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Abstract. The circulation mechanisms of climate anomalies in the southern tropical Andes are of
particular interest for the January—February core of the precipitation season. With this focus, we
evaluate in context upper-air and surface analyses, water level measurements of Lake Titicaca, and
records of net balance and 580 from ice cores. Precipitation is more abundant with enhanced and
southward expanded easterlies through a deep layer of the troposphere over the southern tropical An-
des. Concomitant with this is a southward displaced circulation system over the equatorial Atlantic,
entailing reduced interhemispheric gradient of sea surface temperature (SST; cold/warm anomalies
in the North/South), more southerly position of the surface wind confluence and Intertropical Con-
vergence Zone, and thus more abundant rainfall in Northeast Brazil. Such ensemble of circulation
departures in boreal winter is common to the high phase of the Southern Oscillation.

8180 in the ice cores from Peru’s Quelccaya Icecap, as well as the cores from Sajama and Ilimani
in Bolivia is more negative with more abundant precipitation, both in the same annual cycle and on
interannual timescales. The large-scale circulation departures associated with the more negative 8180
are in the sense as for anomalously abundant precipitation activity over the southern tropical Andes.
The variability of 8180 seasonally and interannually appears to be controlled mainly by the fate of
the water vapor along its trajectory and over the Andes, rather than by the SST of the South Atlantic
source region.

1. Introduction

A diversity of data sources, including upper-air analyses, surface climatological
and hydrological series, along with ice core records, have progressively become
available, and invite an actualistic evaluation in the context of climate dynamics. In
particular, the ice cores taken in the southern tropical Andes, located in the transi-
tion from the tropical easterlies to the subtropical westerlies, sample a strategically
important, climatically sensitive region.

The high mountain environment of the southern tropical Andes (Figure 1) ex-
periences marked changes from year to year and on longer time scales. These have
been themes of recent specialty symposia (Cadier et al., 1998; PAGES, 2001). A
series of research papers over the past decades have recurrently addressed the cir-
culation causes of anomalies in precipitation and the water level of Lake Titicaca
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Figure 1. Orientation map. Dashed lines demarcate the meridional profiles in Figure 3, solid-line
rectangle the domain in the Atlantic for which the SST indices KJ and KM were compiled, and
dotted-line rectangle the domain of the indices of zonal wind UU, 5U, and LT. This rectangle is
repeated at enlarged scale in lower right portion of the map. Solid curved arrow shows the direction of
the lower-tropospheric water vapor transport. Dots indicate the sites of Chimborazo (CH), Huascaran
(HU), Quelccaya (QQ), Lake Titicaca (TL), San Calixto (CR), Sajama (SA), Ilimani (IL), Cerro El
Tapado (TA), Belém (B) and Manaus (M).

(Kessler, 1974, 1981, 1990; Jacobeit, 1991; Garreaud, 1999; Vuille, 1999; Vuille et
al., 2000; Garreaud and Aceituno, 2001). It has also been recognized that the vast
meridional chain of icecaps and glaciers holds promise for the extraction of ice
cores for climate study (Thompson et al., 1984a). The first tropical ice cores were
drilled on the Quelccaya Icecap of southern Peru a quarter-century ago (Thompson
et al., 1979). The subsequent decade-long field effort culminated in the retrieval of
deep cores with a record from AD 470 to 1984 (Thompson et al., 1984b, 1986). Since
then, ice cores have been retrieved from Chimborazo in Ecuador, Huascardn in
northern Peru (Thompson et al., 1995), Sajama (Thompson et al., 1998) and Ilimani
in Bolivia (Ramirez et al., 2002), and Cerro El Tapado in northern Chile (Ginot et
al., 2001). Regarding the exploration of the circulation mechanisms of regional
climatic variability, new prospects have opened up with the recent release of the
global upper-air dataset from the National Centers for Environmental Prediction
— National Center for Atmospheric Research (NCEP-NCAR) 40-year Reanalysis
(Kalnay et al., 1996).

With this background, the purpose of the present paper is to research the circu-
lation mechanisms of climatic variability in the southern tropical Andes reflected
in the water level of Lake Titicaca and in the ice core records of oxygen isotopes
and net balance. Section 2 describes the data and analysis, Section 3 explores the
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large-scale circulation in relation to lake level, Section 4 examines the ice core
records, and a synthesis is offered in the closing Section 5.

