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Aplicou-gse a Analise de Componentes Principais Rotacionadas
(ACPR)as series temporais da precipitacao mensal de 28 estacoes
pluviometricas da Bacia Amazonica com vistas a aumentar o
entendimento de alguns dos padroes espaciais dos campos de
precipitacao. As series de precipitacao cobrem o periodo de 35
anos (1951-1985). Efetuou-se ACPR para as series originais e,
tambem, para series onde removeu-se o ciclo anual de modo a
procurar-se os padroes de variabilidade inteanual dos campos de
precipitacao. Os quatro primeiros Componentes Principais (CPs)
explicam 65,1% (32,6% ) da variancia para os casos com o ciclo
(sem o ciclo) anual. 0s dois primeiros padroes no caso com o c¢iclo
anual relacionam-se fortemente a aspectos do ciclo sazonal de
precipitacao na Amazonia: o dipolo norte-sul de maximas
precipitacoes no hemisferio de verao para o primeiro padraoc, e a
migracaoc sazonal da ACIT (e linhas de instabilidade associdas na
costa atlantica amazonica para o segundoc padrac. A forma do
primeiro padrac no sul da Amazonia segere uma associacao deste com
o ciclo sazonal da Zona de Convergencia do Atlantico Sul (2ZCAS). O
segundo e quarto padroes do caso o sem ciclo annual parecem estar
relacionados a eventos El Nino-Oscilacao Sul. Verificou-se esta
associacac atraves da analise espectral cruzada entre o Indice de
Oscilacao Sul e os coeficientes das series temporais (Scores)
associados a estes padroes
b
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PRINCIPAL COMPONENT ANALYSIS OF PRECIPITATION FIELDS OVER THE AMAZON RIVER BASIN

Guillermo O. Obregon and Carlos A. Nobre

Centro de Frevisdo de Tempo e Estudos Climdticos - CPITIC.
Instiulo de Pesquisas BEspaciais JNPLL
12201 Sa¢ José dos Campos, SP, Brasil.

ABSTRACT

Rotated Principal Component Analysis (RPCA} was applied (o time series of monthily precipitation for 28 stations
of Amazon River Basin aiming at improving understanding of some of the spatial rainfall patterns. The precipitation series
spanied 35 years(1951-1985). RPCA wus perfonmed for both the original series and also for the series which resulted after
removal of the atuial cycle from the oviginal series. This was done in order to seek Jor paticrus of interarnuial variobilisy.
The first four PC's explain 65.1 % (32.6 %) of total variance for the case with{without) the annual cycle. The first and
second potiems of the case with the annual cycle we related 1o aspects of the seasonal cycle of precipitation over Amazonia:
the nonth-south dipole of maxinuem precipitation in the summer hemisphere for the first pattern, and the {TCZ yeasenal
migrations {and reluted sguall lines) along Amazonia’s Atlantic Coast for the second. The shape of the first pattern in
suuthern Anazonia stggests its association 1o the seasonal cycle of the South Adantic Convergence Zone. The second and
Jourth paiterns of the case withowt the annual cycle seem (o be related to El Nino-South Oscillation (ENSQ) events, which
is corroborated by cross-spectrum analysis of the Southem Oscillation Index and the time series of the RPC Scores for those
{we patterns.

RESUMO

Aplicou-se a Anglisc de Componentes Principais Rotacionadas (ACPR) as sérics temporais da precipilagio
mensilde 28 estagdes pluviométricas da Bacia Amazénica com vistas a aumentar v entendimento de alguns dos padrics
espaciais dos campos de precipitagdo. As séries de precipitagao cobrem o periodo de 35 anos (1951-1985). Efctuou-se
ACPR para as séries originais ¢, 1ambém, para sérics onde removeu-se o ciclo anual de modo a procurar-se os padroes
de variabilidade interannal dos campos de precipitagao. Os gquatro primeiros Componentes Principais (CP’s) explicam
05.1% (32.6 %) da varidncia para 0s casos com o ciclo (sem o ciclo) anual. Os dois primeiros padrdes no caso com o
ciclo anual relacionam-se fortemente A aspectos do ciclo sazonal de precipitagao na Amazdmia: o dipolo norie-sul de
maximas precipitagdes no hemisiério de verdo para o primeiro padrao, ¢ a migragdo sazonal da ZCIT (¢ linhas de
mstabilidade associadas) na costa atlantica amazdnica para o segundo padrio. A forma do primeiro padedo no sal da
Anazonia segere uma associagio deste com o ciclo sazonal du Zona de Convergéneia do Atfantico Sul {ZCAS). O
segundo & quarto padroes do caso o sem ciclo annual parecem estar relarcionados a eventos El Nino-Oscitagio Sal.
Verificon-se esta associacdo através da andlisc cspeciral cruzada entre o Indice de Oscilagdo Sut ¢ os coelicicntes das
séries temportais (Scores) assacriados a estes padrocs.

1 INTRODUCTHON

The region of study is tocated within taticades 5°N
and 19, wnd fongitades 43°W and 78°W, which
approxtatately marks the imits of the Amazon Basta
and lics within the tropical zone of South America.
Spanial and lemporal variabilty of rainfall {in this zone
13,8]) is lurge with steong scasonality, The nature of the
precipitation distribution over the Amazon Basin has
been investigated [15,19] and reviewed recently [17].

