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Interannual climate variability in the Central Andes and 

its relation to tropical Pacific and Atlantic forcing 

Mathias Vuille, Raymond S. Bradley and Frank Keimig 

Climate System Research Center, Department of Geosciences, University of Massachusetts, Amherst 

Abstract. The main spatiotemporal modes of interannual temperature and austral summer (DJF) 
precipitation variability in the Central Andes are identified based on a two-way principal compo- 
nent analysis (PCA) of 30-year (1961-1990) monthly station data and related to contemporaneous 
tropical Pacific and Atlantic sea surface temperature anomalies (SSTAs). In addition, various me- 
teorological fields, based on National Centers for Environmental Prediction / National Center for 

Atmospheric Research CNCEP/NCAR) reanalysis, NOAA-Outgoing Longwave Radiation (OLR) 
and station data, are analyzed during periods of strong positive and negative SSTA and the respec- 
tive composites tested for local significance using a Student's t-test approach. Temperature vari- 
ability in the Central Andes is primarily related to E1Nifio - Southern Oscillation (ENSO) and 
closely follows SSTA in the central equatorial Pacific with a lag of 1-2 months. In the southern 
Altiplano, temperatures have significantly increased since the late 1970s. DJF precipitation is also 
primarily related to ENSO, featuring below (above) average precipitation during E1 Nifio (La 
Nifia). Precipitation over the dry western part of the Altiplano shows the closest relationship with 
ENSO, due to ENSO-induced atmospheric circulation anomalies. Precipitation variability over the 
western Altiplano features a decadal-scale oscillation, related to a similar climatic shift in the 

tropical Pacific domain in the late 1970s. Over the northern Altiplano the precipitation signal is re- 
versed in the austral summer following the peak phase of ENSO, presumably due to the temporal 
evolution of tropical Pacific SSTA, rapidly switching from one state to the other. No evidence for 
a tropical Atlantic influence on DJF precipitation was found. SSTAs in the tropical NE Atlantic, 
however, presumably are influenced by heating and convection over the Altiplano through an up- 
per air monsoon return flow, altering the strength of the NE trades that emanate from the Sahara 
High. 

1. Introduction 

Several studies have recently provided new information on lo- 

cal and large-scale atmospheric conditions associated with sum- 

met precipitation variability in the Central Andes and the interan- 

dean plateau (the Altiplano). While Hardy et al. [1998] presented 

a local record of the daily and annual meteorological cycle at high 

altitude, Vuillc et al. [1998], Garreaud [1999], and Lenters and 

Cook [1999] fbcused on the regional- to large-scale mechanisms 

associated with precipitation during austral summer, and Vuille 

[ 1999] showed how interannual precipitation variability is related 

to atmospheric circulation anomalies during extreme phases of 

the Southern Oscillation (SO). However, these studies fall short 

in explaining the spatial precipitation variability over the Alti- 

plano itself, because they are either based on data from only one 

part of the Altiplano or they consider the entire region as an en- 

tity, which is inappropriate, given the extreme spatial and tempo- 

ral variability of precipitation on the Altiplano [Vuille et al., 

1998]. In this study we therefore analyze the spatiotemporal be- 

havior of austral summer (DJF) precipitation and monthly tem- 

perature anomalies based on a dense station network, covering 

the entire Altiplano, which allows us to resolve the aforemen- 

tioned spatial variability. In addition, the influence of tropical Pa- 

cific and Atlantic sea surface temperature anomalies (SSTA) upon 
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precipitation and temperature variability in the different parts of 

the Altiplano is examined. 

The Altiplano extends along the central portion of the Andes 

as a high intramontane plateau with an average elevation of 3700- 

4400 m (650-600 hPa) f¾om about 14øS-22øS (Figurel). Here the 

Andes split up into an eastern and a western cordillera, which ef- 

fectively separates the low-level flow to the east and the west 

(Figure 2a). While the Southeast Pacific Anticyclone in combina- 

tion with cold SSTs produces dry and stable conditions to the 

west, with moist air trapped below the subsidence inversion at 

about 900 hPa, a thermal heat low develops to the east during 

summer months, and the lower troposphere is characterized by 

warm and humid conditions. The Altiplano separating these two 

opposite climatic conditions is accordingly characterized by a 

very strong climatic gradient with average annual precipitation 

amounts below 200 mm yr -• in the southwestern part and more 
than 800 mm yr -• in the northeastern. Most of the precipitation in 
the Central Andes (50-80% of the annual rainfall amount, see 

Figure 1) falls during the austral summer months DJF, associated 

with the development of convective cloudiness over the Central 

Andes and the southwestern part of the Amazon (Figure 2b). 

Winter precipitation is not a very frequent phenomena, and the 

recorded precipitation amounts are low [Vuille and Ammann, 

1997; Hardy et al., 1998]. During the summer months however, 

intense solar heating of the Altiplano surface leads to a destabili- 
zation of the boundary laver, inducin• deer convection and moist 

air advection i•om the eastern interior of the continent [Vuille et 

al., 1998; Garreaud, 1999]. This moist air is usually released in 

typical afternoon and evening showers over the Altiplano 

12,447 
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Figure 1. Location of the stations with precipitation and temperature records in the Central Andes which were 
used in this study. Open squares indicate stations with precipitation and temperature data; solid squares denote sta- 
tions that only include precipitation data. Shaded areas show elevations > 1500 m. Contour lines indicate relative 
contribution of DJF precipitation to annual precipitation total (in %). Contour interval is 5%. Location of the Cen- 
tral Andes is shown in the bottom left. 

[Garreaud and Wallace, 1997]. Nonetheless, precipitation events 

can only occur during periods of favorable upper air conditions, 

with prevailing easterly winds or with upper air divergence, 
which favor near-surface moisture influx from the east and sus- 

tain deep convection over the Altiplano [Jacobeit, 1992; Garre- 

aud, 1999]. Therefore the temporal evolution of summer precipi- 

tation on the Altiplano has a very distinct pattern with week-long 

dry periods interrupted by rainy events of similar length. In the 

upper troposphere an anticyclonic vortex, the Bolivian High, de- 

velops during the summer months (see Figure 2b). A variety of 

modeling studies have provided evidence that this high-pressure 

system is a transient feature related to latent heat release over the 

Amazon Basin, rather than a local response to diabatic heating 

over the Altiplano itself [e.g., Silva Dias et al., 1983; Lenters and 
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Figure 2. Austral summer (DJF) climatological mean (1968-1996) based on NCEP/NCAR reanalysis data for (a) 
850 hPa winds and geopotential height. Contour interval is 5 gpm, shaded area represents elevation above 3000 m. 
(b) 200 hPa winds and geopotential height. Contour interval is 20 gpm, 10 gpm above 12,420 and 5 gpm above 
12,430. Superimposed is mean DJF NOAA-OLR (1974-1998) with light, medium, and dark shading indicating val- 
ues less than 225, 210 and 195 W m -2. 
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Cook, 1997]. The positioning and the strength of the Bolivian 

High is intrinsically linked to precipitation anomalies over the 

Altiplano [Aceituno and Montecinos, 1993; Vuille et al., 1998; 

Lenters and Cook, 1999; Vuille, 1999]. During austral summer 

precipitation events on the Altiplano an intensification and 

southward displacement of this high-pressure system can be ob- 

served. On the other hand, a weakened and northward displaced 

Bolivian High is usually associated with the week-long dry peri- 

ods on the Altiplano, a pattern that can also be observed on inter- 

annual timescales [Vuille, 1999]. 

