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L this work T e sondissear downsealisg ane developed (o establish cmpictcal redationships Botwean
the svnoptic-scnle circelation and observed rainfall pver southeostern Brasal, The methodologs vses anlgpuls
from the fegional Eta Model: proenestic eguealions [on ocal Torecasting were developed using an artidicial
nearsd nework (ANMNY and multple ingar regression (MLRY, The final abjective is 1he rpplicatsion of such
prrognoslic cguations o B Madel output togencrate raintall foreeasts, 1o the first experinient the pre-
hietors were ofvtained from the B Model and the predictnnd was rminfall dats from meteoralogical stattons
msoutheastern Brgal In the second experiment the abserved rainfall oo the day prior e the forecast wiss
meluded as a predictor. The theeat seore (T5) and bas, wed to quantily the performance of the forecasts:
shivwed that the ANN was superior 1 MR in most seasons. When compared with i Mede) forecasts, i
wis nbaerved that the ANN ks o tendency to forecast moderate and high remfall with greater accuraey
durmg the awstral summer. Ao when the observed ramfall of the previeusiday is included ws a predicior.
the TH showed the best performanes m eontinoous tan and well-organseed metecrologionl sesters. On the
other hand, m Lhe gustral winter period. characteriged by slicht mun, the ANN showed betler forecasting
ability thae did the Fra Model, The obtained results alsorsugeest thal o e austral winter rainfall is more
prodiciable because convection & fess frequent, and when this ocours the Torcing is dynamic instead of

Yok

thermodyramie

1. Introduction

The forecast of metesrological phenomena 1s a4 com-
plex task. The mathematicul, stalistigal and dynamic
methodalogies developed help address the prablem;
however, there s still a need of exploring new tech-
nigues in o order W improve the resalis, Currently. nu-
muerical weather prediction (NWEP) madels can forecast
various meteoralogical variables with acceprable accu-
racy. Specilicnlly, ruinfallisof great interest as much lor
its chmatic and meteorolosical relevance, as well [orils
direct importance 1o praductive sectors of the socigty,
Howewer, it is one of the most difficull variables e
toreeast, because of its inherent spatial and temporal
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varightlity (Wilson and Vallee 2002; Amolik 2000), For
this reason, temporal and spatial scales involved are not
vel solved satisfactorily by the numernical maodels (C1-
som er ol F9Ra).

Becanse of the difficultics mentioned. the dearth ol
knowledge, and the high computational cost involved in
rainfall modeling, postprocessing technigues of NWP
autput have been developed. One of these technigues s
statistical downscaling, which invelves the reduction ol
the model’s spatial seale. There are two categories of
downsealing techniques: dynamic, which focuses on nu-
merical models with o more detailed resolution. and
empirical {or statistical), which uses ransfer functions
hietween scales. The former invalves the use of glohal-
and regional-scale numerical models and requires de-
tatled observed meteoralogical information (from the
surface ) and is computationally demanding, The latter
emplovs statistical methods, the most commonly used
being regression {lincar and nonlinear: principal com-
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poncal analysis, canonical correlation analysis, compao-
siion Lechnigue. and artificial nevaral networks) and
stechastic (fuzzy logic, senclic alponthms, cle.) (Wilhy
and Wigley 1997 ) Another downsealing method using
waveler transform was devetoped by Periea and Fou-
foula-Georgiou (1996) This method has the ability 10
reproduce. from o statistical paint of view, the variabil-
iy af a metcorological variable for small scales by a
decomposition using o wavelet transtorm (Kumar and
Foufoula-Geargion 1993 ),

The advantige of using statistical downsealing is that
it effers an immediate solution ol low computiational
cost consequent)y, it may be implemented easily in op-
crationdl centers.

A statsstical method of downscaling involving multi-
varigie lincar regression (MLR) methods is thar of
moclel output statistics {Glahn and Lowry 19727, which
tsoased by many NWP centers worldwide, However, as
the phyvsical processes that govern rainfall are nonlin-
var, new technigues have appeared o address this
problem. One of them carrently in widespread use i3
the artificial neural network (ANN) This technigue is
an interesting tool hecause it has the capacity - iden-
Lily patlerns whose complexity is hard to define through
more formal approsimations. Hornik et ol (1989) de-
scribe ANMN as a “umiversal approximator.” That is, an
ANN can approximate nonlinear relations and their de-
rivittves without prior knowledge ol a speeific nonlin-
ear funection. Thuos, 41 can be used o make aceurale
forecasts of highlty ponlinear systems; raintall is this
tvpe of system. In the Northern Hemisphere this tech-
nigue has been widely used for several melcorological
applications { Marzban and Stumpl 1996; Cavaeos 1997;
ASCE Tusk Committee on Application sl Artificial
Meural Nepworks in Hydroloey 20007, Compuring the
results of ANNs used {or downscaling with other tech-
nigues {Kotrumi [999 Hall et al, 1999; Appleginst et al,
20029 91 was shown that ANN improved rnfall fore-
casts, mamnly i sitwatlons assoctated with high and
moderste rainfall rates: Acdetailed review of the differ-
enl ANM applications for ruinfall forceasting was docu-
mented by Mater and Dandy {2000},

In Brazil, the large spatial and tempaoral rainfall vari-
ability. added 1o 4 sparse rain pauge network and a lack
of meteoralozical radars, hinders monitoring, The Bra-
#ilian Weather Forecasting and Climatic Studivs Center
[Centro de Previsio de Tempo ¢ FEstudos Climédticos
(CPTEC)] works operationally with the regional Eia
Mode] and with a global-scale model, which allows an
overview ol the different current synopric systems,
Flowever, 11 has been observed that rainfall forecasts
from these models need ta be improved [Le. the quality
ol mitial eonditions, problems of topoeraphy, and con-
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vection paramelerization scheme treatment; Tippett
and Da Stlva (1999 Bustamante et ol (20037]. In these
cases, theapplication of posiprocessing techniques: be-
comes necessary. In this comtext, the objective of this
studv 15 1o perlorm astatistical downscaling [or rainfall
foreeasts over southeastern Brazil basced on outputs ol
the Eta Model. The aim s 10 make forecasts niore ae-
curate [or the vsers [farmers, producers, business
peaple. and the general public). -