Traditionally, the rainfall climate of Amazonia has
been mainly characterized by simple statisics based on
monthiy or annual totals {3,22]. Recently the
climatological precipitation patern was studied with
the aid of EOF’s {26]. In this study we used Rotated
Principal Componcat Analysis (RPCA) to study the
spatial and temporal variahility of the monthly rainfall
distribution in Amazonia.
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2. DATA AND ANALYSIS METHODS

The duta used i this study are the 35 year fong
(1951-1985) monthly rainlall records of 28
meteorological stations well distributed over 1he
Amazon Basin, as shown in Figure ), The time serics
lenght is 420 (35 years x 12 months) for cach station,
Additionally monthly values ol the Southern Oscillution
Index (SOI, mean monthly sea level pressure (SL.1°)
anomaly at Darwin minus mean monthly SLP anomaly
al Tahity) were used to construct a ime serics which was
correlated to the time series of coellicients of the firsi 4
RPC’s patterns of the precipitation distribution.

The hasic principles of PCA are derived from the
concept of dispersion of the inicial data matrix Z{nxm),
where n =420 is the leagth of the monthly precipiation
time series and m =28 thc number of staiions. The
analysis is performed in the spacc domain (§ mode

Climandlise 35
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Fig. | - Study arca and location of stations. 'The limits of the Amazon River Basin are indicated.

analysis) W describe the dominant spatial modes [25].
Thus the ahove PCA model lakes the form of:

Z=FA'

where: F(nxm) = Principal component scores
A(mxm) = Principal component loadings

Hcenee, the principal component loadings were
obtained from the input of the correlation matrix
R{28x28), which is justificd by their advantages which
include equal weighting ol all the stations to avoid bias
positioning of the "synoptic centres™ |24}

Table T - The variances (cigeavalues) of the first six
unrotated PCs of the precipitation field.

The RPC analysis was done in two dillerents
forms: i) with the unaliered time serics, and itywith o
time series in which the annual cycle was removed by
subtracting the 3S-ycar mean precipitation for each
month from the respective monthly value; thus two
spatial matrices R(28x28) describing the inter-station
correfation were gencrated. Each matrix was subjected
te PCA in order 10 derive the PCs for these two cases.
Alter obtaining the PCs, by the analysis of their Principal
Components Loadings and the variance explained for
each eigenvector, we rotated the first six Principal
Components in Lhe lirst case and eight inthe second case
through the Varimax Method in order Lo obtain a simpic
structure of the spatia) patierns |25) and 1o improve their
SACZ physical interpretation.

i 3. RESULTS OF THE ROTATED PRINCIPAL
WITILSEASONAL CYCLE  WITHOUT $1EASONAL CYCLE COMPONENT ANALYSIS
PC VAR % CUM. VAR, %  CUM.
The variances {eigenvalues) obtained for both
1 20 425 48 33 118 118 cascs are shown in Table L.
2 36 129 554 22 78 196 In the first case the first four PC’s explain 65.1 %,
3 16 55 60.9 19 69 2165 of the precipitacion ficld totat variance, whereas on the
. P [/ 1 T 5 M
. a2 esi - 6l 1 second case on.!y 326 %. Thls‘l'au can be attributed 10
_ the strong seasonal cycle, mainly represented by Girst
s L0 29 680 1.4 5.1 7 PC, in the first casce.
6 08 26 06 L3 46 M3
36 Climandlise Vol. 5, Ne 7, 1998



a) SERIES WITH SEASONAL CYCLE

In the distribution of the spatial patiern for the first
casc {Figurcs 2a-d), areas of maximum and minimum
valucs are well delineated, and their associated time
cocllicients present strong seasonal cycle (Figures
3a-d); this strong scasonalily can be clearly seen in the
mcan monthly values of the time coellicients (Figures
4u-d). The first spatial pattern (Fig. 2a) shows a marked
minimum al the southwestern part of Amazonia with
westward penetration; there is also a secondary
minimum in the northwest and a maximum in the
northeen part. The time cocllicicnt series of this pattern
{Fig. 3a and 4a) shows positive values in northern
sammer and negative values in southern summer. This
paticra is related 10 the very well-known dipole type
precpitalion regime over Amazonia with maximun
(minimum) rainfall in the summer (winter) hemisphere.
In the southern hemisphere summer the maximum
rainfall area 18,22] is due to strong tropical convective
activity [11,13,16] associated with the SACZ (South
Atluntic Convergence Zone) and gencrated, in parl, by
equatorward advance of frontal systems which enhance
convective activity {15,28]. Fig. 2b shows the sccond
spatial pattern which presents a strong maximun in
northeastern Amazonia over the Amazon river motith,
with a westward tongue-like penetration, The lime
cocllicient serics associated (o this patiern appears (o
be related to the annoal cycle of the rainfall which would
be caused by the scasonal migration of the ITCZ over
the Adantic Ocean ncar the South American coast
{9,27]. The ITCZ reachs its southern most latitude in
March-April [27], which suggests that the sccond
paticrn may be related 1o it as the maximum of Fig. 4b
occurs also in March-April. Additionally, this pattern
appears 1o be associated 1o the squall fines (4,7] that
(orm afong the Atlantic Coast and propagate inland,
where they gradually become less iniense in general.
The third spatial pattern (Fig. 2¢) shows maximum
valucs over the western part of Amazonia and over the
Andes, and the time coceflicient series (Fig. 3¢ and 4¢)
shinvs maximum values during April and Oclobrer and
minimum values during Janwary and July. The
cocfficicnt series (Fig.3¢) resembles the annual march
of solar radiation at the Eqguador which is maximum
during the equinoxes and minimun during the solstices.
However, this pallern does not lend itsell 1o simple
interpretation. Finally the fourth spatial patiern (Fig.
2d) shows a dipole pattern with the Equator
aproximately dividing (he arcas of positive and negative
loadings. The time coefficient scries (Fig. 3d and 4d)
shows positive values in southern heatisphere summer
and ncgative in the other seasons.