Several authors have reported on the relationship between in- 

terannual variability of summer precipitation in the Central Andes 

and the E1 Nifio-Southern Oscillation (ENSO) phenomenon [e.g., 

Thompson et al., 1984; Aceituno, 1988; Ronchail, 1995; Vuille, 

1999]. A common finding of all these studies is the tendency to- 

ward increased air temperatures and below average summer pre- 

cipitation during E1 Nifio events. According to Ronchail [1995] 

the ENSO influence on precipitation is particularly strong very 

early (October) and toward the end of the rainy season 

(February). The statistical significance of all these results, how- 

ever, is quite variable and often rather weak. Since the main 

moisture source for precipitation over the Altiplano is the tropical 

lowlands to the east of the Andes, and ultimately over the trade 

wind regions of the tropical Atlantic (see Figure 2a), a closer ex- 

amination of the relation with tropical Atlantic SSTA seems ap- 

propriate [see Enfield, 1996; Zhou and Lau, 1998; Vuille et al., 

20001. 

In section 2 we present the station data (monthly precipitation 

and temperature) and the gridded data sets (GISST-SST, NOAA- 

OLR, and NCEP/NCAR reanalysis), upon which this study is 

based. We then describe the methods (principal component analy- 

sis (PCA) and composite analysis) which were applied in this 

study. Section 3 presents the results from the PCA, applied to the 

tropical Pacific and Atlantic SSTA data. Section 4 presents the 

restills from the PCA and composite analysis applied to monthly 

temperature anomalies, while section 5 presents the same results 

for austral summer precipitation (DJF). Section 6 contains a dis- 

cussion of the most interesting new results, and section 7 summa- 

rizes this study and concludes with some final remarks. 

2. Data and Methods 

Monthly mean SST data on a 1ø latitude X lø longitude grid 
were obtained from the Global sea-Ice and Sea Surface Tem- 

perature (GISST) data set version 2.3a (Hadley Center, Meteoro- 

logical Office, Bracknell, England). The original data were re- 

sampled into 2øX 2 ø grid cells, smoothed using a Hamming 

weights low-pass filter with a notch at f = 4 cycles/yr, thereby re- 

moving fluctuations with periods of less than 3 months [see 

Stea•?•s and David, 1988], and monthly anomalies were com- 

puted over the tropical Pacific (30øN-40øS, 160øE - 80øW) and 

Atlantic (30øN-40øS, 80øW-10øE) by subtracting the mean 

monthly values for the period 1961-1990. 

Monthly Outgoing Longwave Radiation (OLR) data with a 

2.5 ø latitude X 2.5 ø longitude grid were obtained from the 

NOAA interpolated data set [Liebmann and Smith, 1996] for the 

period June 1974 to December 1990 (with some months in 1978 

missing) and used as a proxy of tropical convection and precipi- 

tation [see Hotel et al., 1989; Kousky and Kayano, 1994]. To de- 

scribe the iarge--scaie atmospheric structure and c•rculat•on asso- 

ciated with extreme phases of the main SSTA modes, we used 

monthly gridded 200 hPa wind and geopotential height and 

600 hPa temperature data, extracted from the National Centers for 

Environmental Prediction / National Center for Atmospheric Re- 

search (NCEP/NCAR) reanalyzed meteorological fields for the 

period 1961-1990. A detailed description of this data set can be 

found in Kalnay et al. [ 1996]. 

Monthly precipitation and monthly mean temperature station 

data cover the entire Altiplano and the adjacent part of the south- 
ern Peruvian Andes between -2500 m and -5250 m from 11.5øS 

to 20.5øS (see Figure 1). All stations (except Chacaltaya, Bolivia, 

which is maintained by the University Major de San Andrrs in La 

Paz) form part of the national meteorological networks (Direcci6n 

General de Aguas, Chile; Servicio Nacional de Meteorologfa e 

Hidrologi'a in Perti and Bolivia). Additional data were obtained 

from the Global Historical Climatology Network (GHCN). From 

this original data set of 228 precipitation and 50 temperature sta- 

tions, a subset of 31 (11) precipitation (temperature) stations was 

selected, equally distributed along the Andean range and each at 

least 80% complete in the time period analyzed, 1961-1990. We 

used a regularly spaced station network to avoid problems associ- 

ated with computing PCs for irregularly spaced data [Karl et al., 

1982]. The temperature network is less dense and, because of the 

limited number of available stations, covers a smaller area (13øS - 

19øS) than the precipitation data (11.5øS-20.5øS). Nonetheless, 

this network is considered sufficient, as temperature shows less 

spatial variability than precipitation. All data were error-checked 

and, if necessary, homogenized using double-cumulative tech- 

niques. Cross correlations between all stations were computed, 

and missing data periods were filled using linear regression with 

stations showing the highest correlation, always significant at the 

99% level. Since the rainy season is limited to austral summer 

(DJF), analysis of precipitation variability was carried out for this 

season only on the basis of 3-monthly sums. Figure 1 shows that 

the southwestern part of the Altiplano receives precipitation al- 

most exclusively during this time of the year (>75% of the annual 

amount), while in the northeast, the rainy season starts earlier and 

lasts into March and April (reducing the contribution of DJF to 

•-50%). All DJF sums were transformed into y-probabilities be- 

cause of its distinctly asymmetric distribution, skewed to the right 

and bounded by zero. After the transformation the data ranged 

from zero (no precipitation) to 0.99 in the year of maximum pre- 

cipitation. Temperature data were smoothed in the same way as 

the SST data, and monthly anomalies were computed by sub- 

tracting the mean monthly values for the period 1961-1990. Tem- 

perature analysis was performed on the entire continuous record. 

