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ABSTRACT. A climate—glacier model was used to reconstruct Late-glacial climate
conditions from two case-study glaciers at 18° and 22° S in the arid (sub)tropical western
Andes of northern Chile. The model uses (1) the geometry of the Late-glacial maximum
glaciation, (ii) modern diurnal and annual cycles, amplitudes and lapse rates of the climate,
(111) empirical-statistical sublimation, melt and accumulation models developed for this
area, and (iv) dynamic ice flow through two known cross-sections for steady-state condi-
tions. The model is validated with modern conditions and compares favorably with the
glaciological features of today. The mass-balance model calculates the modern equi-
librium-line altitude at 18° S as high as 5850 m (field data 5800 m), whereas no glaciers exist
in the fully arid southern area at 22° S despite altitudes above 6000 m and continuous per-
malfrost. For Late-glacial times, the model results suggest a substantial increase in tropical
summer precipitation (AP = +840 (—50/+ 10) mma ' for the northern test area; +1000
(—10/+30) mma ' for the southern test area) and a moderate temperature depression
(AT =44 (—-01/+02) °C at 18°S; —3.2 (£0.1) °C at 22° S). Extratropical frontal winter
precipitation (June—September) was <15% of the total annual precipitation. A scenario
with higher winter precipitation from the westerlies circulation belt does not yield a
numerical solution which matches the observed geometry of the glaciers. Therefore, we
conclude that an equatorward displacement of the westerlies must be discarded as a possible

explanation for the late Pleistocene glaciation in the Andes of northern Chile.

1. INTRODUCTION

The arid central Andes have become a key site for the study
of abrupt, high-amplitude climatic changes during late
Pleistocene and Holocene times. Ice cores (Thompson and
others, 1995, 1998), paleolake sediments (e.g. Grosjean and
others, 1995; Sylvestre and others, 1999) and glacial deposits
(Messerli and others, 1996; Clayton and Clapperton, 1997)
provide evidence of dramatic changes in the effective mois-
ture regime (precipitation minus evaporation). However,
major uncertainties exist with regard to the quantitative
assessment of temperature and/or precipitation changes,
potential changes in seasonality and the origin of the mois-
ture supply (extratropical winter rainfall vs tropical summer
rainfall). Based on depressions of the Late-glacial equi-
librium-line altitudes (ELAs), Seltzer (1992, 1993) estimated
a reduction of the mean annual temperature AT = —3.5
£ 1.6°C for the Bolivian Andes. Clayton and Clapperton
(1997) calculated an increase in annual precipitation rates
of +600 mm and a temperature reduction of 2.7 £0.9°C for
Late-glacial glaciers in the Uyuni basin (20° S). Moreover,
water-balance models of the Late-glacial paleolake Tauca
suggest substantial increases in summer precipitation in the
order of 300 mm (Hastenrath and Kutzbach, 1985), and
315+ 45 mm at a temperature reduction of 3°C (Kessler,
1985) for the Peruvian—Bolivian Altiplano. Grosjean (1994)
estimated precipitation rates of >500mm (increase of
300 mm) for Late-glacial paleolakes in the more arid areas
in Chile adjacent to the south at 23°S. The origin of the
Late-glacial moisture remains a matter of debate. Kessler
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(1991), Markgraf (1993) and Grosjean and others (1995) favor
tropical summer precipitation, whereas Servant and others
(1993) make a case for strengthened westerly winter precipi-
tation. This controversy is a key issue when evaluating past
changes in atmospheric circulation belts.

The aim of this paper is to reconstruct quantitatively
climatic conditions which were suitable to sustain the field-
surveyed late Pleistocene glaciers at steady-state conditions.
Results of a climate—glacier model (Kull, 1999) suggest for a
first case-study area in the fully arid Andes at 22° S that mod-
ern climate-mass-balance relationships and ice-flow dynam-
ics provide numerical solutions which effectively reflect the
geometry of the mapped Pleistocene glaciers in this area.
Here we compare modeling results from two different test
arcas along a north—south precipitation gradient from the
fully arid Andes at 22°S to the area with dominant tropical
summer precipitation at 18°S. We also test different seasonal
precipitation scenarios (with winter and/or summer precipi-
tation), and show that a scenario with exclusively increased
winter precipitation does not yield a numerical solution which
matches the geometry of the Pleistocene case-study glaciers.