b) SERIES WITH ANNUAL CYCLE
REMOVED

Figures 5a-d show the spatial patlerns of the
second case in which the annual cycle was removed. By
removing the annual cycle we will be seeking for paticras
of inierannual vanability of rainfall in Amazonia. The

Vol. 5, N¢7, 1990

liest and fourth spatial patterns show simpler structures.
The first spatia} patresn (Fig. 5a) is similar (o the first
one of the other case (Fig. 2a). This can be understood
by calculating the correlation between the caefficients
series [or the two cases. The correlation coelficient is
0.65 which shows that the anuual cycle was not
completely removed and some seasonalily still
remained. The second spatial patterns (Fig. 5a) shows
positive valucs in southwestern Amazonia and negative
vajues over most of the region. The coefficient (inme
serics {Fig. 6b) seems to indicate that raiafall decreased
during some ENSQ events such as 57/38, 64/65 and
72/73. The third spatial pattern (Fig.5¢) shows an arca
with minimum values in sonthern Amazonia. The ourth
spatial panern (Fig. 5d) is apparently assoclated 10
ENSO events since this spatial distribution agrecs well
with that of different studics which related ENSO events
Lo precipitation anomalics in Amazonia [1,20]. The time
cocllicicnt serics (Fig. 6d) shows an example of this
relationship for 198271983 and 1957/1958.

[n order 1o clarify our understanding of the
relationship between ENSO cvents and (he
precipitation pattern over the Amaroa basin we
calculated lincar correlations between the SO tiine
scrics and the coefficient series for the six RPC ol the
second case (Table IN). In addition cross-speetrum
analysis between the same fime serics was also done.

Table 11 - Correlation cocllicicnts between the momhly
SOL and the first six Rotated Principal Component
Scores - RPCS.

RPCS CORR. COEF.
1 (.08
2 A 170"
3 102
4 -(.24**
5 0.07
O A0
- _

** gignificant al Y9% conlfidence level based on null
hipotesis of zero correlation

The SOI time series and the coeflicient scrics of
the second and fourth pattern are stalistically signilicant
al 99% confidence leve). Also the coherence-square
between the second coeflicient series and SOI (Fig.7)
shows a peak between 2 and 3 years, statistically
significant al 5 % level. This {requency range is one of
the dominani {requencies of the ENSO phenomena | 5)
and il agrees with the frequency range found between
the SOI and Amazon River discharges [23]. The
coherence-square for the fourth coefficient series
(Fig.8) shows a peak at 5 years and is statistically

Climandlise 37
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Fig, 4 - As ay Fig, 3 b for the Monthly mean score ol ol the fisst four

significant at 5% level. This spectral peak is also a
dominant frequency obscrved for ENSO phenomena
15,61

4, CONCLUSIONS

In this study, Rotated Principal Component
Analysis (RPCA) was applied to time scries of monthly
precipitation for 28 stations in the Amazon River Basin.
The aim of such analysis was to improve physical
understanding ol some of the rainfall paiterns. The most
important lindings were the [ollowing:

1) With unaltered time scries of precipitation (that
is, serics with annual cycle) iwo gencral conelusioas can
be drawm from the resulis of this caser 1) The frst
patiern, which explains 42.5% ol total variance, is
associaled with the strong dipole type climatological
precipitation over Amazonia with maximum rainlall in
the summer hemisphere and minimum rainfall in the
wipter hemisphere, showing mostly north-south
precipitation gradients, The shape of this pattern in the
southern Amazonia (NW-SE crientalion) seems to
indicate its relationship Lo the seasonal cycle of
precipitation associaled with the Souih Atlantic
Convergence Zone [15,28}; i) The second pattern
explains 129% of total variance and is apparcatly
related o the scasonal cycle of the ITCZ over the
Atlantic Ocean and Amazonia’s Atlantic Coast

Vol. 5, N¢7, 1990
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19,18,27}; this paitern also appears 1o be associated with
the squall lines which form along that coast {4,7]. The
fiest two PC's explain 55.5 % of woial variance and are
strongly linked 10 the seasonal cycle of precipitation in
Amazonia,

2) The annuat cycle was removed [rom the time
serics to allow easicr inspections of possible patterns of
intcrannual variability in Amazonia. A relwionship
between ENSO cvents and rainfall over Amazonia
seems Lo cxist for the sccond and fourth pauerns of this
case. Corrclation (Tuble 1) and the cross-specirum
analysis between the SOL time series and the time
coclficients series of the two patterns corroborate this
finding.

The cocllicient series of the seeond pattern, which
is related (o ENSO event in the frequency range of 2-3
year, scems Lo indicate that rainfall decreases during the
ENSO cvents of 57/58, 64/65 and 72/73 bul ils spatial
pattern does nol possess a simple interpretation, The
fourth pavern of this case, which is reluted 1o ENSO
cvents in [requency range of 5 years, appears o be
related 1o ENSO as other ohscrvational studics, also
have found similar patierns for higher rainfall
precipitation anomalics, that is, over northera Peru and
Ecuador [10] and deficit precipitation over the casiern
part of Amazonia [14,20], during ENSO cpisodes. This
spatial pattcrns is also found in GCM experiment
studies |2].
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Vigure 7 - Coherence syuore botween Sowmhern Oscillation Index (SO1) and RPC Seores of the second pattern without the annual cycle.
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ABSTRACT