2. Data and Analysis

The data sources used in this study include global upper-air analyses, long-term
surface ship observations, lake level measurements, raingauge series, and ice core
records.

The National Centers for Environmental Prediction — National Center for At-
mospheric Research (NCEP-NCAR) reanalysis (Kalnay et al., 1996; Kistler et al.,
2001) at a 2.5° latitude-longitude resolution was acquired for the years 1958—1997.
Data were processed into individual monthly mean fields. Of interest here is the
wind at the levels 1000, 925, 850, 700, 600, 500, 300, 200, and 100 mb. For
January—February the wind field was analyzed at the 500 mb level and along a
meridional-vertical transect at 75-65° W. An index UU was compiled of the zonal
wind speed in the domain 10-20° S, 75-65° W, 500-300 mb; an index 5U of the
zonal wind in the domain 10-20° S, 75-65° W, at 500 mb; and an index 5L of the
latitude position of the boundary between westerlies and easterlies at 75-65° W
and 500 mb.

For the tropical Atlantic sector and the March—April core of the Northeast Brazil
(Nordeste) rasiny season, two indices were available from earlier work (Hastenrath
and Greischar, 1993; Hastenrath, 2000), namely, an index NB of Nordeste rainfall
and an index LT of the latitude of the surface wind confluence at 40-20° W. From
a dataset of sea surface temperature (SST) with a two degree square resolution
prepared by Kaplan et al. (1998), the indices KJ for January—February and KM
for March—April were compiled (domain 0-20° N, 50-20° W; see Figure 1). As in
earlier work, the pressure difference Tahiti minus Darwin is taken as a measure of
the phases of the Southern Oscillation (SO).

Records of water level of Lake Titicaca at Puno were available for the period
from 1915 onward. From the individual monthly values a series of an index TL
was compiled, being the seasonal change of water level from December to March,
indicative of the precipitation during the rainy season. Values are ascribed to the
second of the two years (i.e., December 1961 to March 1962 is denoted as 1962).
From this series the ten years of highest (HI = 1964, 66, 67, 80, 83, 87, 89, 90, 91,
92) and lowest (LO = 1960, 62, 63, 73, 74, 76, 79, 84, 85, 86) values of TL were
identified.

The raingauge measurements at Observatorio San Calixto in La Paz began
in 1898 and were available through 1968. The index CR represents June—May
precipitation ascribed to the later year.

Ice core records of oxygen isotope ratios (8'%0) and net balance are of par-
ticular interest. Ice core records were obtained from the website of the World
Data Center for Paleoclimatology, Boulder, and NOAA Paeoclimatology Pro-
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gram: http://www.ngdc.noaa.gov. For Quelccaya, the name is ‘Quelccaya Ice Core
Database’, and the suggested data citation ‘Thompson, L., 1992: Quelccaya Ice
Core Database. IGBP PAGES/World data Center-A for Paleoclimatology Data
Contribution Series #92-008, NOAA/NGDC Paleoclimatology Program, Boulder,
Co., U.S.A’. Ice core data were also retrieved from two journal publications on
Quelccaya (Thompson et al., 1979, 1984b). For ‘Huascardn Ice Core Data’ the
suggested data citation is ‘Thompson, L. G., 2001, Huascardn Ice Core Data,
IGBP PAGES/World Data Center A for Paleoclimatology Data Contribution Se-
ries #2001-008, NOAA/NGDC Paleoclimatology Program, Boulder Co, U.S.A..
From Edson Ramirez we obtained the §'0 and net balance data of the Sajama and
[limani ice cores, for the period 1947-1997 (Hoffmann et al., 2003). 1947-1998
records of net balance and deuterium are available for Chimborazo.

Records of oxygen isotope ratios (8'30) and rainfall for selected stations in the
Amazon basin were obtained from the website of IAEA (2001) Isotope Hydrology
Information System, the ISOHIS Database: http://isohis.iaea.org.