2. RESEARCH AREA AND MODERN CLIMATE

The research area is located between 18° and 23°S in the
western Altiplano of northern Chile near the border with
Bolivia (Fig. 1). Today, precipitation falls mainly as tropical
summer rains, due to a southward shift of the intertropical
convergence zone which results in a strong precipitation
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Fig. 1. Map showing the two case-study glaciers on Cerro Choquielimpie (18°17' S, 69°12' W; 5327 m a.s.l.) and on Cerro Deslinde—
ElTatio (22°15' S, 68° W; 5606 m a.s.1,) in the western central Andes of the Altiplano, northern Chile. Both glaciers are located on
west-facing slopes in east—west orientation. The solid lines represent the reconstructed ice isohypses (100 m interval ); the dotted lines

are the cross-sections cry and cro used in the model.

gradient from 450 mma ' in the north at 18°S to <250 mma '

in the southern test area at 22°S. High diurnal temperature
changes of up to 16°C are characteristic for the daily tempera-
tures; monthly mean temperatures vary in the order of 7°C
during the year. The mean annual temperature is 3.6°C at
4300 m a.s.l. (Table I).

Due to the lack of moisture, there is now an absence of
perennial snowfields and glaciers in the area south of 19°S
even in the continuous permafrost belt above 5600 m. This
phenomenon is known as “thermal readiness” (Messerli,
1973; Grosjean and others, 1998), and shows that ablation rates
(sublimation and melt) greatly exceed accumulation rates in
all geo-ecological altitudinal belts. The modern ELA of the
southernmost glacier in the summer precipitation belt of the
western Andes at 18°S is found at approximately 5800 m
(Cerro Guaillatiri 6046 m; Jenny and Kammer, 1996).
Further south, a modern ELA no longer exists, and peaks
well above 6000 m are free of glaciers.

However, late Pleistocene glaciation was very lively in
the entire research area 18-22°S, where late Pleistocene
ELAs were depressed to approximately 4600-4900 m (Jenny
and Kammer, 1996; Klein and others, 1999). We selected two
case-study areas (Fig. 1): the massifs of Cerro Choquielimpie
(18°17'S, 69°12'W; 5327ma.sl) and El Tatio (22°15'S,
68°W; 5606 ma.s.l) which feature surprising Pleistocene
valley glaciers up to 12 km long and provide a suitable topo-
graphical setting for modeling.

3. RECONSTRUCTION OF THE GLACIER BED AND
CLIMATE DATA FOR THE MODEL

Ice isohypses in the former accumulation areas are estimated
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from the basal shear stress (7 = 100 kPa) along the central
flowlines, and are interpolated with a contour interval of
100 m. The ice isohypses are used only to reconstruct the area
elevation distribution of the former glaciers. Within the area
of the former glacier tongues (ablation area), ice isohypses are
determined by the heights of the lateral moraines. Due to the
well-defined geometry, cross-sectional areas of the former
glaciers can be measured with a high degree of confidence,
thus allowing reliable calculation of the mass flux at the
cross-sections. Trapezoidal cross-sections were reconstructed
at two different altitudes (Choquielimpie at 4650 and 4750 m,
El Tatio at 4450 and 4600 m; Fig. 1). The glacier beds show a
uniform gentle slope of 2.5° (Choquielimpie) and 5° (El
Tatio) and a uniform west—east aspect. At El Tatio, glacial
striations are found at altitudes up to 5300 m, indicating that
the Pleistocene glaciers were temperate. First direct datings of
striated bedrock and erratic blocks using cosmogenic *He and
“Ne (personal communication from K. Hammerschmidt,
1999), and correlation with *C-dated glacier advances in adja-
cent Bolivia (Clayton and Clapperton, 1997) suggest that the
glaciers investigated here are Late-glacial in age. The fresh
geomorphological forms show that postglacial erosion was
minimal.

Two climate stations, operated by the Direcciéon General
de Aguas, Chile, are located close to the case-study areas and
provide several years of data (1984-94): station El Tatio
(22°21'S, 68°02' W; 4320 m a.s.1) and station Chungara Ayata
(18°14' S, 69°07' W; 4570 m a.s.l) (Fig. 1; Table 1). Additional
data are taken from two automatic weather stations slightly
further south at El Laco (23°50' S, 67°29’ W; data 1990-94) at
4500 and 5000 m a.s.l., where Vuille (1996) established statis-
tical-empirical models for melt and sublimation rates as a
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function of climate. These models were developed by multiple
regression analysis on different test sites, and allow daily
determination of sublimation and melt rates with a high
degree of confidence (72 for the sublimation model = 0.9; r*
for the melt model = 0.8). Although this statistical-empirical
approach cannot describe the melt process physically, it
proved useful for our purposes, and calculates the daily melt-
ing rates well, since global radiation in this area is the control-
ling factor for the daily temperature cycle and thus for melt.
Field measurements and climate data from Glaciar Zongo,
Bolivia (16°S, 68°W; Sicart and others, 1998; Wagnon and
others, 1999), provide the frame for the melt and sublimation
terms of a glacier under (sub)tropical conditions.