Rotated Principal Component Analysis (RPCA) was applied io lime series of monthly precipitation for 28 stations
of Amazon River Basin aiming atimproving understanding of some of the spatial rainfall patterns. The precipitation series
spunncd 35 years(1951-1985). RPCA was performed for both the original series and also for the series which resulted after
removal of the annual cycle from the original series. This was done in order 1o seek for patterns of interannual variability.
The first four PC's explain 65.1 % (32.6 %) of total variance for the case with{without) the annual cycle. The first and
second pattemns of the case with the annual cycle are related to aspects of the seasonal cycle of precipitation over Amazonia:
the noth-south dipole of maximum precipitation in the summer hemisphere for the fost pattern, and the {TCZ scasonal
migrations (and related syuall tines) along Amazonia’s Adantic Coast for the sccond. The shape of the first pattern in
southent Amazonia sugpests its association to the seasonal cycle of the South Attantic Convergence Zone. The second and
Jourth patiems of the casc without the annual cycle seent (o be related (0 El Nino-South Osciliation (ENSO) events, which
iy carroborated by cross-spectrint analysis of the Southem Oscillation Index and the time series of the RPC Scores for those
iwo Pﬂﬂt’a"ﬂ.&'.

RESUMO

Aplicou-se a Analise dec Componenles Principais Rotacionadas (ACPR) as séries temporais da precipitagio
mensal de 28 estagoes pluviométricas da Bacia Amazdnica com vistas 4 aumentar o entendimento de alguns dos padrocs
espaciuis dos campos de precipitagdo. As séries de precipitagao cobrem o periodo de 35 anos (1951- 1985). Efctuou-se
ACPR para as sérics originais ¢, também, para sérics onde removen-se o ciclo anual de modo a procurar-se os padroes
de variabilidade interanual dos campos de precipitagao. Qs quatro primeiros Componentes Principais (CP’s) explicam
65.19% (32.6 %) da variancia para 0s casos com ¢ ciclo (sem o ciclo) anuval. Os dois primeiros padrocs no ¢aso com o
ciclo anual relacionam-se fortemente i aspectos do ciclo sazonal de precipitagao na Amazdnia: o dipdlo norte-sul de
mixinias precipilaghes no hemisfério de verao para o primeiro padrao, ¢ a migragdo sazonal da ZCIT (¢ Llinhas de
instabilidade associadas) na costa atlintica amazbnica para o segundo padrao. A forma do primeiro padrao no sul da
Amazdnia segere uma associagao deste com o ciclo sazonal da Zona de Convergéncia do Atlantico Sul (ZCAS). O
scgundo e quarto padrdes do caso o sem ciclo annual parecem estar relarcionados a eventos El Nino-Oscilagio Sul.
Verificon-se esta associagao através da analise espectral cruzada entre o Indice de Oscilagao Sul ¢ os coeficientes das
sérics lemporais (Scores) associados a estes padrdes.

1. INTRODUCTION 2. DATA AND ANALYSIS METHODS

The region of study is located Fithin latitudes 5°N
and 19°S, and longiludes 45°W and 78°W, which
approximately marks the limits of the Amazon Basin
and lics within the tropical zone ol South America,
Spatial and temporal variability of rainfall (in this zone
[3,8)) is large with sirong scasonality. The nature of the

The data used in (s study arc the 35 year long
(1951-1985) monthly rainfall records of 238
meteorological stations well distributed over the
Amazon Basin, as shown in Figure 1. The time serics
lenght is 420 (35 years x 12 months) for each station.
Additionally monthly values of the Southern Oscillation

precipitation distribution over the Amazon Basin has
been investigated [15,19] and reviewed recently [17].

Traditionally, the rainfall climate of Amazonia has
been mainly characterized by simple statis¢es based on
monthly or annual totals [3,22]. Recently the
climatological precipitation patiern was siudicd with
the aid of EOQF’s {26). In this study we uscd Rotated
Principal Componcni Analysis (RPCA) 1o study the
spatial and temporal variability of the monthly rainfall
distribution in Amazonia.
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Index (SOI, mean monthly sea level pressurc (SLP)
anomaly at Darwin minus mean monthly SLP anomaly
at Tahity) were used Lo construct a time scrics which was
correlated to the time serics of coelficients of the lirst 4
RPC’s patterns of the precipitation distribution.

The basic principles of PCA are derived from the
concepl of dispersion of the micial data matrix Z(nxm),
where n =420 is the length of the monthly precipitation
lime scries and m=28 (hc number of stations. The
analysis is performed in the space domain (S mode
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analysis) to describe the dominant spatial modes [25].
Thus the above PCA model takes the form of:

Z=FAT

where: F(nxm) = Principal component scores
A(mxm) = Principal component loadings

Hecnce, the principal component loadings were
obtained from the input of the correlation matrix
R(28x28}, which is justified by their advantages which
include equal weighting of all the stations to avoid bias
posilioning of the "synoptic centres” {24].

Table I - The variances (eigenvalues) of the fiest six
unrotaled PCs of the precipitation field.

WITH SEASONAL CYCLE  WITHOUT SEASONAL CYCLH

PC VAR e CUM. VAR % CUM.