The NCEP-NCAR reanalysis serves to diagnose the large-scale upper-air circu-
lation; compact indices describe surface conditions in the Atlantic sector; station
data of isotopes in rainfall shed light on relationships prevailing in the Amazon
lowlands; raingauge and lake records document the hydroclimatic conditions in
the Andean highlands; and this ensemble of sources is used to evaluate the infor-
mation in the tropical icecores. From the diverse observation periods of the various
elements, two common base periods are used here. The time span 1958—1984 has
complete records for the upper-air data, the five aforementioned ice core sites, the
Titicaca water level, the SO index, and the Atlantic indices LT, NB, KJ and KM,
although the San Calixto, La Paz, rainfall series (CR) is available only to 1968. The
time span 1915-1957 has records complete for Titicaca, the ice core sites, SO, San
Calixto (to 1968), KJ and KM (from 1917 onward), but no upper-air data.

3. Variability of Circulation and Lake Levels

The most essential circulation characteristics at the core of the precipitation season
in the southern tropical Andes are captured by January—February maps of the mid-
tropospheric wind field (Figure 2) and meridional-vertical cross sections of the
zonal wind (Figure 3). The map of 500 mb flow (Figure 2a) shows at its north-
ern and southern extremities the midlatitude westerlies, contrasting with easterlies
in the tropical belt; over the southern tropical Andes the boundary between the
easterly and westerly wind regimes being located near 21° S. Complementing Fig-
ure 2a, the cross section (Figure 3a) illustrates the strong equatorward slope of the
anticyclonic axis of the boreal winter hemisphere, the deep easterlies in the tropics,
and the margin of the austral summer hemisphere westerlies; with the southern
tropical Andes being located near the southern margin of the tropical easterlies.
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Figure 2. Maps of January—February wind at 500 mb during 1958-1984. (a) Mean, with arrows
indicating wind direction and isotachs at spacing of 2 ms 1. (b) Pattern of correlations of zonal
wind component with TL, with spacing of 0.2 and dashed lines indicating negative values; shading
represents 5% significance level.

The correlation patterns in the map of Figure 2b and the cross section of Fig-
ure 3b illustrate the association of the large-scale circulation with the variability
of the seasonal change of water level of Lake Titicaca. The map Figure 2b shows
stronger easterlies, and a more southerly location of the boundary between east-
erlies and westerlies, accompanying anomalously large seasonal rise of lake level.
Complementing Figure 2b, the cross section Figure 3b also shows for the south-
ern tropical Andes around 10-20° S strong negative correlations throughout the
tropospheric column and especially in the upper troposphere, where they extend
far northward. Figure 3b thus also indicates enhanced easterlies and a southward



366 STEFAN HASTENRATH ET AL.

1000

100
mb
300

20 N_ 10
'B. CORR TL "J

500

20 N 10
D. CORR QD

1000 t&

Figure 3. Meridional-vertical cross sections along 75-65° W for January—February 1958-1984. Shad-
ing indicates the surface topography of the Andes. (a) Mean zonal wind, with isotach spacing of
5ms ! and dashed lines indicating easterlies. The latitude position of the boundary between wester-
lies and easterlies at 500 mb and 75-65° W is indicated by dotted and dashed lines, respectively, for
the ensembles of extremely high and low values of TL. Dotted-line rectangle shows domain of zonal
wind index UU (ref. Table I). (b) Correlations of zonal wind versus TL, with isoline spacing of 0.2
and dashed lines indicating negative values. Dot raster shows significance at 5% level. (c) Correla-
tions of zonal wind versus SO, with symbols as for (b). (d) Correlations of zonal wind versus QD,
with symbols as for (b).
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Table I
Matrix of correlation coefficients for 1958—1984 (in hundredths)

|TL QA QD |SA SD IA ID |UU 5U 5L |so LT NB KJ

TL
QA | +12
QD | —58** —02

SA | +19 +48%*  +07
SD | -33 —-17 +56%* | —39%

1A | -04 —22 +03 —38% 438%

ID | -38* +16 +14 +15 434 +09

UU | —62*%* 403 +47% | =15 426 —15  +27
5U | —43*%  —02 +23 —01 400 —04 406 |+72%*
SL | -32 +11 +15 —28 428 427 432 | +61FF £55%*