4. METHODOLOGY
4.1. Mass-balance and climate modeling

The actualistic principle (assumption that the modern pro-
cesses were the same and active also in the past) is used as a
basis and prerequisite for mass-balance modeling as a func-
tion of climate. The respective empirical—statistical models
for this area were established by Vuille (1996) and Kull
(1999), and are listed inTable 2A and B.

The modeling scheme is shown in Figure 2 (for a detailed
discussion see Kull, 1999). Annual and daily amplitudes,
mean values and lapse rates were calculated from station data
for the parameters temperature (7°), relative humidity (RH),
wind velocity (W), global radiation (G), cloudiness (C') and
precipitation (P). Correction terms for AT as a function of C
and P, and AG (as a function of C and “topography” (shield-
ing)) were determined individually with climate data, and
allowed us to parameterize the local climate on an hourly
basis for the summer (October—March), and on a daily basis
for the winter (Table 2A; Kull, 1999). In the Late-glacial cli-
mate scenario, G is corrected for the changing Earth orbital
parameters (Blatter and others, 1984). Ammann (1996) estab-
lished a correlation model for this area which describes the
correlation between “cloudiness” and “precipitation” As
shown in Figure 3, the model climate averaged for the winter
and summer compares well with the station data. Melt, sub-
limation and accumulation rates are quantified as a function
of the respective climate conditions and the degree-day factor
(DDF) which is variable and depends on snow characteris-
tics, climate and season (Vuille, 1996; Kull, 1999; Fig. 2; Tables
1 and 2A). DDF is calibrated for the dry cold winter condi-
tions in the research area (Vuille, 1996) and for humid warm
summer conditions on Glaciar Zongo (Sicart and others,
1998; Kull, 1999; Wagnon and others, 1999). In order to
account for the influence of the former glacier on the local
climate, the air temperatures in our test areas were corrected
using climatic data from Glaciar Zongo, where Sicart and
others (1998) and Wagnon and others (1999) compared air
temperatures on the glacier and on adjacent lateral moraines.
Thus a value of dT" = —2°C is applied to calculate local air
temperatures on glaciated surfaces from station data in our
currently ice-free test arcas (Kull, 1999). Subsequently, the
mass-balance terms are calculated for individual altitudinal
segments of the glacier, and the mass flow is calculated after
Oecrlemans (1997, Table 2C) for given cross-sections within
the reconstructed glacier bed. Finally, the paleoclimate scen-
ariois tuned (iteration, Fig. 2) such that the model glacier is in
steady state, in equilibrium with the paleoclimate, matches the
observed glacier geometry and thus fulfills two conditions:
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Table 1. Modern climatic conditions at weather stations in
both case-study areas. The lapse rates are calculated per 100 m
elevation

El Tatio Choquielimpre

Temperature (°C)

Annual mean 36" 4.2*

Annual amplitude 37° 27°

Lapse rate -0.68 £0.03° -0.68 £0.03°
Precipitation (mm)

Annual mean 250¢ 340"

Winter 70° 35"

Lapse rate 12¢ 12¢
Global radiation (W m ?)

Annual mean 27375 250.83"

Annual amplitude 62.5" 43,33

Lapse rate 1.67¢ 167¢
Cloudiness (%)

Annual mean 208 258

Annual amplitude 108 158

Lapse rate 0.84% 0.84%
Wind (ms )

Annual mean 7.05 7.05¢

Annual amplitude 94 2

Lapse rate 0.08°¢ 0.08¢
Rel. humidity (%)

Annual mean 34P 58"

Annual amplitude 15 10*

Lapse rate 0.09¢ 0.09¢
Deg.-day factor (mm °C'd ™)

Annual mean 4.5"‘? 4—.5"’f_

Annual amplitude 25" _ 2.5 )

Lapse rate 0.09f 0.09%

* Chungaré Ayata station (18°14’ S, 69°20' W; 4570 m a.s.1.; 1984-94).
b El'Tatio station (22°21'S, 68°02' W; 4320 m a.s.l.; 1977-94).

¢ El Laco station (23°50 S, 67°29’ W; 4400 m a.s.1.; 1990-94).