The RPC analysis was done in two differents
forms: i) with the unaltered time serics, and ii)with a
time series in which the annuat cycle was removed by
subtracting the 35-year mean precipitation for each
month from the respective monthly value; thus two
spalial matrices R(28x28) describing the inter-station
correlation were generated. Each matrix was subjected
to PCA in order Lo derive the PCs [or these (wo cascs.
Alter obtaining Lhe PCs, by the analysis of their Principal
Components Loadings and the variance explained for
each eigenvector, we rotated the first six Principal
Components in the lirst case and eight in the second case
through the Varimax Mcthod in order lo oblain a simple
structure of the spatial patteras (25} and 1o improve their
SACZ physical interpretation,

3. RESULTS OF THE ROTATED PRINCIPAL
COMPONENT ANALYSIS

The variances (eigenvaltues) obtained for both
cases are shown in Table L,

1 0 25 425 33 18 18
2 36 129 554 22 78 196 In the first case the [lirst four PC's explain 65.1 %,
3 16 5.5 60.9 19 69 265 of the precipitacion ficld totat variance, whereas on the
a L2 42 &4 7 ol 6 second case only 32.6 %. This 'facl can be attributed to
the strong seasonal cycle, mainly represented by first
5 10 29 68.0 14 5.1 3.7 PC, in the [irst case.
6 08 26 06 13 46 423
36 Climandlise Vol 5, N27, 1990



a) SERIES WITH SEASONAL CYCLE

In the distribution of the spatial patiern for the [irs¢
case (Figures 2a-d), areas of maximum and minimum
values are well delineated, and their associated time
coelficients present strong seasonal cycle (Figures
3a-d); this strong seasonality can be clearly seen in the
mean monthly values of the time coefficients (Figures
3a-d). The first spatial pattern (Fig. 2a) shows a marked
minimum at the southwestern part of Amazonia with
westward penetration; there is also a secondary
minimum in the northwest and a maximum in the
nosthern part. The time coellicicnt series of this pattern
(Fig. 3a and 4a) shows positive values in northern
summer and negative values in southern summer. This
pattern is related o the very well-known dipole type
precipitation regime over Amazonia wilh maximun
{minimum) rainfallin the summer (winter) hemisphere.
In the southern hemisphere summer the maximum
rainfall area |8,22] is due to sirong {ropical convective
activity {11,13,16] associated with the SACZ (South
Atlantic Convergence Zone) and generated, in part, by
cquatorward advance of frontal syssems which enhance
convective actlivity [15,28). Fig. 2b shows the second
spatial pattesn which presents a strong maximum in
norlthcastern Amazonia over the Amazon river mouth,
with a westward tongue-like penetration. The time
coellicient series associated to this paliern appears to
be related to the annual cycle of the rainfall which would
be caused by the scasonal migration of the ITCZ over
the Atlantic Ocean near the South American coast
[9,27). The ITCZ reachs its southern most latitude in
March-April [27), which suggests that the sccond
pattcrn may be related to it as the maximum of Fig, 4b
occurs also in March-April. Additionally, this pattern
appears 10 be associated o the squall Tines |4,7] that
form along the Atantic Coast and propagate inland,
where they gradually become less intense in general.
The third spatial pattern (Fig. 2¢) shows maximum
valucs over the western part of Amazonia and over the
Andes, and the time coelficient series (Fig. 3¢ and 4c¢)
shows maximum values during April and Octobrer and
minimum valucs during Januvary and luly. The
coclficient series (Fig.3c) resembles the annual march
of solar radiation al the Equador which is maximum
during the cquinoxes and minimun during the solstices.
Howcver, (his pattern does not lend ftself 1o simple
interpretation. Finally the fourth spatial patern (Fig,
2d) shows a dipole pattern with the Equator
aproximately dividing the arcas of positive and negative
loadings. The time cocfficient series (Fig. 3d and 4d)
shows positive values in southern hemisphere summer
and negative in Lthe other seasons.

b) SERIES WITH ANNUAL CYCLE
REMOVED

Figures Sa-d show ihe spatial paticens of the
sccond case in which the annual cycle was removed. By
removing the annual cycle we will be secking lor patterns
of interannual variability of rainfall in Amazonia. The
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first and fourth spatial patterns show simpler structures.
The lirst spatial pattern (Fig. 5a) is similar 10 the first
one of the other case (Fig. 2a). This can be undersiood
by calculating the correlation between the coefficients
series for the two cases. The correlation coefficient is
0.65 which shows that the annual cycle was not
compleiely removed and some seasonality still
remained. The second spatial patterns (Fig. 5a) shows
positive values in southwestern Amazonia and negative
values over most of the region. The coefficicat time
series (Fig. 6b) seems to indicate that rainfall decreased
during some ENSO events such as 57/58, 64/65 and
72/73. The third spatial pattern {Fig.5c) shows an area
with minimum values in southern Amazonia. The fourth
spatial pattern (Fig. 5d) is apparently associated lo
ENSQ events since (his spatial distribution agrees well
with Lhat of different studies which related ENSO events
to precipitation anomalies in Amazonia [1,20]. The time
coellicient series (Fig. 6d) shows an example of this
relationship for 1982/1983 and 1957/1938.

in order 1o clarily our understanding of the
relationship between ENSQO events and the
precipitalion patiern over the Amazon basin we
calculatcd lincar correlations between the SO time
serics and the coefficient series for the six RPC of the
second case (Table II). In addition cross-spectrum
analysis between the same time series was also done.

Table 1 - Correlation cocflicients between the monthly
SOl and the first six Rotated Principal Componcnt
Scores - RPCS,

RPCS CORR. COEF.

0.08
.17+
-0.02
-0_24**
0.07
0 Q.09

Vo R e

**osignificant at 99% conlidence level based on null
hipotesis of zero correlation

The SO time series and the cocelficicnt series of
the second and fourth patlern are statistically significant
at 99% confidence level. Also the coherence-square
between the sceond coefficient series and SOL (Fig.7)
shows a peak between 2 and 3 years, statislically
significant at 5 % level. This frequency range is onc of
the dominaat frequencics of the ENSO phenomena | 5)
and i agrees with the frequency range found between
the SO1 and Amazon River discharges |23]. The
coherence-square for the fourth cocflicient serics
(Fig.8) shows a pcak at 5 years and is statistically
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§5.04.