SO | +46% +19 —41*% | +06 +00 +28 —07 | —64%* —30 -19
LT | -36 —20 +41% | =32 433 421 420 | +56%F 440%  447* | —55%*

NB | +23 +29 -31 +17 =22 405 —12|-38% —56%* —23 |445% —50%*

KJ | -06 +15 +19 —14  +20 428 408 | +41* 431 +46% | —32 —58%*% —19

KM | -32 +07 +51FF | =15 429 4+39% +14 | +60%* 429 +38% | —64%*F T4k _30% 4 B(k*

* Significance at 5% level. ** Significance at 1% level. Indices are as follows: TL = December to March
change of Lake Titicaca water level; QA = Quelccaya net balance, July to June; QD = Quelccaya 8180, uly
to June; SA = Sajama net balance, July to June; SD = Sajama 6180, July to June; IA = Ilimani net balance,
July to June; ID = Ilimani 8180, July to June; UU = zonal wind in domain 10-20° S, 75-65° W, 500-300 mb,
Jan-Feb; 5U = zonal wind in domain 10-20° S, 75-65° W, 500 mb, Jan-Feb; 5L = boundary between westerly
and easterly wind at 75-65° W, 500 mb, Jan—Feb; SO = Tahiti minus Darwin pressure difference, January—
February; LT = latitude of surface wind confluence at 40-20° W, March—April; NB = rainfall in Northeast
Brazil, March—April. KJ = SST in domain 0-20° N, 50-20° W, January—February; KM = SST in domain
0-20° N, 50-20° W, March—April

expansion of the easterly wind regime in years of anomalously large seasonal rise
of lake level. Somewhat similar to Figure 3b, Figure 3c shows in the upper tro-
posphere over the southern tropical Andes enhanced easterlies in the high phase of
the SO. Figure 3d shall be discussed in Section 4 below.

The pictorial evidence in Figures 2b and 3b,c is complemented by the correla-
tion matrix for the period 1958-1984 in Table I. For selected elements time series
are also plotted in Figure 4. The strong positive correlation between TL and CR for
1915-1968 in Table II and Figures 4a,b indicates that the seasonal change in Lake
Titicaca water level is a good measure of the regional precipitation conditions.
Table I shows strong positive, mutual associations between lake level rise (TL),
easterly wind (UU and 5U), southward extent of the easterlies (5L), and the high
SO phase. UU may also be compared with TL and CR in Figures 4a,b.e.

In context this is broadly consistent with findings in earlier studies mentioned
in the Introduction. Garreaud (1999) explains how enhanced upper-tropospheric
easterlies, through vertical momentum exchange, stimulate the upslope flow of
moisture from the lowlands on the Amazon side of the Andes, which serves to
fuel the precipitation over the Altiplano. Also, the subtropical westerlies in the mid
and upper troposphere are known to be weaker in the high SO phase.
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Figure 4. Time series plots of selected indices. (a) TL, December to March change in water level of
Lake Titicaca, in cm; (b) CR June-May rainfall at San Calixto Observatory, La Paz, in cm; (c) QA,
Quelccaya net balance, in cm of liquid water equivalent; dots denote values from icecore; for the
period after 1964 crosses indicate values from crevasse wall, and for the period after 1974 triangles
show values from snow pits; (d) QD, Quelccaya 8180 values in per mil; (e) UU, 500-300 mb zonal

wind, in ms~L.
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Table 11
Matrix of correlation coefficients for 1915-1957

TL QA QD SD ID CR SO KIJ
TL

QA 459

QD —5I% 43

SD  —30  —14  +449%

ID  —13  —25  449%x  437%

CR 466 431  —57# _50% _16

SO 414 413 21  -23  —22 +I5

KI  —45% —29 415  —17  +10 -23 —02

KM —35% —26  +18  —29 402 —15 —11 485%*

* Significance at 5% level. ** Significance at 1% level. Symbols as for Table .
1915-1957 (except 1917-1984 for KJ and KM, and 1915-1968 for CR = rainfall
at San Calixto (La Paz) Observatory, June-May)