Twu premises are important in the application of sta-
tistical downscaling (Fewitson and Crane 19963, 1) The
NWTP model used should be capable of producing lields
ol circulation at the synoptic scale and 2) the empirical
approximalion methodology should be capable of es-
tablishing a refationship between svnoptic-scale und lo
citl-scale circulations. For the former. the Eta Model
supplics the Tature behavior of the atmaespheric cireu-
fation an the synoptic scale, and has recently been
shown 1o he useful for supplving forecasts in South
America for perniods of ap 1o 72 h, There have been
studies that show the evaluation and cxpertise of the
Eta Muodel (information onling at httpedwww.cplec,
inpe.briprojeta/avalmodeloshiml) clearly indicating
improvement in the guality of the foreeusts aenerated,
Far the empirical methodology, there are studies in the
Northern Hemisphere that have documented the areat
potental of ANNs in the use ol statistical downscaling
{Botzumi 1999 Tall eval. 199%: Appleguist et al. 2002 ).
[n Brazil, this technique has been used successfully by
Valverde Ramirey (20003) and Valverde Ramires 1l
(2005) for logal ramfall forecasting in the stale of Sio
Paula,

There are three important differences between the
current study and the one employed by Valverde
Ramirez et al. (2003). First, the methodology ol the
statistical downscaling was expanded to the southeast-
ern region of Braal, which iclodes the states of Sao
Paula, Riede Janewo, and Minas Gerais, Second, a new
predictor s emploved in this analvsis, the real rainfall
data of the previous day. There scems to exist in the
rainfall process some kind of local persistence that pre.
sumably cunnot be taken into account by the synoplic
loreing process alone (Zorila and von Storch (9499,
Third, a measure of performance, the threat score (TS).
is Wsed thal s mere suitable than the correlation and
rmse skills, This parameter s the most common mea-
sure of accuracy [or ranking predictions of interest (Lo,
rainfall ahove a certain threshold ). Raindall lorecasts,
espectally for heavy and moderate events, are better
ranked using this measure (Y uval and Hsieh 20030 In
this work a leed-forward ANN und the learning resils
ient back propagation { RPROP Riedmiller and Braun
1993) wiere wsed. This ANN was previously sed by
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geographical lecations of the meteoralogical stotions osed,

Valverde Ruamirce ot al. (2005), and it has shown high
adaptability in terms of training speed when compared
with back propagation,

This paper is organized in the following manner, Sec-
tion 2 deseribes the duta and the Eia Model, Section 3
shows the basic structure of the ANN. the experiment,
and the selection of the predictors. Section 4 describes
the guantitutive and gualitative resulis. Section 5 offers
concluding remarks,

2. Data

This study used daily rainfall data an meteorological
stalions in thestates of Sio Paulo, Rio de Janeiroe. and
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Minas Gerats in southeastern Brazil (Fig. 1), The loca-
tions of meteorological stations are shown in Table |,
Qutput from the CPTEC regional Eta Model
{Muesinger 1954; Chou et al. 20000 Tor the austral sum-
mer period between December and February (1997
20023 and far the avsiral winter period between June
and August (1499520612, and iminges fram Cleasonion-
aey Cperativonal Eaviconmentad Satellite-8 (GO ES-8)
for the periad 19497-2002 were wsed. The meleorologi-
cil stalions analyred were selected by the availabality of
a contimuous seres of data being concurrent with the
operational Bra Madel files stored by CPTEC.

The regional E1a Model was developed by the Uni-
versity of Belgrande (Mésinger 1984) and installed it
CPTEC w1996, The domain of the mode] covers ap-
proximately the region between latitudes 125N and
4575 and longitudes 25 and S0OW.

The initial conditions were derived from the NCEP
analyses, and the lateral houndary conditions [tom the
CPTEC global forecast model. The analvsis was per
formed ona grid corresponding tothe plobal medel and
interpolated onte the Eta Model and: The Era Model
has a horizontal grid length of 40 km and 38 luvers in
the vertical. The maodel is integrated twice o dav using
ertial conditions at 1200 and 000K UTC, The prognostic
variahles are air temperature, the vonul and meridional
components of the wind, specific humidity, suriaec
pressurc.and turbulent kinetic energy. The convective
rainfall of the model is prodoced by the Bets-Miller
scheme (Betts and Miller TY86), while stratiform rain is
generated via a cload Torecasting scheme {(Zhao and
Carr 19497);

Taser |, Cigographicel locations of thiseleoted statons in 5o Poule, Rio de Janeirs, and Mmas Germs,
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In the operational version, the Eta Model has under
gone some modificanens, The new version of the mode]
[Eta=Oregan State Uiniversity (OSU)] has been opera-
tional 4t CPTEC since January 2000, This version his a
more complex surfpce model than the “buckel” and
was developed at OSLU {(Chen et al, 19971 In the modi-
fications. the model’s forecast period was extended by
maore than 12 h, sencrating lorecasts of up to 72 h, With
regard o this new version’s conveclion parameleriza-
tion. the mass flux convection scheme {Tiedike 14849
was implemented in the regional model.

3. Methodology
i ANN

The ANN s an attempt 1o imitate or reproduce the
operation of the human brain. The brain is made up of
neurons thul interact in an intenscly parallel munmer,
receiving and combining signals from various other
neurans, The intensity of the signal that a neuran re-
ceives at ils entry (dendrite) depends on the physical
proximity of this entry 10 the nedron’s exil {axon).
whigh sends it the stimulus, This proximity determines
the intensity of the connection (synapse) and s modi-
lied when the bruin learns (Havkin [998).

Analogously, the ANN is characterized by the com-
ing together of a large quantity of progessing units
{neuraonsinterconnected by a laree guantity of connec
tions, cuch one with an associaled weighl, Preparing an
ANN for a task involves submitting it to a learning
priocess. The learning s achieved by adjusting the in-
tensily of the connections between the processor unils,
Anadvaniage of ANNs s their capacity to generalize,
supplving rapid and meaningful responses: even when
submitted Lo @ situation not considered during training.