4, CONCLUSTONS

Iu this study, Rotated Principal Component
Analysis (RPCA) was applicd to time series of monthly
precipitation for 28 stations in the Amazon River Basin,
The aim of such analysis was to improve physical
understanding of some ol the rainflall patterns, The most
important lindings were the olowing: .

1} With unaliered time series of precipitation (that
is, series with annual cycle) two gencral conclusions can
be drawm from the results of this case: i) The first
pattcrn, which explaing 42.5% of totad variance, is
associated with the strong dipale type climatological
precipitation over Amazonia with maxisum rainlall in
the summer hemisphere and minimum rainfall in the
winter hemisphere, showing mostly north-south
precipilation gradients. The shape of this pattern in the
southern Amazonia (NW-SE orientation) seems to
indicate its relationship to the seasonal cycic of
precipitation associated with the South Atlantic
Convergence Zone (15,28]; 1i) The second pattern
explains 12.9% of total variance and is apparently
related 1o the scasonal cycle of the ITCZ over the
Atlantic Qcean and Amazonia’s Atlantic Coast

Vol. 5, N¢ 7, 1990

[9,18,27); 1his paticrn also appears 1o be associated with
the squall lines which lorm along that coust |4,7]. The
first two PC’s explain 55.5 % of total variance and are
strongly linked (o the seasonal cyele of precipitation in
Amazonia.

2} The annual cycle was removed from the time
scrics to allow casier inspections ol possible patteras of
intcrannual variability in Amazonia. A selationship
between ENSO events and rainlall over Amazonia
seems (o exist for the second and lourth patterns of this
case, Corrclation (Table 1) and the cross-spectrum
analysis between the SOI time serics and the time
coclficients series of the two patlerns corroborate this
finding,

The cocllicicnt series of the second paucrn, which
is related 1o ENSO cven in the frequency range of 2-3
year, scems Lo indicate that ramfall decreases during the
ENSO cvents ol 57/58, 64/65 und 72/73 but its spatial
pattern does not possess a simple interpretation. The
fourth pattern of this case, which is related to ENSOQ
events in frequency range of 5 years, appears 10 be
reflated (o ENSO us other observational studics, also
have lound similar pattecns for higher rainfall
precipitation anomalics, that is, over northern Peru and
Ecuador {10} and deficit precipitation over the castern
part ol Amazonia [14,20], during ENSO cpisodes. This
spatial patterns is also found in GCM experiment
studies |2].
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ABSTRACT

Rotated Principal Component Analysis (RPCA) was applied to time series of monthly precipitation for 28 stations
of Amuzon River Basin aiming at improving understanding of some of the spatial rainfall patterns. The precipitation series
spanned 35 years(1951-1985). RPCA was performed for both the original series and also for the series which resulted after
removal of the annual cycle from the original series. This was done in order o seek for patterns of interannual variability.
The first four PC’s explain 65.1 Y% (32.6 %) of total variance for the case with(without) the annual eycle. The first und
sccond pattems of the case with the annual cycle are related (o aspects of the seasonal eycte of precipitation over Amazonia:
the north-south dipole of maximum precipitation in the summer hemisphere for the first pattermn, and the ITCZ seasonal
migrations (and related squall lines) along Amazonia’s Atlantic Cpast for the second. The shape of the first patiern in
southern Amazonia suggests its association (o the seasonal cyc!é‘ﬁ%‘?e South Attamiic Convergence Zone. The secend and
Jourih patierns of the cuse without the annual cycle seem to be related to El Nino-South Oscillation (ENSQ) events, which
is corroborated by cross-spectaen analysis of the Sowthern Oscillation Index and the time series of the RPC Scores for those
Dby patieris.

RESUMO

Aplicou-se a Analise de Componentes Principais Rotacionadas (ACPR) as séries temporais da precipitagdo
mensal de 28 estagdes pluviométricas da Bacia Amazdnica com vistas a aumentar o entendimento de alguns dos padrocs
capaciais dos campos de precipitagdo. As séties de precipitagio cobrem o periodo de 35 anos (1951- 1985). Efctuou-se
ACPR para as sérics originais ¢, lambém, para sérics onde removeu-se o ciclo anual de modo a procurar-se os padroes
de variabilidade interanual dos campos de precipitagao. Os quatro primeiros Componentes Principais (CP’s) explicam
65.1% (32.6 %) da variancia para 08 Casos com o ciclo (sem o ciclo) anval. Os dois primeiros padroes no caso com o
ciclo anual relacionam-se forlcmente 3 aspectos do ciclo sazonal de precipitagio na Amazonia; o dipdlo norte-sul de
maximas precipitagdes no hemisfério de verdo para o primeiro padrio, ¢ a migragio sazonal da ZCIT (e linhas de
instabilidade associadas) na costa atlintica amazdnica para o segundo padrao. A forma do primeiro padrao no sul da
AmazOnia segere uma associagao deste com o ciclo sazonal da Zona de Convergéncia do Atlantico Sul (ZCAS). O
sepundo e quarto padrdes do caso o sem ciclo annual parecem estar relarcionados a eventos E1 Nino-Oscilagéo Sul.
Verificou-se esta associagho através da anélise espectral cruzada entre o [ndice de Oscilagio Sul ¢ os cocficientes das
séries lemporais (Scores) associados a estes padrocs.