To extract the main modes of variability, a rotated PCA was 

performed in the S-mode (spatial) sense, based on the interstation 

correlation matrix of both the precipitation and temperature data 
sets. Rotation of the PCs was based on the Varimax criterion and 

applied, because rotated PCs (VPCs) usually yield spatial loading 

patterns that are more representative of the real modes of vari- 

ability, especially beyond the first PC [e.g., Richman and Lamb, 

1985; Richman, 1986]. However, the fact that the number of 

UPCs retained tbr subsequent rotation significantly affects the 
rotated solution remains a drawback of rotation. Therefore several 

tests were applied to determine the number of UPCs that contain 

a nonrandom signal [North et al., 1982; Overland and Preisen- 

dorfer, 1982]. To plot the spatial loading patterns associated with 

each PC, data were interpolated between the stations using 

spherical kriging. 

In a next step the resulting t•me series (tactor scores) of the 
PCs were cross-correlated with Pacific and Atlantic SSTA. Con- 

temporaneous and lagged correlations were carried out to detect if 
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an ENSO signal might be delayed due to a transfer of the signal 

through the tropical North Atlantic [Enfield and Mayer, 1997]. 

All correlation significance levels account for serial correlation in 

the data by an adjustment in the degrees of freedom [see Davis, 

1976]. As a result, spatial patterns emerged over the tropical Pa- 

cific and Atlantic, potentially related to a certain mode of tem- 

perature or precipitation variability over the Central Andes. How- 

ever, such pixel-based cross correlations of time series carry the 

danger that statistically significant but physically meaningless 
correlations emerge in areas that have no physical connection to 

this part of the Andes. To confirm the results, we therefore per- 

formed the reverse procedure. Again, we extracted the PCs, this 

time from the monthly SSTA in the tropical Pacific (30øN-40øS, 

160øE-80øW) and Atlantic (30øN-40øS, 80øW-10øE). This PCA 

was done separately for the two basins, which allowed us to 

identify whether regional patterns of precipitation or temperature 
anomalies relate to the Pacific or the Atlantic. The first unrotated 

PC (PAC-UPC1, ATL-UPC1) was considered to have potential 

physical meaning [see Montroy, 1998] and retained in the analy- 
sis. The score time series of the first unrotated and all Varimax 

rotated PCs, representing the main modes of tropical SST vari- 

ability, were then cross-correlated with the station data from the 

Altiplano (DJF T-precipitation and monthly temperature anoma- 

lies). Coherency maps of cross correlations between temperature 

or precipitation and tropical SSTA modes were plotted, again 

tested for significance, and the results of this second approach 

were compared to the patterns obtained previously from the first 

analysis to see whether they compared favorably. 

Finally, composites of station data and of various meteorologi- 

cal fields over the South American continent were analyzed dur- 

ing the six strongest periods (DJF) of positive (WARM) and 

negative (COLD) SSTA of the respective oceanic modes to con- 

firm the proposed relationships and to gain a better understanding 

of the mechanisms involved with precipitation and temperature 

anomalies over the Altiplano region. OLR, 200 hPa wind, and 

geopotential height DJF composites during COLD and WARM 

were tested for local significance using a Student's t-test. Com- 

posites of Altiplano station temperature and 600 hPa (- Altiplano 

surface level) air temperature are independent of the season and 

based on periods when the averaged standardized score time se- 

ries of the respective SSTA mode is >1 (WARM) and <-1 

(COLD). In addition, air temperature composites account for the 

apparent 2-month lag between SSTA peak and temperature signal 

over the Altiplano (see section 4). 

3. Modes of Tropical Pacific and Atlantic SST 
Variability 

The basic statistics of the PCA performed on the SSTA in the 

Atlantic and Pacific are shown in Table 1, and the spatial loading 

patterns and the score time series (Pacific only) of UPC1 and 

VPC1-2 are shown in Figure 3. In both the Atlantic and the Pa- 

cific analyses the first six PCs were considered to contain a non- 

random signal [North et al., 1982] and therefore retained and ro- 

tated using the Varimax criterion. 

A clear ENSO signal emerges from the PCA of tropical Pacific 

SSTA, which is no surprise since SST variability on interannual 

timescales in the tropical Pacific domain is largely controlled by 

this phenomenon. Both PAC-UPC1 and PAC-VPC1 show the 

typical ENSO characteristics in both their spatial pattern (Figures 

3a-3b) and their temporal evolution (Figures 3d-3e), featuring the 

typical broad tongue centered on the equator and extending 

westward beyond the dateline, and negative loadings that extend 

from west of 160øE at the equator in a V-shape fashion to 30øN 

and 30øS. While PAC-UPC1 is more representative of SSTA in 

the central equatorial Pacific (highest correlation with NINO4, 

r = 0.85), PAC-VPC1 is the dominant mode in the eastern part of 

the basin (highest correlation with NINO3, r = 0.91). All major 

E1 Nifio and La Nifia periods in the time interval 1961-1990 are 

represented as high (El Nifio) and low (La Nifia) score values in 

both time series (indicated with E and L in Figures 3d-3e). Also 

evident in Figure 3d is a shift in the climatic regime of the Pacific 

starting in the late 1970s, with a tendency toward more frequent 

E1 Nifio and fewer La Nifia events [see Ebbesmeyer et al., 1991]. 

The spatial loading pattern of PAC-VPC2 represents SST vari- 

ability on the poleward flanks of the climatological Innertropical 

Convergence Zone (ITCZ). It is a precursor mode to PAC-VPC1, 

with SSTA around 10ø-30øN peaking several months prior to 

ENSO [see Tourre and White, 1995]. PAC-VPC3-6 (not shown) 

are not primarily related to ENSO and showed no clear relation- 

ship with climatic variability on the Altiplano in the latter analy- 

sis. They were therefore not used any further in this study. 

The spatial loading patterns of ATL-UPC1 and ATL-VPC1-2 

are shown in Figures 3g-3i. While ATL-UPC1 has its highest 

fraction of explained variance spread over almost the entire tropi- 

cal Atlantic, the rotated solution shows a better resolved picture 

with most of the explained variance within the trade wind regions 

of the tropical North and South Atlantic, respectively (ATL- 

VPC1-2). These first two Varimax-rotated modes are almost 

identical to Empirical Orthogonal Function (EOF) 1 and EOF 2 

presented by Vuille et al. [2000] and by Enfield and Mayer 

[ 1997], although the order between the first and the second EOF 

is reversed in the latter analysis. ATL-VPC3-6 (not shown) ex- 

plain a relative small fraction of the total variance (Table 1) and 

were, as their counterparts in the tropical Pacific, not used any 

further in this study. 