4 El Laco station (23°50' S, 67°29' W; 5000 m a.s.l.; 1990-94).

¢ Vuille (1996).

" Sicart and others (1998), Wagnon and others (1999).

$ Ammann (1996).

() total overall mass balance of the glacier (annual average)
=0.

0= Z (bhAh) ) (1)

Ah

where Ah are the elevation zones (m a.s.l) of the recon-
structed glacier surface, by, is the specific annual balance
(kgm ?) of a given altitudinal zone and Ay is the glacier
surface (m? of a given altitudinal zone.

(2) difference between mass influx into a cross-section and
the total mass balance below the cross-section (DMM)
= 0 for individual cross-sections in the glacier valley.

heriy2

DMMeij2 = Y (bhAn) + Marp =0,  (2)
Ah=0

where DMM_,1/5 is the difference (kg afl) between
annual mass influx in a cross-section and mass balance
below the cross-section, h1/2 is the altitudinal zone
(ma.s.l) of a cross-section, and M, /2 is the mass influx
(kg a ") in a cross-section (Table 2C).
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Table 2. (A) Parameterization for the daily, annual cycles, amplitudes of the climate and correction factors for temperature and
global radiation. (B ) Empirical —statistical models developed in the research area for the mass-balance modeling. ( C) Equations
Jor the ice-flow and mass-flux calculation for the considered cross-sections in the two case-study glacters

A. Climate:

Temperature™®f Ty (°C):

Cloudiness® Csyn(%): (summer)
Cwyp(%): (winter)

Prv:(‘,ipit;glti()rlc7d’f Ps; ,(mm): (summer)
Pw; j (mm): (winter)

Rel. humidity®™f RH, ,,(%):

Wind speedb Wy (m sfl):

Global radiation®™®  Ggy (Wm 2
Deg.-day factor®¢ DDFy,(mm °C 'd b

T, = Ym+ Ya(cosd) + Da+ C*) cost + grad,;, + P*
Cs;n = Ym + Ya(cosds) + Da(costs) + grad,, ;

Cwy, = Wm + Wa (sindy) + grad, ;

Ps;j = 0.161Cs; ,* + 0.81Cs; 5, + grad,

Pwyj, = Wm(Cw; , Wm ™) + grad,

RH; , = Cst + Cwyy + grad,

W = Ym + Ya(sind) + grad,,

Gasn = Ym+ Ya(cosd) + C* + T* + grad,,

DDFy; = Ym + Ya (cosd) cos h + grad, sin h

0 < Cs < 100
0 < Cw < 100

Corrections:
Temperature

Global radiation energy

P**: Correction term due to precipitation, AT = 4°Cif P> 0
C**: Correction term due to cloudiness, ADa = —0.03 C' (%).
P*": Correction term due to cloudiness, AG = —0.25 C (%)
T™*: Correction term due to radiation shielding (topography).

Da:  daily amplitude Ya: annual amplitude ~ Ym: annual mean value grad,,: lapse rate (h (100 m) )
P*:  precipitation corr.  T™: topographic corr.

t: hours h:  altitude

C* cloudiness corr.
Wm: winter mean value  Wa:

d:  days (f(t)) ts:

winter amplitude
hours in summer

* ElTatio (4320 ma.s.l.; 22°21'S, 68°02' W; 1977-94).
" El Laco (5000 m a.s.L; 23°50' S, 67°29" W; 1990-94).

¢ Ammann (1996).

4 Vuille (1996).
¢ Sicart and others (1998), Wagnon and others (1999).
* Chungaré Ayata (4570 m a.s.L.; 18714 S, 69°20' W; 1984-94).

B. Mass balance:

ds daysin summer (Oct-Mar) (f(¢))
dy, daysin winter (Apr—Sep) (f(t))

Sublimation® subly;, = —1.33 4 0.12(Wy;,) + 0.24(Ddy,) + 0.27(Ga,p) (mmd
with: Wan: max. hourly wind velocity (daily average) (ms Y
Ddg,: mean daily vapour-pressure deficit (hPad )
Gan: daily global radiation energy (Wm ?
Melt* melty, = 0.97 + DDFqy,(Tgin) ; for Tg>0 (mmd ™
with: Tgy p: hourly means of the positive temperatures per day (°Q)
DDFy5:  degree-day factor, f (albedo, snow density, climate) (mm°C'd ™
Accumulation” P (mmd Y
th .
1 22d| 0o if T <2
accqp =5 ( ”‘)Pf,h; if 2<T, <4
24 S 2
0 otherwise
with: By hourly precipitation (mm)
Tin: hourly mean temperature (°C)
Specific annual mass balance b, = Y —(sublyy, + melty ;) + acca, (mma )
d
* Vuille (1996). b Kull (1999).
C. Ice flow: £
Flow velocity™ U=Us+ U, = fyHT + 57 (ms 9
with: 7 = —FpgHf = mean basal shear stress in cross-section” Pa)
F = (Q/HB) = form factor” %)
() = cross-section area m?)
B = hydraulic radius m)
U = mean ice velocity in the cross-section ms )
Uy = deformation velocity ms l)
U, = sliding velocity ms )