1. INTRODUCTION

The region of study is located within latitudes 5°N
and 198, and longitudes 45°W and 78°W, which
approximalely marks the limits of the Amazon Basin
and lics within the tropical zone of South America.
Spatial and temporal variability of rainfall (in this zone
13,8)) is large with strong seasonality. The nature of the
precipitation distribution over the Amazon Basin has
been investigated [15,19] and reviewed recently [17).

Traditionally, the rainfall climate of Amazonia has
been mainly characterized by simple statistes based on
monthly or annual totals [3,22]. Recently the
climatological precipitation paitern was studied with
the aid of EOF’s [26]. In this study we used Rotated
Principal Component Analysis (RPCA) to study the
spatial and temporal variability of the monthly rainfall
distribution in Amazonia.
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2. DATA AND ANALYSIS METHODS

The data used in this study are the 35 year long
(1951-1985) monthly rainfall records of 28
meteorological stations well distributed over the
Amazon Basin, as shown in Figure 1. The time series
lenght is 420 (35 years x 12 months) for each station.
Additionally monthly values of the Southern Oscillation
Index (SOIL, mean monthly sea level pressure (SLP})
anomaly at Darwin minus mean monthly SLP anomaly
at Tahily) were used Lo constructh time serics which was
correlated to the time series of coefficients of the lirst 4
RPC’s patterns of the precipitation distribution.

The basic principles of PCA are derived from the
concept of dispersion of the inicial data matrix Z{nxm);
where n = 420 is the length of the monthly precipitation
lime series and m=28 the number of stations. The
analysis is performed in the space domain (S mode

Climandlise 35



ION

108

208

- ION

-1108

SOW

{ig 1- Study area and location of stations. The limits of the Amazon River Dasin are indicated.

analysis) to describe the dominant spatial modes [25].
Thus the above PCA model takes the form of:

Z=FA'

where: F(nxm) = Principal component scores
Af{mxm) = Principal component Joadings

- Hence, the principal component loadings were
obtained from the input of the correlation matrix
R(28x28), which is justified by their advantages which
include equal weighting of all the stations to avoid bias
positioning of the "synoptic centres” |24].

‘Table 1 - The variances (cigenvalues) of the first six
unrolated PCs of the precipitation field.

The RPC analysis was done in two dilferems
forms: i) with the unaltered time serics, and ii}with o
time series in which the annual cycle was removed by
subtracting Lthe 35-year mean precipitation for each
month from the respective monthly valuc; thus two
spatial matrices R{28x28) describing the inter-station
correlation were generaled. Each matrix was subjeciced
to PCA in order Lo derive the PCs [or these two cascs.
After obtaining the PCs, by the analysis of their Principal
Components Loadings and the variance explained lor
each eigenvector, we rolated the first six Principal
Components in the first case and eightin the second casc
through the Varimax Method in order 1o obtain asimple
structure of the spatial patterns |25) and to improve their
SACZ physicul interpretation.

3. RESULTS OF THE ROTATED PRINCIPAL
WIl'll SEASONAL CYCLE  WITHOUT SEASONAL cvg_.ﬁ COMPONENT ANALYSIS
PC VAR %  CUM. VAR, % ' CUM,
The variances (eigenvalues) obtained for both
\ 20 425 425 33 18 118 cases are shown in Table L.
2 36 129 554 22 78 196 I the first case the first four PC’s explain 65.1 %,
3 16 5.5 60.9 1.9 69 265 ' of the precipitacion ficld total variance, whereas on the
4 12 2 & 17 ol 36 second case only 32.6 %. This .facl can be atteibuted ty
the strong scasonal cycle, mainly represented by first
5 1o 29 680 14 5. 7 PC, in the [irst casc.
o 08 26 706 13 46 423
30 Climandlise Vol. 5, Ne 7, 1990



a) SERIES WITH SEASONAL CYCLE

In the distributivn of the spatial pattern for the firse
case (Figures 2a-d), areas of maximum and minimum
values are well delineated, and their associated time
cocllicients present strong seasonal cycle (Figures
3a-d); this strong seasonalily can be clearly seen in the

mean monthly values of the time coefficients (Figures ’

4u-). The first spatial pattern (Fig. 2a) shows a marked
minimum at the southwestern part of Amazonia with
westward penetration; there is also a secondary
minimum in the northwest and a maximum in the
northern part. The lime coelficient series of Lhis pattern
(Fig. 3a and 4a) shows positive values in northesn
summer and negative values in southern summer, This
pattern is related Lo the very well-known dipole type
precipitation regime over Amazonia with maximun
(minimum) rainfall in the summer (winter) hemisphere.
In the soulhern hemisphere summer the maximum
rainfall area |8,22] is due to strong tropical convective
activity |11,13,16] associated with the SACZ (South
Atlanuic Convergence Zone) and gencrated, in part, by
cquatorward advance of frontal systems which cnhance
convective activity 15,28]. Fig. 2b shows the second
spatial pattern which presents a strong maximum in
northcastern Amazonia over the Amazon river mouth,
with a westward tongue-like penetration. The time
cocflicient series associated to this pattern appears to
be rclated to the annual cycle of the rainfall which would
be caused by the seasonal migration of the ITCZ over
the Atlantic Ocean near thc South American coast
[9,27]. The ITCZ reachs its southern most latitude in
March-April [27], which suggests that the second
pattern may be related w it as the maximum of Fig. 4b
occurs also in March-April. Additionally, this pattern
appears to be associated to the squall lines [4,7] that
form along the Atlantic Coust and propagute inland,
where they gradually become less intense n general.
The third spatial pattern (Fig. 2c) shows maximum
valucs over the western part of Amazonia and over the
Andes, and the lime coefficient series (Fig. 3c and 4¢)
shows maximuom values during April and Oclobrer and
minimum values during January and July. The
cacflicient series (Fig.3¢) resembies the annual march
of solar radiation al the Equador which is maximum
during the equinoxes and minimun during the solstices.
However, this pattern docs not lend itself 1o simple
interpretation. Finally the fourth spatial patiern (Fig.
24) shows a dipole patlern with the Equator
aproximately dividing the arcas of positive and ncgative
loaclings. The time coeflicient series (Fig. 3d and 44d)
shows positive vahks in southern hemisphere summer
and negative in the olher seasons,