In this study. we used the feed-forward ANN, In this
network the newrons from each laver are connected and
propagated forward Loall the nearons of the [ollowing
layver. Figure 2 illustrates a feed-forward network with
three lavers: input, hidden (nonlinear), and ouiput. In
the mathematical potation, Yuvul and Hsich (2003)
show that u matrix X = (vl is defined by j=1.... . N
and & = 1, ..., L. where N i5 the number of entry
variahles (predictands or data from the Eta Model)
aned £ s the longitude of the-enlry serics, respectively;
i1, 15 reterred o as the hudden layer of the model and
it preduces a weighted sum of s inputs (v, ) with
Wy felements M0 N Trom the mitlrix of weights W
and b s a vector column of M3 | clements, The vector
column F with the elements f, (&= 1,.... L) is the
otput series { predicior or rainfall}, W, are the elements
of a 1 % M row vecior W from the mistrix ol weights,
and b is a scale. The elements of vector b and b oare
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Input

Fiee. 2 The leed-forward neurial network scheme with ane hid-
den Liver wnd the notation of connection hetween neurons for the
presenl ANMN.

called hiases and they are additional éntries. The func-
tion g &5 Lhe activation of the hidden laver that in this
study was the loeistical function; The convergence ot
the newral network is linked 1o the best possible choige
of the set of weights W,

The Stuttgart Newral Network Simulator, version 4.1
(el ctal 19939, was used for the ANN sunulation foa
the nonlinear downsealing, The RPROP learning algo-
rithm implemented in this simulator and the logistic
petivation [unction were used o train the ANN,
RPFROP performs a local adaptation of the weight up-
dates according ta the hehavior of the error functinn
and adds g weight decay term o W the error funclivon

"En,:,. (b

LT

expressed by
E= 20t~ filw I 410
&

whera 7, 1s the desired output from the unit . f is the
actual output, and w are the weights: The parameters
ol RPROP were the initial update value A, the maxi-
mum limit for the size of the step A, and the weigh
decay exponent o, Term o determines the aulpul error
reduction und the size of the weights needed o mmprove
the seneralization. The main advantage of RPROFP is
that it eliminates the undesirable ¢ffects of larpe partial
derivatives in the caleulation of the ¢rror reduction.
Several tests mdicated that the values of the parameters
A, = 0001, A, = 104) and o = 6 were more ad-
equate. A complete formulation of the learning algo-
rithm can be found in Bicdmiller and Braon {1993) and
Valverde Ramirez et al. (2005). The stopping criterion
was determined by the behavior of the training process.
The training was stopped when the error [Eq. (1]
reached o value less than 1077, or when the error fune-
tion presented a constant value at each 100 conseculive
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Grid points of model
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Rain gauge locations

Fri 3 Mup of the state of Bio de Japeiro, lustrating the position of seven stations (riin

anges) analyzed in this study and the mime grid poants of the model elosest o the Represa du
Farafmo (R E) station selected for statistical dowasesling

i W ¥ ¥ 5 H
derations, even 11t had el reached the value 10

The best results tor the training were obtained with this
Criteran

h. MLR

The linear downscaling wsed the MLRE method
{Neter etal, 1989 and was trained by the same dabs as
the ANN, The MLR was programmed using the Mal-
lab, version 3.1 (Misiti ot al 19975 toclbox

v Applicarion of downscaling

F'o earry out statistical downscaling for cach metao-
rological station, the predictors and predictands were
supphed o the models (MLR and ANN). The predse-
tors were taken from the D000 UTC Lia Maodel mitial
conditions for the nine and points closest 1o each sta-
tion (T 3)at four times, namely D60, 1200, and 1300
LTC from the dav before the [orecast and Q000 L7TC
from the duy of the lorecast, The predictand was the

daily rainlall (accumulated from the four synoplic
times) al the corresponding station, The dalasel was
divided into two periods: austen] summer { December-
February) and sustral winter (June-Aupgust). For cach
stalion a dataser was selected for training and anather
ane for testing, The test sel served L assess the pertor-
mtance of the ANN and the MLE after tramineg,

d. Frperisents

Tuble 2 fllustrates the ditferent experiments per
formed with the data series. One of the experiments
used as a predictor the observed rainfall on the day
before forceasting and the other experiment used the
data series [rom the vears 2000-02 (once during Lhe
year 2000 the Era Model underwent changes 1o 1ts code,
which positively influenced the ranfall field), In the
existing literature on the application of downscaling iLis
recommmended that a homegenous data series be vsed
to-enable better learning and, conseguently, better
forecnsts {Kumar et al, 999,

Fapre 2, Dates of experinients

Summer period

Sl [raining Testing

ANNT  T997-98, 1995-99;
OG- 200H),. 2EH-3] Fel 2002
ANNE ldem AN Tl ANMI

Predictors I'raiming Tesiing

Drec 2001, Jan 2002, Oulput maoded

Winter period
Prodictors

190 TG R, Fun ZUX2, Jal 20607
iR A 202

Chutput mesdel

Cutpul maodel wnd - =

abs rainlall

AN 505 20000, 20003 Feh L2

Chatput miode!

A 2000 Agg KD Chuatput muode|
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e Selection of predicior sels

The prediciors commonty used for rainfall forecast-
ing are geopatential heishl (Zorita and von Starch
raue, saa level pressure (Cavazos [997), peostrophic
vartieity (Wilksy and Wigley 19970, humidity and vern-
cal velocily (Kuehgowski und Buarros [998), and wind
speed (Murphy 1999% However, as this selection de-
pends an the place and time of year, a synoptic clima-
tological study ol southeastern Brazil was included in
this wark. Consequently, the predictors were selected
based on synoptic features and the rainfall distribution
il ysas, ?