Beyond the Andes, Table I contains the indices LT and NB from the tropical
Atlantic sector. As shown in earlier work (Hastenrath and Greischar, 1993; Has-
tenrath, 2000), a southward displaced Atlantic near-equatorial wind confluence and
Intertropical Convergence Zone (ITCZ) with the accompanying abundant Nordeste
rainfall are a consequence of a steepened interhemispheric SST gradient in the
tropical Atlantic (cold/warm in the North/South), which is largely controlled by
the temperature variability in the tropical North Atlantic. This is reflected in Tables
I and II, in particular the large negative correlations of KJ and KM with NB, and
the positive correlation with LT. Correlations with the tropical South Atlantic (not
shown here) are weak and positive with NB and TL. As apparent from Tables
I and II, the correlations with NB, LT, and TL, tend to improve from January—
February (KJ) to March—April (KM). The correlations with SO in Tables I and
II are further consistent with earlier work (review in Hastenrath, 2000), which
showed that late in the boreal winter half-year the near-equatorial wind confluence
and associated ITCZ, the main rainbearing system for the Nordeste, tend to be
displaced southward in the high SO phase.

Tables I and II also offer the large-scale circulation context for the cold anom-
alies in the tropical North Atlantic to accompany abundant precipitation in the
Titicaca basin, as suggested by Mélice and Roucou (1998) and Baker et al. (2000)
from data of the early to later part of the 20th century. Comparison of Tables II and
I indicates that such relationship was stronger in the early than the later part of the
record.

In synthesis from Figures 2 and 3 and Tables I and II, along with the earlier
work, abundant precipitation at the core of the austral summer precipitation sea-
son in the southern tropical Andes is causally related to enhanced, and southward
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expanded, easterly flow through a deep layer of the troposphere, which favors the
import of water vapor from the lowlands on the Amazon side (Garreaud, 1999)
to fuel the precipitation activity. Such southward displacement of the wind regime
in the realm of the southern tropical Andes is typically associated with likewise
southward displaced circulation system in the tropical Atlantic sector: reduced in-
terhemispheric meridional SST gradient (cold/warm anomaly in the North/South)
entails southward displaced surface wind confluence and ITCZ, and hence anom-
alously abundant rainfall in Northeast Brazil. Such an ensemble of circulation
departures over the southern tropical Andes as well as the equatorial Atlantic is
during the boreal winter half-year common in the high SO phase.

Regarding the water vapor transport into the southern Amazon basin, recent
studies (Rao et al., 1995; Curtis and Hastenrath, 1999) unambiguously identify
a trajectory from the southern tropical Atlantic (Figure 1), although there seems
to be some belief in a North Atlantic source region (Mélice and Roucou, 1998).
More particularly, however, Garreaud (1999) points to the boundary layer over the
lowlands on the Amazon side of the Andes as moisture source for the precipitation
activity over the Altiplano.

4. Ice Cores

A quarter-century ago, the retrieval of the first tropical ice core from the Quelccaya
Ice Cap in Peru (Thompson et al., 1979) led to the discovery of conditions contrast-
ingly different from the pattern familiar from the polar regions: a seasonal spread in
880 values as large as the difference between ice age and modern conditions (and
seasonal spread) in the polar ice cores; and the more negative values of §'%0 during
the summer precipitation season. The latter peculiarity in particular was duly noted
in later papers (Grootes et al., 1989; Thompson et al., 2000).

Given the marked negative association of precipitation and §'0 in the annual
cycle evidenced in the first shallow ice cores on Quelccaya (Thompson et al., 1979),
it is interesting to compare the interannual variability of net balance and §'30 in the
later deep ice core. To that end, Tables I and II present, for the periods 19581984
and 1915-1957, correlations between QD and QA, and also with the precipitation
indicators TL and CR. For the longer and earlier period 1915-1957 (Table II), a
significant negative correlation is obtained between QD and QA, consistent with
the findings of a quarter-century ago for the annual cycle relationship.