b} SERIES WITH ANNUAL CYCLE
REMOVED

Figures 5a-d show the spatial palterns of the
second case in which the annual cycle was removed. By
removing the annual cycle we will be seeking for patierns

of interannual variability of rainfall in Amazonia. The *
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first and fourth spatial patterns show simpler structures.
The first spatial paitern (Fig. 5a) is similar to the first
one of the other case (Fig. 2a). This can be understood
by calculating the correlation between the coefficients
series for the two cases, The correlation coefficient is
0.65 which shows that the annual cycle was not
completely removed and some seasonality stil
remained. The second spatial patierns (Fig. 5a) shows
positive values in southwestern Amazonia and negalive
values over most of the region. The coefficient time
series (Fig. 6b) seems to indicate that rainfall decreased
during some ENSQO events such as 57/58, 64/65 and
72/73. The third spatial pattern (Fig.5¢c) shows an area
with minimum values in southern Amazonia. The fourth
spatial pattern (Fig. 5d) i1s apparently associaled to
ENSO events since this spatial distribution agrees well
with that of different studies which related ENSQ) events
to precipilation anamalies in Amazonia |1,20). Thevime
coelficient serics (Fig, 6d) shows an example of this
refationship for 1982/1983 and 195771954,

In order o clarify our undcersianding of the
relationship between ENS( events and the
precipitation pattern over the Amazon basin we
calculated finear correlations between the SOL time
series and the coeflicient series for Lhe six RPC of the
second case (Table IT). In addition cross-spectrum
analysis between the same time series was also done.

Table 11 - Correlation coclficients between the monthly
SOI and the [irst six Rotated Principal Component
Scores - RPCS.

RPCS CORR. COEF. |
1 0.08
2 0.7
3 -0.02
4 0240
5 0.07
6 0.9

** significant at 99% confidence level basced on null
hipotesis ol zero correlation

The SOI time series and the coelflicient series of
the second and fourth pattern arg statistically significant
at 99% conlidence level, Also the coherence-square
between the second coeflicient series and SOI (Fig.7)
shows a peak between 2 and 3 years, statistically
significant at 3 % level. This [requency range is one of
the dominant frequencies of the ENSQ phenomend |5)
and it agrees with the frequency range found between
the SOV and Amazon River discharges [23]. The
coherence-square for -the fourth coelficient series
(Fig8) shows a peak al 5 years and is statistically
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Lig. 4 - As in Fig. 3 but for the Monthly mean score of of 1he first four RPCs of the precipitation field.

significant at 5% lzvel. This spectral peak is also a
dominant frequency observed for ENSQ phenomena
15,0}

4. CONCLUSIONS

In this study, Rotated Principal Componcnt
Analysis (RPCA) was applied 10 time series of monthly
precipitation for 28 stations in (the Amazon River Basin.
The aim of such analysis was to improve physical
undcrstanding of some of the rainfall patterns. The most
important findings were the following:

1) With unaltered time series of precipitation (that
is, series with annual cycle) two genceral conclusions can
be drawm from the results of this case: i) The flirst
pattern, which explains 42.5% ol Lotal variance, is
assuciated with the strong dipole type chimatological
precipitation over Amazonia with maximum rainfall in
the summer hemigphere and minimum rainfall in the
winter hemisphere, showing mostly north-south
precipilation gradients. The shape of this pattern in the
southern Amazonia (NW-SE orientation) seems to
indicate its relationship Lo the seasonal cycle of
precipitation associated with the South Adtlantic
Convergence Zone [15,28]; ii) The second pattern
explains 12.9% ol total variance and is apparcntly
related to the scasonal cycle of the ITCZ over the
Atlantic Ocean and Amazonia’s Atlantic Coast

Vol 5 N27 1990

|9,18,27]; this pattern also appears to be associated with
the squall lines which form along that coast |4,7]. The
first two PC’s explain 55.5 9% of (otal variance and are
strongly linked to the seasonal cycle ol precipitation in
Amazonia,

2) The annual cycle was removed from the time
series to allow easier inspections of possible patterns of
interannual variability in Amavonia. A relationship
between ENSO events and rainfall over Amazonia
seems to exist for the second and fourth patterns of this
case. Correlation (Table 11) and the cross-spectrum
analysis between the SOI time serics and the ok
cocllicients serics of the two patierns corroburate this
finding,

The coelficient series of the second pattern, which
is related 1o ENSQO event in the [requency range of 2-3
year, seems (o indicate that rainfall decreases during the
ENSO events of 57/58, 64/65 and 72/73 but its spatial
pattern does not possess a simple intcrpretation. The
fourth pattern of this case, which is related 10 ENSO
events in frequency range of 5 years, appears o be
related to ENSQ as other observational studies, also
have found similar patterns for higher rainfall
precipitation anomalies, that is, over northern Peru and
Ecuador [10} and deficit precipitation over the cagiern
part ol Amazonia [14,20], during ENSQ ¢pisodces. This
spatial patterns is also found in GCM experiment
studies [2].
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