Fis saelect the best predictars, there are also stalistical
technigues that fink a set of predictors with the pre-
decland through eross correlations, bul these technigues
do not necessarily include the theoretical or physical
leundations. The best known techniques Tor this pur-
poses dre stepwise analvsis and principal companent
analysis (Maier and Dandy 2000), However, the predic-
Lorssseleeted by these techmigues are not always the
hest becnuse these methods only evaluate linear rela-
tionships between the predictor and the predictand. In
Fact, litle ds known about how to choose the best pre-
dictor for a neural network before the raunmg process
{Raotzumi U949 In this work, the selection of predictors
was based on the identificntion of synepic systems thul
were dominant during the period of study (see sedtion
4}

L Quntitative verification

To determine the pertormance of the models (ANN,
MLE, and Eta Model) m relation o the observed se-
ries. the statistical mdices TS and bins score (BLAS;
Antalik 20000 were used. The TS is defined as the ratio
ol the number of correctly predicted events {or forecast
“his” L and the sum of all owcomes incorrsctlv pri-
dicted: The BIAS is defined a5 the rinio of the total
number of events forecast and Lhe number of events
actually observed; this variable gives the wodency 1o
overforecast [BLIAS = LAY or underforecast (B1AS =
L o particular éatezory, A& BLAS of |0 indicares rei-
ther overforcasting nor underforecasting and that
events arc lorecusted with the same lrequency as they
acetr, The classification of ramn and 15 thresholds used
tor calculate the BIAS and TS are presented in Tabde 3,
Perfect forecasting s indicated by a TS = 1 and a
BIAS = | Itis important to note that all measurenents
af Torecast performance (for the downsealing: from an
arcu up toa point) include a “represcntativencss error”
that 15 dependent of the model scale (resolution).
Zepeda-Avrce er al (200} indicate g reduction of the

WEATHER AN FORECASTING

Voruse 2
Fasere 3 Bain classifications and thresholds,
Summel Winter

Ihreshall hreshald

Bain intensiy [ reem ) Rain intensily {rram)
Slight 3 Slight f:1=3
Moderate Ea-2 Modezate =15
High ) High 2p-500
Intense =) listeiise =3

error when the model resolution s inereased (e, high
resolution ).

4. Results and discossion
. Svaoptie stody

In this seetion a summary af the chmatological syn-
optic study corresponding with the oecurrence of rain-
fall over southeastern Bragil 15 presented. In the austral
summer, the South Adlantic convergence zone (SACY)
and Irontal systems | FSs) were assocated with rainfall,
It has been cbserved that most SACZE evenls are nsso-
ciated with upper-Jevel evelunic vortices (ULCWVs) in
the vicinity of northeast Bragil (SACZ-ULCY patiern:
Valverde Famdres et ol 2004, The interaction of the
Bodivian high (BH) with all of the aforementioned me-
teoratogical svstems also stood out

Figure 4 shows a typical case of SACZ-ULCV and
BH interaction on L January 1999, Tt is observed in the
salellite image (Fig. 4a); and i the streumline {Fig. 4b)
and vortwily fields (Fig, 4c), that the fovation of the
LLEY inland (Bahm and Tocanting states), and the
anticyvelonic circulation located south of ULCY indigate
the exsstenee of the SACZE (Valverde Ramirer ¢l ul.
1598) In the vorticity field a band of intense anticy-
clonie vorticity is observed over the SACE region, [n
Lhis case the presence of the BH mieracting with the
SACE-ULCY pattern of cloudiness over the southeast
region is evident, Figure 3 illustrates another tvpical
austol summer ease involving un FS and the ULCY
larther north, and the interaction af these systems en:
kances the cloud over the states of Rie de Janeiro,
Minas Cierais, and northeastern Brazl,

In the austral winter period the rains deercase con-
siderably. the tropospheric circulation 1§ more zonal ul
high' levels and the conveotive activity in the Tropics
decreases considerably, The prevailing weather systems
pvier the southieasiern region were the ISs (Fig, 6). the
midlatitede ULCVs, and the troughs in high and
middle levels originating from the subtropical latitodes,
DBuring this season, FSs displaced inland do not have
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Fricd, da) CAOESS g for D000 LITTCT 10 Jan 1999, (b) streamlines a0 e 200-hPa sl aod (o) the vorddcily w250 1iPo. The

ok aren lghty indicates values less (arestery than

feedback from the tropical convection associaied with
the BH ar the ULCY from the northeast. O the other
hamd. as the Tow patlern @ more zonal, its rode in terms
of convechive activity s less significunt. Bruring this pe-
rigd some cases of ovclogeneses were also observed 1o
b interacting with the FS8 over the southeast region,
Also, the presence ol the subtropical jet operating in
conjunction with these svstems supported the instabilite
in the southeast region, Aler identifying the svnoptic
syatems assoctated with raintall, and based on related
observational studics { Kowsky and Cran 1981 Oliveira
|986; Kodama 1992, Valverde Ramirez ot al, 199y,

Fo s VB3R s

Lourcngo 1996, the predictors derived from the Eia
Model were selected for stutistical downsealing {(Tu-
hle 4.

b Qualitative forecast analvsis

In this secuon anabvses of the forecusts from the dif
terent models {ANN, MLR, and Eta Model) and the
observed rainfall Tor some stations from the regions ol
study are présented. Although various ANN expert
ments were carred out, only the best performinces are

proesenfed,

Frois 3. arCHE S i Tor 2300 LITC 17 Jan 2008

Frei b, CGEESS TR channal mase for 0300 1T7TO 30 Aue 2002
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Tame 4. Predictors whed for sintistical dowesealing during the summer and winler periods,

Prodictors

Acustral summe
Specific bumidity {76 BPaj}
Muisture Mux diveroence (550 and 30 bPa)
Relative vorticity {2360 hiPa)
Adr temperature (530 s
Potential temperature (830 b
Precipitable witer
Wertical component of the wind (830 P

) ALSTHAL SUMMER PERIGD
1) Sian Panfer region

Frgure Ta shows the observed mainlall at TAG and the
carresponding rainfall predicted by the dilferent mod-
els for Junuary 20020 Tt is aobserved that the MLR [ore-
cast overestimated rainfull, showing o lendency 10 pen-
grate rain on davs when it did not occur {e.o davs L3,
I 28, 29, and 315, Era Mode! foreeasts underestimated
rainlull. although it captured most of the rainy days.
ANNL worcalistically cstimated rain on duy 31 and i

)

Austral winter
Relative vorteciny (51K and 250 hPa)
AR temperature (850 and S0 HPay
Meridhonal and wonal wind components (850 hPa )
Sea fovel pressure

Muoisture Tux divergence (830 and 506 hPa)

had difficudty in capturing some pertods af rain (days 8,
1&; 24, and 27). The ANNP was better at reproducing
the datly rainfall than ANNL ANNP predicted rainfall
for davs 8 and 27 and on day 31 the rain forecast over-
estimate wis less than that of ANNIL In other periods
fays 12, 220 27, and 300 the ANNP rain [orecast wis
close o the observed values, In this month the rain
cvents were produced by Fss,