In contrast to Table II, however, for the shorter recent period 1958-1984
(Table I) the correlation between QD and QA is nil. This is all the more surprising
in light of the highly significant negative correlations of QD with the precipitation
indicators TL and CR from more distant locations for both periods (Tables I and
II), and the highly significant positive correlation of the Quelccaya net balance QA
with the regional precipitation indicator TL during 1915-1957 (Table II), although
not during 1958-1984 (Table I). This raises the question of the quality of the QA
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record for the 1958-1984 period. In addition to the ice core record, published
values (Thompson et al., 1984b) from pits and a crevasse are also plotted for part
of the period. Figure 4c shows considerable differences between the three sets, and
comparison with Figure 4a indicates a less good agreement of TL with the core
than with the pit and crevasse values. This gives grounds for the conjecture that in
the latter part of the Quelccaya ice core record QA was not well sampled, possibly
due to spatial variability of net balance related to snow drift, wind scour, surface
melt and sublimation, as well as ablation increasing in recent decades. Indeed, in
addition to Quelccaya, the lack of correlation of net balance with §'80 is also noted
for Huascardn and Ilimani.

In contrast to QA, the series of QD has significant correlations not only with
TL, but also with the large-scale circulation parameters SO, UU, and LT (Table I).
In the same vein the cross-section Figure 3d, illustrating stronger easterlies over
the southern tropical Andes with more negative QD, is consistent with Figure 3b
showing greater seasonal rise of Lake Titicaca water level with stronger easterlies.
Comparing QD with other ice cores, the §'80 series of Sajama and Ilimani (Tables I
and II) have positive correlations with the §'30 of Quelccaya, and their correlations
with the other elements are of the same sign as for Quelccaya, albeit weaker. Thus
the Sajama and Ilimani series support the relationships obtained for the Quelccaya
core. Similar to the 1958-1984 portion of the Quelccaya record (Table I) discussed
above, the Huascardn and Ilimani cores show no correlation between the isotope
and net balance series. The Chimborazo core has over the 1947-1998 record a
correlation of —0.19 between net balance and deuterium, while over the top 10 m
deuterium and §'30 are correlated at +0.99. Thus the correlation between §'80 and
net balance appears negative, similar to the other ice cores.

Complementing the correlation matrices in Tables I and II, the time series plots
in Figure 4 illustrate the overall close relationship between the precipitation in-
dices TL and CR, the circulation index UU, and the Quelccaya isotope record QD
throughout, and for the 1915-1957 period also between QA versus QD and TL.

Considering the strong negative association of §'80 in the Quelccaya ice cores
with precipitation both in the annual cycle and on interannual time scales, a com-
plementary appraisal of other sources is in order. Of interest in this respect is the
network for measurement of isotopes in precipitation operated in the Amazon basin
from the 1960s to the 1980s. For the two stations with more continuous record,
Belém and Manaus (Figure 1), §'80 is more negative in the season of largest
rainfall in the annual cycle, and the spotty records also indicate a tendency for
more negative §'80 values in the years of more abundant rainfall. Processes which
control the §'30 in precipitation and Andean ice cores have been considered in
various papers (Grootes et al., 1989; Pierrechumbert 1999; Hoffmann et al., 2003;
Schotterer et al., 2003).

The recently available upper-air analyses in conjunction with the surface clima-
tological and hydrological series allowed to examine the ice core evidence in the
large-scale circulation context. Without such diagnostics of circulation processes,
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Diaz and Pulwarty (1994) had the Quelccaya §'80 record among the several index
series spanning the past millenium, which they subjected to spectral analysis; giv-
ing no phase relationships, they suggested that the ice core record showed preferred
time scales of variability similar to El Nifio. Likewise, without circulation diagnos-
tics, Henderson et al. (1999) analyzed the Huascarén §'30 series over the greater
part of the past century, noted coincidences with the Pacific El Nifio, and attempted
to find associations with Atlantic SST. In the process they discussed at length
earlier work on the climate dynamics of the tropical Atlantic sector and Nordeste
rainfall, as did Baker et al. (2000). On the paleo time scale, Pierrehumbert (1999)
proposed the Huascardn §'®0 record as an indicator of tropical climate during the
Last Glacial Maximum. It may be noted that Huascardn and Chimborazo are not in
pivotal location within the large-scale circulation, much in contrast to the southern
tropical Andes (Figure 1).