Atlantic SST are not truly independent of the Pacific modes of 

SST variability. E1 Nifio-related warm (or cold) anomalies similar 

to the tropical Pacific occur in the Atlantic, although with a lower 

amplitude and a 4-5 month lag [Enfield and Mayer, 1997]. This 

ENSO influence on SSTs in the tropical Atlantic is best devel- 

Table 1. Eigenvalues and Percentage of Total and Cumulative 

Explained Variance for UPC1 and VPC1-6 Based on the Princi- 

pal Component Analysis of Tropical Pacific 

(PAC) and Atlantic (ATL) SSTA 

Principal Total Explained Cumulative Explained 
Component Eigenvalue Variance (%) Variance (%) 

PAC-UPCI 69.57 30.78 - 

ATL-UPCI 67.89 25.81 - 

PAC-VPC 1 47.42 20.98 20.98 

PAC-VPC2 25.97 11.49 32.47 

PAC-VPC3 20.36 9.01 41.48 

PAC-VPC4 16.49 7.30 48.78 

PAC-VPC5 15.83 7.00 55.78 

PAC-VPC6 14.38 6.36 62.14 

ATL-VPC1 52.11 19.82 19.82 

ATL-VPC2 37.84 14.39 34.21 

ATL-VPC3 36.55 13.90 48.11 

ATL-VPC4 27.28 10.37 58.48 

ATL-VPC5 18.90 7.19 65.67 

ATL-VPC6 14.92 5.67 71.34 
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Figure 3. (a) Loading pattern of tropical Pacific SSTA principal component 1 (PAC-UPC1) with contour interval 
0.2, values > 0.4 and < -0.4 shaded and negative contours dashed. (b) As in Figure 3a but for PAC-VPC1. (c) As in 
Figure 3a but for PAC-VPC2. (d) Score time series of PAC-UPC 1 with E and L indicating E1 Nifio (E) and La Nifia 

(L) events. (e) As in Figure 3d but for PAC-VPC1. (f) As in Figure 3d but for PAC-VPC2. (g) As in Figure 3a but 
for ATL-UPC1. (h) As in Figure 3a but for ATL-VPC1. (i) As in Figure 3a but for ATL-VPC2. 

oped over the tropical North Atlantic in the area of the NE trades 

(ATL-VPC1 domain). According to Enfield and Mayer [1997] 

about 50-80% of the anomalous SST variability in this region is 

associated with ENSO, with Atlantic warmings occurring 4-5 

months after the mature phase of Pacific warm events during bo- 

real spring (MAM). These tropical North Atlantic warmings are 

due to ENSO-induced reductions in surface wind speed within 

the NE trades through an atmospheric bridge, which lowers the 
rates of latent and sensible heat loss from the oceanic surface 

layer [Curtis and Hastenrath, 1995; Enfield and Mayer, 1997]. 

These events are important when considering precipitation 

anomalies over the tropical South American continent, because 

they are associated with a northward shift in the latitude of the 

ITCZ and a significant relaxation of the NE trades, which in turn 

are responsible for furnishing water vapor to the continent and 

represent a main feature of the summer monsoon system that de- 

velops in austral summer over the Altiplano [Zhou and Lau, 
1998]. Enfield and Mayer [1997] even argued that some of the 

ENSO-related climatic anomalies observed over tropical South 

America might, in fact, be due to tropical Atlantic SSTA rather 

than a direct ENSO signal. 

4. SSTA Relation to Air Temperature 

The basic statistics of the PCA of temperature anomalies over 

the Central Andes are given in Table 2. Only two PCs were iden- 

tified as describing significant, nonrandom temperature variabil- 

ity and subsequently rotated using the Varimax criterion (T- 

VPC1-2). The fact that only two significant eigenvectors emerged 

from this analysis is not surprising, since it is based on data from 
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Table 2. Eigenvalues and Percentage of Total and Cumulative 

Explained Variance of Varimax Rotated Principal Components 

(VPCs) of Monthly Temperature Anomalies (T) and Summer 

(DJF) Precipitation 

Principal Total Explained Cu•nulative Explained 
Component Eigenvalue Variance (%) Variance (%) 

T-VPCI 3.25 29.55 29.55 

T-VPC2 3.23 29.39 58.94 

DJF-VPCI 9.63 31.05 31.05 

DJF-VPC2 5.39 17.37 48.42 

DJF-VPC3 5.02 16.18 64.60 

only 11 stations and the spatial variability of air temperature 
anomalies over the Altiplano is not very large. The spatial loading 

patterns and the time evolution of T-VPC1 and T-VPC2 are 
shown in Figures 4a-4b and 4d-4e, respectively. 

T-VPC1 (Figure 4a), explaining 29.6% total variance, is 

clearly related to ENSO as can be seen from both its temporal 

evolution (Figure 4d) and its spatial correlation with tropical 

SSTA (Figure 4f). T-VPC1 shows a pattern of significant positive 
correlations (95% level), extending from the tropical NE Atlantic 

westward over the equatorial tropical Pacific toward the dateline. 

The highest correlation is achieved with a 2-month lag between 
T-VPC1 and PAC-VPCI; that is, SSTA leads the temperature 
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Figure 4. (a) Loading pattern of T-VPC1 with contour interval 0.2, values > 0.6 (0.8) light (dark) shaded. (b) As in 
Figure 4a but for T-VPC2. (c) Correlation pattern of air temperature anomalies with PAC-VPC1 (2-month lag), 
with contour intervals of 0.1, and correlation coefficients larger than 0.4 and 0.5 (significant at 95% and 99% lev- 
els) light and dark shaded. For all figures only data from areas > 1500 m are plotted (delimited by contour lines). 
(d) Score time series of T-VPC1 and PAC-VPC1. Both time series are low-pass filtered, retaining periodicities 

greater than 12 months. PAC-VPC1 leads T-VPC1 by two months. (e) As in Figure 4d but for T-VPC2 only. (f) 
Pixel-based correlation of tropical Pacific and Atlantic SSTA with score time series of T-VPC1 (lagged by 2 
months). Contour interval is 0.2, negative contours are dashed, and values > 0.4 and <-0.4 (significant at 95% 
level) are shaded. 
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signal by approximately 2 months (r = 0.58 with PAC-VPC1, 

significant at 99% level). Correlations with the Southern Oscilla- 

tion Index (SOl), known to be related to surface and upper air 

temperature anomalies over the Altiplano [Aceituno, 1988, 1989; 

Vuille, 1999] yielded a considerably less significant result 

(r--0.45 with a 2-month lag). The spatial loading pattern of T- 

VPC1 (Figure 4a), shows highest loading along the NE slopes of 

the Altiplano and a decreasing influence toward the south. This 

pattern is partially confirmed by the reverse procedure, correlat- 

ing the Pacific ENSO-mode PAC-VPC1 with temperature station 

data (Figure 4c). Clearly, the ENSO influence on temperature is 

less significant over the interior part of the southern Altiplano, 
but otherwise it shows little differences. 