Figure 7h shows the lorecasd resulis for KP for the
month of Febroary 2002, The MLR forecasts overesti-
mated rainfall in comparison with the Etg and ANN
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models: mostly on davs 25-27. The Eia Model pre-
dicted almost all rainfall pericds. with the exception of
day 5. However, it cansiderably overestimuled the rain
rates compared with the observations during duays 13-
|5 and 19-21. [n addition, ANNT did not eapture all of
the pernds of rainfall, speaifically. dayvs 3 and 6, und it
did not considerahly averestimate the values for days
1921 tlike Ea) and 25-28 {like MT.R). On the other
hand. ANNL had o better raintall foreeast performance
on day # For this location, experiment ANNN pre-
sented mmprovements compared with ANNL ANNN
dick not r'L‘JI's.'L"dw'! the absence of ramfall on days 12, 13,
Hooaswas ostimated v ANNL and other models:
and 1 reduced the amount ol rain forcenst on days 1
aml 27, where, in reality, no ram was measured. In this
month there were two SACE events (days 48 and 16

24) that affected the stations for short periods, Specifi-
callv, the second event alfected KP such that moderate
ritins rates were ohserved for 4 days (20-23),

and 2

(i Rio de Janeiro region

Figure sa shows rainfall observations lor an aostral
summaer period [December 2001) versus ANNIL
ANNE, and Era Model forecasis at RE. 1t is observed

200 ot BE and in) Feb 2002 ar [P

that ANNI captured most of v perieds with vidues
closer 1o those observed when compared with the Et
Madel foreeust, except for the period fram davs 8 to 10,
An exception occurred on day 13, when there was g
ANNP huad belter
perlormance than ANNIon days:1 and Y. and for the
period Trom davs 22 10 23, 1he forecast was very close 1o
the observations. Compared with the ANNE [orecists
the Eia Model underestimated the rain rates for days
620 and 2324, The MLR generated unrcalistic rain
events 0 the lirst week of the month, The rains during
this. month were associated with two SACZ cvents
(davs 16-21 and 23-28),

Figure 8l illustrates the forecast at P duning Felbru-
ary 2O 1 s observed that ANN depieted most of the
fain episodes despile having considerably overesti-
mated the rainfall on day 23, ANNP improved the rain
foreeast for day 5 and days 8-10 und 21-24, However,
an day 13 ANNP considerahly overestimated the ab-
served rainfall. The MLR considerably overestimated
the rainfall for davs 21-24. The Eta Model also fore-
casted the periods of ram: but undercstimated the ex-
treme peaks on days 2 and |7, and overestimated the
In this month there were two SACE

notahle overestimation of rainfall

ran o day 19,



WEATHER AND

FORECASTING Vorlise 21

Cx

N - JANTZ PL - FEBS2

- T T T ! 1 =~ | | | T T T
Sl 13
gw [ MLA E® MLA | 1
E Eg 0B85
= Ak = 3
Ea:-r £
2 gl Bl

i 0 5 i I5 | i H
- T T T T Esj 1 ! ! T T 1
or

| 28 A 3

e . =
| - T
i [ b
P 5 10| O T (I | (1] W (| |1 Y Y R

i 5 1 15 & b i i 3 10 15 o % u
;E.'\] T T T T T 7 Em T T T T T
il AP | e G
L DS Egl _ L] 085 |
g i =
i e
=l 1 |
EE‘ sm E O L & jﬂhl I-I P ﬂI H-—.ﬂ- J-':l-. El: l.h 1 | lJ-II-I |]1I‘| JhL 1

t & 10 15 & & H ] 3 1 15 2 & 0
ga:r = | T T T T | gml T T T T T L
;. EE P R -
EXEI[_ 1 0BS ] ;.;;.L _ | ©asi|
2 L 1 [ [f B
i T A 1 I T 100 f M

| 3 11 15 i P 3 q 3 il 15 a b ki

duys doys
Freio 90 Samwe us Pro T bt for fa) Jan 2002 at ME and (b Fel 2002 at FL

evenls (davs 4=7 and 16-24) and moderate cainfall
rates were observed ar station P oduring the second
event. The first SACE evenl wis located over the S
Puulo region,

(i) Minas Cierais region

In this region, represented by MEF (January 2002), i
wis observed that ANNI predicted the heavy rain on
day 13 (Fiz. Ya) In the ANNP forecasts simitlar behay-
or is observed: however, during dayvs 17 and 24 the
ramnfall values were closer 1o those observed. The Eta
Maodel also forecast the periods of ruin: however. there
wiks 4 greater lendeney o generale noneXistént raim (i
the firstand last weeks) and 1o underestimate the high
rainfall (day 141 The MLE results showed skill in cap-
turing perieods of rain, but the generation of nonexisient
rain was observed, specifically in the first dovs and in
the last week. In this month there were o SACK
events: however, the periods ol continuous 1ain were
assoctalad with FSs (Fig. 30 section 4a ) over that region,

In February 200270t s observed that the MLR [ore
custs for PL {see Fig Ub) considerably underestimated
perods ol moderate rain (eg. on days 7-%) In 1his
case, ANNI had difficulty in forecasting moderate rain

in some periods (davs 7

and 9, while in other periods
(davs 1o and 24) it produced a large overgstimation,
However, for the remaining rainv days its {orecasts
were ¢loser to the observed value. Forecasts by ANNP
were an improvement: il did not produce the extreme
overgstimates (davs 16 and 241 On davs 8-%and 2023
the predicted rainfall was close o the real values, On
the other hand. the Eta Model forecasts captured the
periods of rain, s well as predicting some olher periods
of rain that did not oceur {days 25-27) Morcover, 11
overcsiimated runfall compared with other models
during the periods of davs 1-2, 19-20, and 22-23. [n this
month, two SACZ events occorred. but only the second
one (days 16=24} affected PL (Fig, b},

) AUSTRAL WINTER PERII

Uhis section describes the rainfall distribution of the
three stations in the studied region. This period is char-
acterized by lew raim events, with those being of short
duration {2-3 davs).