In synthesis from Tables I and II and Figure 4, §'30 on Quelccaya and Sajama,
and to a lesser extent on Ilimani, has a negative association with the precipitation
activity of the southern tropical Andes at large, and this in turn is modulated by
large-scale circulation mechanisms discussed in Section 3. The Quelccaya, Sa-
jama, and Ilimani drill sites, near the boundary between the tropical easterlies and
the southern hemisphere subtropical westerlies, have a fortunate strategic position
within the general circulation (Figures 1 and 2). The interannual variability of §'80
in the three ice cores from the southern tropical Andes presented in Tables I and
IT cannot be accounted for by Atlantic SST. Accordingly, the fate of the water
vapor along its trajectory from the Atlantic source region merits particular atten-
tion, including precipitation and evaporation processes over the Amazon lowlands,
uplift at the Andes barrier, and precipitation over the highlands; essential being
the observed more negative §'80 with enhanced precipitation, both seasonally and
interannually. By contrast, processes after deposition were found of little conse-
quence for §'%0 (Schotterer et al., 2003; Hoffmann et al., 2003). A large-scale
circulation perspective may be in order, appreciating in context the domain of zonal
flow from the Atlantic over the Amazon lowlands to the Andes.

5. Conclusions

For the study of climatic change, various components of the environment may
provide valuable indicators. The high mountain environment is recognized as par-
ticularly sensitive and is receiving increased attention in recent symposia (Institut
Francais d’Etudes Andines et IRD, 1998; PAGES, 2001). While the environmen-
tal response is conspicuous, the climatic forcing is not generally obvious. This
poses the key task of inferring the general circulation causes of the observed en-
vironmental response. Crucial to such endeavors of ‘actualistic’ research into the
circulation mechanisms of climatic variability are not only suitable upper-air and
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surface meteorological datasets but also field records from strategic locations and
with sufficient resolution on interannual, if not seasonal, time scales.

The recently available NCEP-NCAR 40-year upper-air dataset (Kalnay et al.,
1996) opens new prospects for the analysis of the atmospheric circulation. The
southern tropical Andes are in a strategic position within the general circulation,
as they are located within the transition from the tropical easterlies to the southern
hemisphere subtropical westerlies. The long series of the water level variations of
Lake Titicaca is a representative proxy of the regional precipitation activity. This
provides a valuable complement for the Quelccaya, Sajama and Ilimani ice cores,
of which net balance and §'80 are of particular interest. These diverse sources have
been evaluated in context, with focus on the circulation mechanisms of climatic
variability in the southern tropical Andes.

The precipitation activity at the core of the rainy season in the southern trop-
ical Andes is favored by enhanced and southward expanded easterlies through a
deep layer of the troposphere. Concomitant with this is a notorious southward
displacement of the circulation system over the equatorial Atlantic, which has been
extensively explored in earlier work (references in Hastenrath and Greischar, 1993;
Hastenrath, 2000). This entails reduced interhemispheric SST gradient (cold/warm
in the North/South), more southerly position of surface wind confluence and In-
tertropical Convergence Zone, and abundant rainfall in Brazil’s Nordeste. This
Atlantic anomaly has, however, no direct influence on the southern tropical Andes.
Such ensemble of circulation departures in the tropical Americas-Atlantic sector is
common in the high SO phase.

This exploration of the circulation mechanisms of the precipitation variability
in the southern tropical Andes provides a background for the appraisal of the
oxygen isotope record in the ice core from Peru’s Quelccaya Icecap, as well as
the later cores from Sajama and Ilimani. Complementing the discovery a quarter-
century ago (Thompson et al., 1979), §'80 is more negative with more abundant
precipitation, not only in the annual cycle but also on interannual time scales. More
negative §'30 is accompanied by circulation departures in the same sense as with
anomalously abundant precipitation over the southern tropical Andes, namely en-
hanced and southward expanded tropical easterlies, and the southward displaced
circulation system over the equatorial Atlantic. The source region of the water
vapor transport into the southern Amazon lowlands is the South Atlantic, whose
SST variability cannot account for the observed variations in §'30. The causes for
the seasonal and interannual variability of §'®0O must be sought in processes along
the moisture trajectory and in the precipitation over the Andes.
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