While T-VPC1 is most dominant over the NE part of the Alti- 

plano, T-VPC2, explaining 29.4% of the total variance, shows 

strongest loadings in the southern Altiplano, south of 18øS 

(Figure 4d). This mode is associated with a noticeable tempera- 

ture increase since the late 1970s (Figure 4e), consistent with 
similar trends observed in the lowlands of northernmost Chile but 

in strong contrast to the observed cooling trend on the eastern 

slopes of northwestern Argentina [Rosenbliith et al., 1997]. The 

correlation of this mode with tropical SSTA (not shown) points 

toward the tropical South Atlantic, where a similar warming trend 

has been observed. However, the remote location of the tropical 

South Atlantic as compared to the tropical Pacific and the fact 

that the amplitude of tropical Atlantic SSTA is considerably 

smaller than in the tropical Pacific argue against an Atlantic in- 

fluence. Also a composite analysis during extreme WARM and 

COLD periods in the tropical South Atlantic (not shown) yielded 
clear evidence that the Atlantic influence is limited to southeast- 

ern subtropical South America and does not extend toward the 

Altiplano. The Pacific influence however is very obvious, both 

based on 600 hPa temperature (-Altiplano surface level) and 

station data composites. Temperatures over the Altiplano 

(600 hPa) are approximately 0.7ø-1øC higher two months after 

PAC-VPC1 WARM events when compared to COLD events in 

the same domain (Figure 5a). The difference in surface tempera- 

ture based on station data even amounts to 0.7ø-1.3øC ( Figure 

5b). Again the statistical significance and the temperature differ- 

ence are higher over the northern part of the Altiplano and de- 

crease toward the south, confirming the patterns in Figures 4a and 

4c. These results are in accordance with findings by Aceituno 

[1988, 1989], Rosenbl•ith et al. [1997], and Vuille [1999], who 

showed that significant positive (negative) temperature departures 

occur at the surface and in the middle troposphere over the Alti- 

plano and northernmost Chile during E1 Nifio (La Nifia) events. 

5. SSTA Relation to DJF Precipitation 

Table 2 also shows the basic statistics of the PCA of DJF pre- 

cipitation, based on station data from the Central Andes. Note 

that the region covered by this analysis (11.5øS-20.5øS and 

77.5øW-64.5øW) is larger than for the temperature analysis de- 

scribed in the previous section. Three eigenvectors (DJF-VPC1- 

3) emerged as bearing significant, nonrandom information and 

were subsequently rotated and further analyzed. The spatial 

loading patterns of the three modes of austral summer precipita- 

tion are shown in Figures 6a-6c, their score time series in Figures 
7a-7c and the correlation of their scores with December SSTA in 

Figures 7d-7e (for DJF-VPC1-2 onlv). The three ei•envectors 

show a distinct spatial separation with DJF-VPC1 explaining the 

highest fraction of the total variance in the more humid eastern 

Altiplano (Figure 6a), while DJF-VPC2 is the dominant mode in 

the dry western Altiplano (Figure 6b) and DJF-VPC3 represents 
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Figure 5. (a) 600 hPa NCEP/NCAR temperature anomaly com- 
posite (WARM-COLD) based on score time series of PAC- 
VPC1. Contour interval is 0.1øC, light (dark) shading indicates 

significant difference at a 95% (99%) level based on one-sided 
Student's t-test. PAC-VPC1 WARM periods (score >1) include 
June - September 1963, July - December 1965, January 1969 - 
January 1970, May 1972- March 1973, October- November 
1976, August 1982 - August 1983, November 1986 - March 
1987, August 1987 - January 1988. PAC-VPC1 COLD periods 
(score < - 1 ) include October 1964 - January 1965, October 1967- 

April 1968, August 1970 - March 1971, September - November 
1971, October 1973 - February 1974, September 1975 - February 
1976, May - August 1985, May - September 1988, January - 
March 1989. (b) Altiplano station temperature anomaly compos- 
ite (WARM - COLD) based on score time series of PAC-VPC1 

(as in Figure 5a). Contour interval is 0.1; solid (semisolid) 
squares indicate significant station temperature difference at a 
99% (95%) level based on one-sided Students t-test. 

summer precipitation variability to the north of the Altiplano in 
the southern Peruvian Andes between 11.5øS and 15øS (Figure 

6c). 

DJF-¾PC1 explaining 31.1% of the total domain variance is 

influenced by tropical Pacific SSTA, as can be seen from both its 
score lime series (Fim•re 7a) and the correlation with contemt•o- 

raneous SSTA (Figure 7d). The negative correlation with SSTA 

in the eastern tropical Pacific (significant at the 95% level) sug- 

gests that E1 Nifio (La Nifia) periods are associated with below 

(above) average precipitation. However, the relationship is rather 
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Figure 6. (a) Loading pattern of DJF-VPC1 with contour interval 0.2, values > 0.6 (0.8) shaded light (dark). (b) 
As in Figure 6a but for DJF-VPC2. (c) As in Figure 6a but for DJF-VPC3. (d) ColTelation pattern of DJF precipi- 
tation with December score of PAC-VPC1, with contour intervals of 0.1, negative contours dashed, and colTelation 
coefficients < -0.4, and < -0.5 (significant at 95% and 99% levels) light and dark shaded. (e) As in Figure 6d but for 
correlation with PAC-UPC1. (1) As in Figure 6d but for correlation with SSTA in NE Atlantic (26øN-18øN / 24øW - 

14øW; see box in Figure 7e). For all figures, only data from areas > 1500 m are plotted (delimited by contour lines). 
Note that region covered by this analysis is larger than for temperature. 

weak; only a limited area in the eastern part of the basin exhibits 

significant correlations with DJF-VPC1 (Figure 7d). Inspection 

of the score time series (Figure 7a) confirms this general notion, 

showing that most E1 Nifio events (E) feature negative scores, 

while most La Nifia events (L) are associated with positive 
scores. However, this relationship is disturbed after 1986/1987, 

which was a humid summer, despite the warm conditions in the 

tropical Pacific. On the other hand, later, during the La Nifia 

summer 1988/1989, the eastern Altiplano received below average 
precipitation (Figure 7a). The area in the tropical Pacific featur- 

ing highest correlations with DJF-VPC1 is best represented by 

mode PAC-VPC1 (see Figure 3b). Accordingly, the reverse pro- 

cedure was applied to test the significance of these results, by 
correlating the December scores of PAC-VPC1 with DJF station 

precipitation data. The result, shown in Figure 6d, indeed com- 

pares favorably with the spatial loading pattern of DJF-VPC1 

(Figure 6a), thereby confirming the influence of eastern tropical 

Pacific SSTA on the eastern flanks of the Altiplano. However, the 

affected area seems to be considerably smaller than assumed from 

the previous analysis. Significant correlations (a correlation of 

0.37 (0.47) is statistically significant at the 95% (99%) level) also 

emerge over the dry western slopes of southern Peru, not pri- 
marily related to DJF-VPCI. 