Figure 110 shows the PP orainfall distribution in the
San Paulo region during Auguost 2002 Al PP orainlall
was sparse. with just one siznificant event on day 2a
that was captured by the three madels: In this case. the
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ANNN lorccast was closest 1o the observed value and
the Eta Model underestimated 11, However, the tain
cstimules senerated by MLR did not cecuwr i reality, In
this period. the ramfall was associated with the passage
of an FS at the end of the month, and an ULCY origi-
nating in midlatitudes shightly affecled PP L the first
day of the month, Figure [a illustrates the rhinfall dis-
tribution for the Using Quissama (L) station {in Ria
de Janeiro) during Juby 2002, Tn this case, ANNI [ore-
casts were near the ebserved rantall values only on
davs I and 3. Alsa. the Eta Model overestimated rain-
full on davs |1 oand 22, and the MLRE underestimated 1t
on days 3 and [, In this month; the isolated rainfall
events were produced by the instability associated with
mewing F&s. For the Minas Gerais region (Iig, 11k} the
forecasts were compared with the abservations from
Lagoa station (LG} during Augost 2002 Al this slution
the ohserved ramnfall was sparse, characterized by just £
day of rain on day 31, doe w an FS.(Fig, 6), The ANNI
forecasis were accurate, as it predicted the only day of
rivin with @ forceast amount close Lo the observed value,
0 the other hand, the Eia Model generated unrealistic
ramn {davs 1-2}, and captured the peak in the rain but
overestimated it, The forecasts by MLR considerably
underestimated the rain at the end of the month: and
penerated rain in intermittent periods.

VALVERDE RAMIREZ ET AL

Y

Statestiead analvees-of the forecast

To guantify the pecformuance of the forecasts by the
models, the BLAS and T5 indices were caleulated. The
BIAS and TS were analveed jomtly. When analvzed
jointly, it &5 casy (o check when the underestimates or
overgstimates are really associated with the days when
it actually rained and are not affected by periods of
nonexistent rain that the model may have generated.

1} AUSTRAL SUMMER PLRIOD

fil Ndo Pawlo region

To facilitale the analvss ol the results and 1o ge1 an
cverview of e behavior of each model, the average of
the TS iFig. 12) and BIAS (Fig 13) for six stations m
the Sao Paulo regton were caleulated for each monih of
Lhe dustral summer, Figure | 2a shows that in December
2000 the averape TS for the six stulions indicate that the
Era Mode! performed the best lor all the thresholds,
During this period onlv ANNI forecasts for KPand GR
were hetter than the Eta Model, The performance of
ANNL was closest Lo that of the B Maodel tor the
i threshold, (s \.rh‘h.‘f"r't.'uf that largest TSs ad
curred for the thresholds of 3 mm (shight rain} and lor
those of 30 mm (moderate rain), The MLI result was
close 1o that of ANNI and ANNP tor the =13 mm
threshold, while for the =20 mm threshold the T8 was
The BIAS (Fig: 13a) shows that the MLR overes-
timated, by up to four times, the moderate and high
rainfall threshalds: however, as the Ths {Fig: 12a) were
many ol the rainfall events foregcast by the MLR
happened on davs in which it did nod rain. On the other
hand, the Era Model produced small overestimales lor
slight rainfall events, and for high rainfall (40- and 30-
mut thresholds) the BIAS reached a value of 22 How-
ever, thesg forecast rainfalls were not observed, as the
TSs were cqual to zeros ANNT and ANNP underesti-
mated slight ranfall events, which justified low Ths,
and ANNP overestimated the thresholds of 30, 480, and
S0 mim just @s the Eia Model did.

For the month of January 2002 (Fig. 12b), the Tas of
the Eta Model, ANNL and ANNP did nol show sig-
nificant differences for the 3= -, B5- and 20-mm
thresholds. For the maoderate (30 mm). high [40-50
mmb, and intense (=to /) mm) rainfall, ANNID and
ANNP showed T8s ahove the B Model and MLRE. Tt
was also observed that for high values of rainfall, fore-
casts by ANNP were better than by ANNL The BLAS
( Fig_ 13b} also showed that MLE overestimated rainfall
more than the ather models: however, the difference
was noboas great i December. The Eta Model under-
estimuted the high and intense raintalls (40- and 60-mm

T,

o,
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threshaolds), On the other hand, ANNIT and ANNP
slhightly overestimated high ramfall, with ANNIS over-
estimule being greater: In the gualitanive analysis {sec-
tion b, the abserved-and Torecast rainfall amounts for
A (Fres Yol clearly show that ANNP was much more
aceurate in forecasting moderate (30 mm) and high
(40=500 mym 1 raantall than was the Eta Model.

For the month of February 2002 (Fig. 12c), it was
ebserved that up o the threshold =20 mm. the Ela
Model, ANNL and ANNP did not show significant dif-
ferences among their TSs, On the other hand, for the
S-mm rainfall thresholds, ANNT showed a higher 15,
and tar the 40-mm threshold the ANNL and ANNP had
Lthe same performance. The Eia Model did not forecast
cintall =40 mm. In the qualitative analysis of KP sta-
tion (Fig. 7h) it was shown that the forecasts by ANNI
and ANNP were more accurate, with w TS of U3 lor
moderate rainfall (2213 meyg oot shown), The MLE
merche] showed isell to be inferior o the other models,
O the other hand, the Eta Model overestimuled slighi,
moderite, and high rainfall more than did ANNI and
ANNP (Fig. 13c). Specilically, Tor the threshold of 40
mm, Eia Model predicted these amounts on davs when
1 tain was measured, as the TS was. (),

(i i e Tanelve region
bl

In Figs. 14 amd 15 the averape TS and BLAS are
showen Tor the Rio de Janeiro region in the three nustral

summer months. In December (Figo 14a) it was ab-
served that tor moderate and shght vamfall, the T%s
were simitlar for the Ewn Model, ANNI and ANNP. For
high and intense rainfall thresholds, ANNI and, ahove
all. ANNPE performed better than did the Ela Model
The MLE maodel again had a TS inferion o the other
models. The BIAS (Fig. 15a) showed that the MLR
overestimated rainfall for thresholds up o =50 mm
mors than did the other models, Conversely, MER un-
dercstimated rainfall = 50w, while ANNE overesti
mated 1t (T-mm threshold),

