjusted Daily Rainfall and Snowfall (AdjDIyRS) afin de contrer cette limitation. Les quatre

scores métriques utilisé dans le cadre de ce projet pour les évaluations sont : I’indice de fréquence
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de biais (FBI-1), le score de menace équitable (ETS), la probabilité de détection (POD) et les

fausses alarmes (FAR).

Dans cette étude, I'impact de l'utilisation de quantités de précipitations solides ajustées pour
corriger la sous-capture par le vent sur les performances de CaPA est étudié. Les résultats indiquent
que l'ajustement a l'aide de la fonction de transfert universelle (UTF) a un impact positif sur
I'analyse des précipitations, mais pas nécessairement suffisant pour compenser les problémes
associes a l'inclusion de ces nouvelles données. L'inclusion du jeu de données horaires ajustées ne
semble pas améliorer les analyses par rapport a I'expérience de contrble ou les quatre scores
métriques (FBI, ETS, POD et FAR) indiquent une meilleure performance pour l'expérience de
contréle. En examinant ensuite les différences entre les scores FBI et ETS, les résultats suggerent
qu'il n'y a pas de disparités notables dans CaPA lorsque I'on compare la performance de I'UTF avec
celle de plusieurs fonctions de transfert spécifiques au climat (développées a Marshall, Bratt’s Lake
et Haukeliseter) basées sur la température de I'air, du moins pour les trois saisons d'hiver examinées

dans cette étude.

Cependant, lorsque I'on considére des fonctions de transfert spécifiques au climat qui dependent
de l'intensité des précipitations solides, un meilleur résultat sur CaPA devient evident par rapport
a la méme fonction de transfert développée sur des sites spécifiques en utilisant uniquement la
température de l'air. Pour les sites de Marshall et de Haukeliseter, trois des quatre scores (FBI, ETS
et POD) ont été améliorés grace a I'ajustement basé sur l'intensité des précipitations solides. Il s'agit
notamment d'une réduction du biais de prévision, d'une amélioration de la précision et d'une

meilleure détection des précipitations. De plus, I'utilisation de ces fonctions de transfert dépendant
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de l'intensité des précipitations solides conduit a une amélioration par rapport a I'expérience de

controle.

L’amélioration de CaPA avec la fonction de transfert qui dépend du taux de précipitation est plus
évidente lorsque I'évaluation objective est réalisée par comparaison directe avec le jeu de données
AdjDIyRS. Avec la méthode d'évaluation traditionnelle de CaPA basée sur LOOCV, un plus petit
nombre d'observations de surface est utilisé pour I'évaluation, et plusieurs d'entre elles sont retirées
du processus d'évaluation en raison du contréle qualité de CaPA. Dans ce contexte, I'évaluation
LOOCYV peut ne pas étre aussi représentative des événements caractérisés par des vents forts et des
conditions froides. Ces résultats clés ont des implications potentielles pour la recherche et le
développement futurs dans le domaine de CaPA, en contribuant a une meilleure compréhension

des impacts des différentes fonctions de transfert.

Bien que ce projet ait fourni des informations clés sur I'impact des différentes fonctions de transfert
dans la CaPA, il est important de reconnaitre certaines limitations qui ont pu influencer les résultats
et les interprétations. Une limitation importante de ce projet concerne la disponibilité des fonctions
de transfert publiees. Le projet visait a utiliser des fonctions de transfert documentées dans la
littérature existante. Toutefois, il convient de noter que toutes les fonctions de transfert publiées
n'incluent pas les coefficients specifiques des sites etudiés. Par conséquent, le choix des fonctions
de transfert pour cette étude a été quelque peu restreint. Une autre limitation du projet concerne la
durée de la période d'étude. En raison des contraintes de disponibilité et de cohérence des données,
un seul des trois hivers étudiés avait la méme version de prévision de champ de fond. Par
conséquent, les résultats obtenus dans le cadre de ce projet peuvent étre représentatifs de cet hiver,

mais ne peuvent pas s'appliquer a tous les cas.
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Pour conclure, la reconnaissance de ces limitations revét une importance capitale pour saisir
I'étendue et I'impact potentiel de I'amélioration de I'analyse des précipitations solides dans le cadre
de CaPA. Les futurs efforts de recherche pourraient élargir la gamme des fonctions de transfert
disponibles et incorporer plusieurs années de données afin d'améliorer la généralisation des
résultats. A la lumiére des résultats prometteurs démontrés par les fonctions de transfert dépendant
de l'intensité des chutes de neige dans cette étude, il serait pertinent de considérer des tests
opérationnels au sein de CaPA. Cette démarche pourrait éventuellement ouvrir la voie a des progres
significatifs dans I'analyse des précipitations. 1l serait également pertinent d'explorer
I'apprentissage automatique, susceptible d'améliorer les fonctions de transfert en modélisant les
relations complexes entre les mesures des instruments et les quantités réelles de précipitations
solides. L'intégration de variables météorologiques supplémentaires pourrait favoriser une
adaptation dynamique aux conditions atmosphériques et du terrain, contribuant ainsi a des

fonctions de transfert plus précises et adaptatives.
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