The comparison of the score time series of DJF-VPC2 with the 

E1 Nifio and La Nifia periods that occurred over this 30-year pe- 

riod does not seem to support the notion of a strong ENSO influ- 

ence on summer precipitation in this part of the Altiplano (Figure 

7b). However, correlations of DJF-VPC2 with contemporaneous 

SSTA are significant over almost the entire tropical Pacific and 

even tkature the typical ENSO-tongue with positive correlations 

in the southwestern and northwestern part of the basin (Figure 

7e). The entire correlation pattern matches surprisingly well with 

the spatial loading pattern of PAC-UPC1 (compare Figure 7e 

with PAC-UPCI in Figure 3a), yielding clear evidence for a 

strong tropical Pacific influence over the dry western Altiplano. It 

is noteworthy that the strongest (positive) correlations emerge 

over the South Pacific Convergence Zone (SPCZ) region in the 

subtropical South Pacific. This is consistent with similar results 

obtained by Lenters and Cook [ 1999], who argued that the link 

between interannual precipitation variability on the Altiplano and 

ENSO may be through the SPCZ, which usually is displaced 

eastward during El Nifio and shows clear teleconnection patterns 

with convective activity over the subtropical part of the continent. 

The increased frontal activity in eastern South America may in 

turn lead to dry and convectively unfavorable conditions over the 

Altiplano [Lenters and Cook, 1999]. The score time series of 

DJF-VPC2 exhibits a strong decadal-scale oscillation with above- 

average precipitation from the late 1960s to the mid 1970s fol- 

lowed by a decade of dry conditions in the late 1970s and 1980s 

(Figtire 7b). Given the relationship with tropical Pacific SSTA, it 

is very probable that this decadal-scale precipitation variability is 
related to the contemporaneous climatic shift in the tropical Pa- 

cific domain in the late 1970s [Ebbesmeyer et al., 1991]. Appar- 

ently, the ENSO relationship over the western Altiplano is 

modulated by a decadal mode of Pacific SSTA variability, which 

would explain the unexpected dry La Nifia summer 1964/1965 or 
the humid E1 Nifio summers 1972/!973 and 1976/1977. Another 

explanation tbr these exceptions is that ENSO may peak early (as 

in 1976) or late in the season and the influence on DJF rainfall 

therefore varies from one event to the next. Another region of 

significant negative correlations in Figure 7e emerges off the 

coast of NW At¾ica in the northeastern part of the tropical North 

Atlantic. This relationship suggests that cold (warm) SSTA in the 

tropical North Atlantic might be related to an increase (decrease) 
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Figure 7. (a) Score time series of DJF-VPC1 with E and L indicating E1 Nifio (E) and La Nifia (L) events. (b) As 
in Figure 7a but for DJF-VPC2. (c) As in Figure 7a but fbr DJF-VPC3 and E+ 1 (L+ 1) indicating year following an 
E1 Nifio (La Nifia) event. (d) Pixel-based correlation of tropical Pacific and Atlantic SSTA in December with score 
time series of DJF-VPC1. Contour interval is 0.2, negative contours are dashed, and values > 0.4 and < -0.4 
(significant at 95% level) are shaded. (e) As in Figure 7d but for DJF-VPC2. Black box (26øN-18øN / 24øW - 
14øW) indicates SSTA region in NE Atlantic used lbr correlation with DJF precipitation in Figures 6f and 9a. 

in precipitation over the western Altiplano. A third coherent re- 

gion of negative correlations is located over the tropical South 

Atlantic. Whfie th•s latter correlation pattern could not be con- 

finned by the reverse analysis, the December scores of PAC- 

UPC1 and SSTA off the coast of NW Africa (26øN-18øN / 24øW - 

14øW; see box in Figure 7e) are both significantly correlated with 

DJF station precipitation. The correlation patterns in Figure 6e 

(PAC-UPCi) and Figure o• [.INN__, Atlantic SSTA) •escmblc ti,c 

loading pattern of DJF-VPC2 in a striking manner, featuring a 

clear east-west gradient across the Altiplano, with the signifi- 
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cance of the correlation increasing toward the west. It is note- 

worthy that the significant negative correlations in the northeast- 

ern tropical Atlantic occur exactly where the NE trades emanate 

from the Sahara High, thereby representing a main feature of the 

South American summer monsoon system [Zhou and Lau, 1998]. 

DJF-VPC3, explaining 16.2% of the total domain variance, is 

the dominant mode in the northernmost part of the study area in 

southern Peru (Figure 6c). Significant pixel-based cross correla- 

tions of the score time series with contemporaneous SSTA (not 

shown) are confined to small areas over the southeastern tropical 

Pacific, not directly related to ENSO. The inspection of the score 

time series of DJF-VPC3 (Figure 7c), however, yields a remark- 

able result, featuring a reversal of the ENSO signal in the fol- 

lowing year. Above-average precipitation occurs in the year fol- 

lowing an E1 Nifio event (E+ 1), while years following a La Nifia 

event (L+ 1) are consistently drier than normal. 

6. Discussion 

Several of the observations made in section 5 are interesting 

and deserve further investigation: Why is the ENSO signal 

stronger over the western than over the eastern Altiplano 

(compare Figures 6a-6b with 7d-7e)? Is precipitation over the 

western Altiplano (DJF-VPC2) indeed related to SSTA in the 

tropical NE Atlantic? How can the delayed ENSO signal in the 

DJF-VPC3 domain be explained? 

In search for an answer for the first question, we analyzed 

composites of several meteorological fields during periods of ex- 

treme oceanic forcing in the PAC-UPC1 domain, which is most 

closely related to precipitation variability over the western Alti- 

plano. In Figure 8 we present DJF composites of 200 hPa geopo- 

tential height and wind (Figure 8a), OLR (Figure 8b) and Alti- 

plano precipitation (Figure 8c). All composites represent the dif- 

ference between the six strongest (four for OLR) COLD and 

WARM events (mean DJF SSTA) in the PAC-UPC1 domain. 

Clearly, the upper air circulation over the Altiplano is signifi- 

cantly altered (99% level) during ENSO conditions in the Pacific 

(Figure 8a). During austral summer, Pacific COLD (WARM) 

events are characterized by a largely reduced (increased) geopo- 

tential height over tropical South America and only weak nega- 

tive (positive) departures in the subtropical part of the continent, 

thereby leading to a reduced (enhanced) meridional height gradi- 

ent and easterly (westerly) wind anomalies over the Altiplano at 

the 200 hPa level. This is consistent with observations made by 

Aceituno [1989] and has been linked to the observed increase 

(decrease) in DJF precipitation during La Nifia (El Nifio) periods 

[Vuille, 1999]. Although no moisture is advected toward the Alti- 

plano at the 200 hPa level, upper air easterly winds are responsi- 
ble for a turbulent entrainment of lower-level winds over the 

eastern Andean ridge, which in turn lead to an upslope flow of 

moist air from the east toward the Altiplano [Garreaud, 1999]. 