In January 20010 (Figo 14b) it was observed that the
Ts did not exceed 04 In this case: both ANNL and
ANNP showed slightly better performance than did the
Eta Model lor the 3-, W, and 20-mm thresholds, For
maderate rainfall (30 mm) the Eia Model showed o
slight superionity comparad with the [orecasts [rom
ANNIL the BIAS (Fig. |53h) from the MLR showed
farge overestimates n the lorecast, with ANN| and
ANNP also showing this behavior for the 20- und 30
mnt thresholds, respectively, The behaviar of the TS
from February 2002 (Fig, 14c) showed that, for thresh-
adds up to 30 mm. the forecasting by ANNP was shightly
supertor compared with the other models: At PL (Fie.
db: see also secnon 4 it was seen that the vadues Tor
the slight (=3 mm) and moderate (=30 mm) rainfall
cevents were better forgeast by ANNPE, The Eta Model
overestimated these thresholds, bul did eapture some
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events, On the ather hand, for high rainlall cvents (=30
mm) the Eta Model had o 'T5 = 1, However, this high
rainfall event was only measured at Lendo da Cunha
(L not shown), For this month the overcstimales
were also high Tor vamlall of up to 200mm for both the
MLE and the Eta Model (Fig. 13¢) For ramnfall
amounis between 30 and 30 mm: MLE and ANNI
overcstimuted by o sigmificant marging however. as the
TSs were O, rain was forecast on the wrong dawvs. For
the 50-mm threshold Ein Model, the resulls show a
BIAS = 1 and TS = | (Fie. Lde), indicaling perfegt
forceasts for this threshold.

firi) Minas Clerais region

For December 2001 (Fig, 16a) the Eta Maodel pro-
duced slightly better resules tor the slight and maderale
ranfall thresholds, Far high and intense rainfall bath
ANNI and ANNP performed better, Speatically [or
the Fi-mm threshold. the TS was equal to 1 lor the
forecasts by ANNL and ANNP. The BIAS (Fig. 17a)
for this threshold and for these models was also 1 in-
dicatimg a perfect forecast. The BIAS lor MLR for this
same threshald equaled 1. correspanding to a loreeast
of the same value of rainfall, but on o day where (0 was
not observed. Additionally, the B Model and MLR
overestimated raintall more than did ANNT and ANNEP
fur the thresholds of up ti 200 mm.

12 hat for the stztions in the Minas Geras reglon.

For the month of JTanwary 2002 (Fie, 16B1 i1 was ob
served that ANNIT and ANNF performed better at all
of the thresholds, especially for moderate and high
ramball, and the TS reached the value of 1 tor the o
mm threshold, The BIAS was also eguoul o 1,
shown in Fig. 17h, This result was associated with MFE,
where raintall exceeded ol mm, 1t should be noted 1hat
ramfall from day 18 exceeded 60 mm (Fig. 9a) and was
forecast with more precsion by models ANNI and
ANNP. The MLR oversstimated slight and moderate
rainfall on davs in which it did not happen; lor this
rewson the TS for MLE was the lowest of all the models,

The behavior of the TS (Fig, 16¢) and the BIAS (Fig.
17¢) in Fehruary 2002 shows that ANNP and Eta Model
hid similur TSs for threshold values from 3- o FS-mm.
For =20 mm, ANN] showed slight superiority in rela-
tion to the other models. The Elu Model did not tore-
casl ahove the: 7h-mm threshold, The BIAS (Fig. [7¢)
mdicates that the Eta Model everestimated rainfall val-
ues mere than the other models for the 3-30-mm
thresholds and, for the 40-mm threshold. ANNE over-
estimated much more,

HERE

2} AUSTRAL WINTER PERIVHI
i1 Sao Paulo region

In the month of June 2002 there were no ramlall

mensurements al the stations. In July 2002 there was
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rainfall al the siv statonss however, the average T5
(Fig. 18a) shows that the Eta Model forecast was supe-
rior {or all stations and for almost all of the thresholds,
reaching TS = | for hgh raintall events [Bauru (BR).
1AG, and PPl ANNI s only cose to the accuracy of
the Eta Model for the 12-mm threshold, However,
BIAS (Fig. 18h) shows that the Etg Model overesti-
mated almost all of the thresholds (except éor 20 mm)
and ANNT underestimated the thresholds forslight and
mderate rrinfall,

The average T5 (Fig. 18c) for the month of Augost
2002 shows that the performanee of ANND wis belter
for the thresholds = 10 mm, and in the case of the
40-mim threshold the BIAS was cqual to | The BIAS
(Fig. 1sd) confirms the perfect forecast by ANNID with
a score ol | for the dl-mm threshold. MLR showed
many predictions of nonexistent rain us the TS valoes
were very low,

(i) e de Janeira vesion

Figure 14a shows the TSs for the month of June. The
average Era Model TSs are preater thatl those of ANN]
aned MLE foralmest all of the (thresholds, because rain-
] s Foueseations |UO, PLRE. and CG )| were betler
predicied By the Era Maodel, Only for the 12-mm
threshold did the ANNI perform better, The BIAS
(Fig. 20a) shows overestimatles for ANNIL, and specili-

cally for the 23-mm threshold where the TS = 0, indi-
citing forecasts of nonexistent rain: [n July (Fiu. 19h) it
was observed that ANNL produced superior rosulls
compared with the Bt Model. specifically for the 5-. 8-,
and 10-mm Lhresholds, where the TS value was more
significant, The BEAS (Fig. 20h) shows that the MLR
produced extreme overestimates, especially for the
B-20-mm thresholds. In August 2002 (Fiz. 19¢) only
station CG did not observed rain: however, the Eta and
MLE maodels forecast excessive ran al this site, which
15 shown in the BIAS averaee (Fig, 202), In the sverage
TS: ANNI pertormed best tor the thresholds tram 3 o
s mm. The BIAS for ANNI and Eta Model (for thresh-
alds = 8 mm) was die to the prediction of nonexistent
ratn, s the TS was O