This moisture flux at the 500 hPa and lower levels, however, is 

hard to monitor with reanalysis data due to its poor resolution in 

comparison with the Andean topography. While the 500 hPa DJF 

zonal wind anomalies are significantly different between E1 Nifio 

and La Nifia episodes in radiosonde data from La Paz, this is not 

the case in the reanalysis data [see Vuille, 1999]. The 200 hPa 

wind pattern is therefore more suitable to describe the anomalous 

circulation during COLD and WARM events. While the prevail- 

ing easterly wind anomalies during COLD (La Nifia) conditions 

are very favorable for precipitation over the western part of the 

Altiplano, westerly wind anomalies inhibit moisture advection 

from the east during E1 Nifio (WARM) periods. Thus convection 
can still occur over the eastern Altiplano slopes under such cir- 

cumstances, but the western part of the Altiplano remains dry 

[Garreaud, 1999]. Accordingly the western Altiplano is much 
more sensitive to such ENSO-induced atmospheric circulation 

anomalies. The large-scale DJF precipitation pattern based on 

OLR data (Figure 8b) does not yield much further insight into 
this mechanism. Although OLR is reduced during COLD as 

compared to WARM over the southwestern part of the Altiplano, 
the difference is only -5 W m '2 and not significant at the 95% 
level. Obviously the coarse resolution (2.5 ø x 2.5 ø) and the short 

time period covered by the data (1974-1990) is not suitable to 

distinguish the differences in convective activity and precipitation 
across the Altiplano. A better resolved pattern emerges from the 

composite based on Altiplano precipitation data (Figure 8c). 
While precipitation over the eastern and northern part of the Alti- 

plano is less than 25% higher during COLD as compared to 
WARM events, the difference is much larger toward the west, 

reaching more than 100% along the western margin of the Alti- 

plano. Clearly, the dry western Altiplano is much more sensitive 
to such ENSO-induced precipitation anomalies than the east. 

The highly significant negative correlation between austral 

summer precipitation over the western Altiplano and SSTA in the 
NE-Atlantic (Figures 6f and 7e) is another interesting issue that 
deserves further investigation. It is well established how cold 

(warm) SSTA in the tropical North Atlantic can lead to increased 

(decreased) precipitation over NE Brazil [e.g., Mechoso et al., 
1990], the southern Amazon Basin [Marengo and Hastenrath, 

1993], and even the eastern Andean slopes of Ecuador [Vuille et 

al., 2000], especially if contemporaneous warm anomalies occur 

south of the equator, thereby leading to a southward displacement 
of the ITCZ toward the warmer waters. Unlike these regions 

however, the Altiplano is not under a direct influence of the trade 

wind system. Moisture flux toward the dry western part of the 

Altiplano is coupled with intensified middle and upper tro- 

pospheric easterlies, usually associated with a strengthened and 
southward displaced Bolivian High. The strong summer convec- 

tion over the Altiplano on the other hand may be a precursor of 
SSTs off the coast of NW Africa through an upper air monsoon- 

type return flow and a modification of the strength of the NE 
trade winds emanating from the Sahara High [Zhou and Lau, 

1998]. Time-lagged correlation analysis between Altiplano pre- 

cipitation (DJF-VPC2) and raw SSTA off the coast of NW Africa 
(26øN-18øN / 24øW-14øW), smoothed with a 3-month running 

mean, reveals that Altiplano precipitation indeed leads SSTA in 
the NE Atlantic. Although the correlation is significant at lag 0 

(r= -0.50, significant at 99% level), highest correlations 

(r =-0.64, significant at 99.9% level) are achieved when Alti- 

plano precipitation (DJF-VPC2) leads SSTA off the coast of NW 
Africa by approximately 2-3 months (Figure 9a). This is consis- 
tent with results by Nobre and Shukla [ 1996], who found a simi- 

lar 2-month lag between strongest wind stress anomalies and 
maximum SSTA over the NE tropical Atlantic off the coast of 

NW Africa. Composite analysis of tropical Atlantic SSTA in 
March further confirms this notion (Figures 9c-9d). While Figure 

9c represents the average SSTA in March following the five most 
humid summers over the western Altiplano (DJF-VPC2 domain), 

Figure 9d shows the opposite pattern (March SSTA following 
the five driest summers). Clearly below (above) average SSTs 

emerge in March (2-month lag) after strong (weak) convective 

activity over the Altiplano region. Although further investigation 

on this issue is warranted, tropical heating and convection over 
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Figure 8. (a) NCEP/NCAR 200 hPa DJF wind and geopotential height difference composite (COLD-WARM) 
based on six warmest and coldest DJF scores of PAC-UPCI. COLD periods include 1970/1971, 1971/1972, 
1973/1974, 1974/1975, 1975/1976, and 1988/1989; WARM composite is based on 1968/1969, 1972/1973, 
1979/1980, 1982/1983, 1986/1987, and 1.987/1988. Contour interval is 5 gpm, negative values are dashed, and 

light (dark) shading indicates significant zonal wind anomalies at 95% (99%) level based on two-tailed Student's t- 
test. (b) As in Figure 8a but for OLR. COLD periods include 1974/1975, 1975/1976, 1984/1985, and 1988/1989; 
WARM periods include 1979/1980, 1982/1983, 1986/1987, and 1987/1988. Contour interval is 5 W m-2; negative 
contours are dashed. (c) As in Figure 8a but for DJF Altiplano precipitation (precipitation excess (in %) during 
COLD as compared to WARM). Contour interval is 25%, values above 50% are indicated by gray shading. 

the Altiplano certainly has the potential to considerably alter 

SSTs off NW-Africa through anomalous NE trades, emanating 

from the Sahara High. 

Finally, the ENSO signal in the DJF-VPC3 domain, appar- 

ently reversed and delayed by a year (Figure 7c) is an issue that 

deserves investigation. Lagged correlation analysis reveals that 

DJF-VPC3 and PAC-VPC1 are not significantly correlated at lag 

zero, but significant positive correlations (95% level) appear 

when an 8- to 12-month lag is introduced (Figure 9b). Since at- 

mospheric circulation anomalies usually occur as an immediate 

response to oceanic forcing, one needs to ask about the mecha- 

nisms involved. The phenomenon has been observed in previous 

studies [Ronchail, 1995; Vuille, 1999], but a clear answer for its 

origin is lacking. One possible explanation for a delayed ENSO 

signal over tropical South America is related to a transfer of the 

signal into the tropical North Atlantic. However, we could not 

find significant correlations between DJF-VPC3 and tropical 

North Atlantic SSTA at any lags. Furthermore the ENSO signal 

appears strongest in the tropical North Atlantic in boreal spring 

(MAM) [Curtis and Hastenrath, 1995; Enfi'eld and Mayer, 

1997], too late to have an impact on austral summer precipitation 

(DJF) and is of the same sign as in the tropical Pacific, which 
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Figure 9. (a) Time-lagged correlation coefficients between score time series of DJF-VPC2 and SSTA in tropical 
NE Atlantic (26øN-18øN / 24øW-14øW). Positive (negative) lag indicates that DJF-VPC2 leads (lags) Atlantic 
SSTA. SSTA time series is smoothed with a 3-month running mean. (b) As in Figure 9a but for correlation between 
score time series of DJF-VPC3 and PAC-VPC1. (c) Tropical Atlantic SSTA composite in March following five 
most humid DJF rainy seasons in the western Altiplano (1972, 1973, 1974, 1975, and 1977). Contour interval is 
0.4øC, negative contours are dashed, and values > 0.4øC and < -0.4øC are shaded. (d) As in Figure 9c but for March 
following five driest DJF seasons (1966, 1979, 1983, 1988, and 1990). (e) Tropical Pacific SSTA composite in De- 
cember following five strongest E1 Nifio events (8-12 months after peak of PAC-VPC1 score; 1966, 1970, 1973, 
1983, and 1988). (f) As in Figure 9e but for December following five strongest La Nifia events (1965, 1968, 1971, 
1976, and 1989). 

makes such a relationship even more unlikely. Rather than a de- 
layed signal, we presume it is related to the fact that SSTAs in the 

tropical Pacific often switch from one extreme phase to its oppo- 
site within a year (e.g., La Nifia 1964/1965 was followed by E1 
Nifio 1965/1966, E1 Nifio 1972/1973 was followed by La Nifia 

1973/1974, La Nifia 1975/1976 was followed by E1 Nifio 

1976/1977). Figures 9e-9f show December SSTA composites in 
the tropical Pacific approximately 1 year (within 8-12 months af- 

ter the SSTA peak) after the five strongest E1 Nifio (La Nifia) 

events (based on the peak values of the score time series of PAC- 

VPC1). On average, one year after the peak phase of E1 Nifio 

conditions, SSTA in the tropical Pacific have completely reversed 

and feature negative anomalies, which resemble typical La Nifia 

conditions (Figure 9e). The opposite pattern however, does not 

usually occur. One year after the peak phase of La Nifia events, 

SSTA in the tropical Pacific are close to average and do not show 

any sign of an evolving E1 Nifio event (Figure 9f). This notion is 

also confirmed by a closer inspection of the score time series of 
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PAC-VPC1 (see Figure 3e). While SSTs usually drop dramati- 

cally after the peak phase of an E1 Nifio event has been reached, 

recovery from below-average SSTA (La Nifia events) is much 

slower, which explains why austral summers following an E1 

Nifio event (E+I) feature above-average precipitation, yet the dry 

conditions following a La Nifia event are less pronounced [see 

Vuille, 1999]. This biennial tendency of ENSO is a feature noted 

before [Kiladis and Diaz, 1989] and offers some potential for 

prediction of austral summer precipitation in the DJF-VPC3 do- 
main. 

7. Summary and Conclusions 

The purpose of this study was to identify the main spatiotem- 

poral modes of temperature and austral summer (DJF) precipita- 
tion variability in the Central Andes, based on a two-way PCA 
and composite analysis. 

Because of the closer proximity to the Pacific and the much 

larger amplitude of SSTA in this basin, temperature variability in 

the Central Andes is primarily related to ENSO. The spatial pat- 

tern of temperature variability is quite uniform and responds to 

Pacific SSTA in the central equatorial Pacific with a lag of ap- 

proximately 1-2 months. Temperature closely follows SSTA in 

the NINO3 and NINO4 domain. The second temperature mode, 

dominant over the southern Altiplano (T-VPC2) features a sig- 
nificant increase in temperature starting in the late 70s. 

Precipitation variability in austral summer (DJF) is also pri- 
marily related to SSTA in the tropical Pacific domain. The ENSO 

signal however is modified in the different parts of the Altiplano, 

although the general pattern of below (above) average precipita- 
tion during E1 Nifio (La Nifia) conditions remains the same. Over 

the eastern part of the Altiplano, correlations with ENSO are 

weak, because E1 Nifio-induced westerly wind disturbances do 

not modulate convection and precipitation over the eastern An- 

dean slopes. The western part of the Altiplano however, is more 
sensitive to such ENSO-induced atmospheric circulation anoma- 

lies because moisture advection from the east is significantly low- 

ered (increased) during E1 Nifio (La Nifia) periods. The interan- 

nual precipitation variability over the western part of the Alti- 

plano thus more closely follows SSTA in the tropical Pacific do- 
main and features a clear decadal-scale oscillation with above- 

average precipitation from the late 1960s to the mid 1970s fol- 

lowed by a decade of dry conditions in the late 1970s and 1980s. 

This precipitation signal is related to the contemporaneous cli- 
matic shift in the tropical Pacific domain in the late 1970s, fea- 

turing an increased number of E1 Nifios and less La Nifia events. 

In the northernmost part of the study area a pronounced signal 
emerges with a delay of 8-12 months (i.e., the austral summer 

following the peak phase of ENSO). The increase (decrease) in 

precipitation in the summer following an E1 Nifio (La Nifia) event 

is not a physically delayed signal but rather related to the internal 

evolution of tropical Pacific SSTA, rapidly switching from one 
state to the other. 

Despite the fact that the moisture source for Central Andean 

precipitation lies to the east in the continental lowlands and ulti- 

mately in the tropical Atlantic, SSTAs in this domain do not have 

a strong influence on DJF precipitation variability over the Alti- 

plano. On the contrary, during boreal spring (March) SSTAs in 

the tropical NE Atlantic domain off the coast of NW Africa are 

considerably influenced by heating and convection over the Alti- 

plano through an upper air monsoon return flow, altering the 

strength of the NE trades which emanate from the Sahara High. 

Several earlier studies have reported on the relationship be- 

tween interannual variability of summer precipitation in the Cen- 

tral Andes and ENSO. In most of these studies, the relationship 

was described as rather weak, barely reaching statistical signifi- 

cance. It seems that Pacific SSTA modes extracted by means of 

PCA yield better results than SSTA averaged over specific re- 

gions (NINO indices) or when the SOl is used as a proxy. Even 

more important, however, is to account for the large spatial pre- 

cipitation variability over the Altiplano by subdividing the Alti- 

plano into regions of similar and coherent modes of variability. 

This method has enabled us to show how precipitation variability 

in the different parts of the Altiplano relates to tropical SSTA, in 

particular to ENSO. 
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