fiii) Minas Gerais region

[ Jume 2002 there was no measured ramiall al the
sevien Minas Gerais stations, The ANNI and Fra muod-
cls dlso foreenst no ron. However, the BIAS for MLE
was 7 (not shown), Fo Judy 2002 11 was e pussible o
train the medels because of a lack of dati from the Eia
Maodel. Forecasts for August 2002 (Fig, Zta) show that
ANNI performed better than Eta Model for thresholds
of 1, 3 and 3 mm, The Eta Model was the best mode!
tor the thresholds of & and 10 mm. 1o the qualitative
analysis station LG [1'[g_ 116y was assessed, which Fip-
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istered just |oday of rnfall (5.3 mm)sand ANNI cipe
tured thiswith great precsion, The bias (Fig 2Hh) een-
erallv showed that MLR overestimated rainfall signibi-
cantly more than did Eta Model,

i, Ehscussion of the vesilts

The statistical indices (TS and BIAS) show o sigmfi.
cant difference in the performance of the different
models nsed for statistical downscaling. Forecasts from
the Eta Model were also evaluated bedause the objec.
tive of this study is o adjust these forecasts forspecific
perints {meteorological stations) through statistical
downsculing.

The MLE TS and BIAS shiow poor performance in
the forecasting of rainfall, Extremely low TSs show the
difficulty the fincar model has in adiosting the Ela
Muodel predictors to the values ol the observed ramiall.
However, the high oversstimates mdicated by the
BIAS reveal thatl. in most ecases; much of the rainfall
forceast by the model did not actually happen. which
explaims the low TS values, In some cases MLR did
forecast ramnfall on the days it occurred at the stilions.
The wse of a lmear model does ot allow Tor suitable
adjustments between the ranfall and the associated dy-
namic variahbles.

The performance of the ANN shows superior behay-
wr compared with MLR and shows encouraging results

when compared with the Ela Madel rainfall forecasts,
The ANN was not uniformly superior for all of the
stations wnd the periods studied: for each region and
station it behaved diffarently. In the Sio Paulo repion.
the ANN had difficully improving upon the forecists by
Eta Model, especially in December, as the TSs werg
very Close to these for Eta Model and in some eases
lower. In January and Februwary, the performance im-
proved, achieving 2 TS = | and a BIAS = | [or mod-
erate and high rainfall events (30—0-mm thresholds),
indieating accurate forccasting,

In the Rio de Janeiro and Minas Germis reglons, it
wars ohserved that the performance of the ANNshowed
a similar improvement to the Eta Model as was ob-
served in Sao Paulo, AL most of the abservation sia-
tions. ANNL and ANNP presented a TS = (0.7 with a
B1AS that did not present extreme over- or wnderesti-
mutes. OF the thresholds analyred, it was also ohserved
that moderate and high rantall evems show the highest
TSs. In relation tointense rainfall. the ANNsalso man-
aped to capture the extreme values: however. iL was
noted thal m some stations therd were extreme over-
estimales,

For the austral winter period, it was observed hat the
AN was better than the Eta Model ot [orecasting dry
petiods, especially in Junc, Gnly i July did the ANN
not perform as well as the Eia Model, For the other
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stations in the states of Rio de Janeiro and Minas
Gierais, the ANN performed better for most ol the sta-
tionswith a TS = 0.5,

Concerning the diflerenl temporal serigs (experis
ments), ANND and ANNP performed best. In some
cases ANNN proved superior to the other maodels,
showing that the modilicalivons made Lo the parametler-
ization improved the forecasts of the varables of the
mdel, However, as there were few events to be trained
and learned [rom {4 short series of 2 yr), these results
were not reproduced at all stations in the study; On the
ather hand, the ANNI series is longer (five vears; Tahle
21, therelore; thes series included more rainfall cvenis
than the ANN can learn «during traming. However.
changes in the model cade meant that it was not ho-
mogencous und therelore it was unsteble. Inelusion of
the variable rainfall from the previous day (ANND
gave the network local information reélated to the event
L be forecast mosuch ooway that the forecasts were
more specilic and closer 1o the measured samfall, Ap-
parently, the inclusion of rain gave the network addi-
tenal information (local persistence) thal allowed i1 1o
discern more precisely the associated patiern, Gener-
ally. 11 was observed that a1 those stapons in which
ANMNT and ANNE had pood rain forecast performance,
the periods of ram were sssociated with well-defined
SACE events and FSs. This was more evident in the
San Pauloand Rio de Janciro regions, On the other
hand, in Minas Gerais some stations did not perlorm
well, despite the abserved rain having been associaied
with synoptic-seale systems. This may be associated
with local aspects such as wopography, microclimale,
and local convection, as these also influence the occur-
rence of rains hut were not included as predictors in the

&, Con L'lutlin;; remarks

The companson of paint forecasts with those per-
formed by the Erta Model (40 = 40 km) is justified, as

the ebjective of thisstudy s 10 adjust this forecast for
spectfic points (meteorological stations) through stats-
tical downscaling, The ohjective in using different tem
poeal series 1o generate the prognestic ool was o find
the best lemporal series that represents the several rain
patlerns. Despile the limitation of having 3 relatively
small series (5yr) ol Ea Model cutpul, and having to
use corresponding output every 6 h, b was observed
that the ANN technigue was effective at adjusting the
rainfall forecasts W specific pomits. In general, the Eia
Muodel and MLR forecasts become less accurate a
higher thresholds: conversely, the forecast produced via
the neural networks { ANNT or ANNP) were more ac-
curate in the case of heavier rain,

The results suggest thiat i the austral winter, rainfall
is more prodictable, becawse the synoplic lercing is
stronger, and deep convective activity is less commaon,
This would alse explain why the forceasts by ANNI
were better o the austral winter than i the awstral
summer. I is important to stress that this technigque is
nod intended as a substitute for the models {statistical
or NWP) currently in wse, bul it may complement tose
currently used at CPFTEC, providing more information
as Lhe basis lor the issued forecast. Thus, the prognostic
tools developed 1o this study are ready 1o be used and
tested in operational weather Torecasting centers, as
they would make more specific forecasting possible for
a certain locality, Curréntly, statistical downscaling is
widely used in large operational centers around The
warld, vsing exclusively lincar relations (MLR); this
study is inmovative in Bragil in hoving implemented 3
statistical downscaling methodology using & nonlinear
technigue known as ANNs
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