fa = flow parameter (internal deformation)
fs = flow parameter (basal sliding)

H =ice thickness

p = ice density

g = acceleration due to gravity

[ = bed slope

M =UQp

Cross-section mass influx

(
(
(
(
(
(
(
(19x10 ' Pa 357
(
(
(
(
(
(

* Oerlemans (1997).
" Paterson (1994).

¢ Budd (1969).
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Fulfillment of both equations results in steady-state con-
ditions of a glacier. Figure 4a and d show the temperature—
precipitation diagrams for both case-study areas with
numerical solution for Equation (1) (overall mass balance =

Modern climate:  Parameters (C, P, T, RH, W, G and DDF)
=> amplitudes (day, year), average values, lapse rates
=> models for melt, sublimation and accumulation under modern
conditions

Paleoclimate: v

‘Topography:

0), which is a prerequisite for the subsequent calculations.

o sreuelevaiion- . o
§E distribution Figure 4h, c, e and fshow the respective differences between
.34 the mass influx and the mass balance below each of the two
g E"S s considered cross-sections (DMM values Equation (2), fulfill-
;3?5 ~~ ment of Equation (1) as calculated using the climate scenar-
£4E 10s where the temperature—precipitation combinations fulfill

[

condition 1 (Fig. 4a and d)). For steady-state conditions of
the glacier, DMM values must be zero (Equation (2)). In
general, DMM decreases with increasing precipitation and
temperature, because higher precipitation requires higher

temperatures in order to fulfill Equation (1). Also mass-
= SR i
m;dlcl model model

balance gradients increase, resulting in more negative

mass-balance values below the considered cross-sections.
Because the bed geometry at the considered cross-sections

is field-measured, the only parameters not defined for calcu-

lating the mass influx into a cross-section are the ice-flow

parameters. Using standard ice-flow parameters (Table 2c),
it appears from Figure 4 that DMM,,;/» = 0. Figure 4b, ¢, e
! and f also show that there is only one numerical solution
(DMM1 = DMM,9 = 0) with one particular combination
of “temperature” and “precipitation” (and all the other depen-
dent climatic variables (Fig. 2)) which fulfills Equations (1)
and (2), matches the observed paleoglacier geometry and is

Mass balance and flow
behavior of the glacier.

Glacier:

- —— must be in equilibrium

——————— In order to achieve equilibrium: === with the input climate-
=> jterative process scenario and the

geometry.

thus the most likely paleoclimate reconstruction (for discus-

Fig. 2. Flow chart of the climate—glacier model ( Kull, 1999) . .
sion see section J).

with cloudiness C, temperature T, precipitation P, relative
humidity RH, global radiation energy G and wind velocity
W. The degree-day factor ( DDF) is variable and depends on
the respective seasonal climate conditions. C regulates RH, P,
T and G o a considerable degree, whereas the accumulation
and ablation modules are largely controlled by T, P,G, W
and RH. Thus the principal climate parameters which govern
the climate scenario and control the model are C and T'.

4.2. Sensitivity of the model

It appears from Figure 4b, ¢, e and f that the uncertainty of
the paleoclimate scenario 1s ultimately determined by the
DMM values of the cross-sections (Equation (2)), which in
turn are controlled by two groups of data: (i) geometrical

— data based on field measurements and (ii) ice-flow param-
a) Precipitation :
140 eters from experimental data (standard values, Table 3a).
O  Station data4570masl. 0 .
120 | oled , We allowed an error of £5% for the mapped geometrical
= M ipitati . . . .
E 100 W Moceled precipfafion data (ice height H and bed width B at two cross-sections,
S 804 valley slope and for the standard ice-flow parameters
5 y slop P
g 60 (fa,fs)- As shown in Table 3b, £5% changes in geometrical
g 40 or flow parameters result in ADMM_,; /o (DMMyq/p0 7 0)
20 variations between +0.5/-0.6 x10°kga . Thus we allow this
0- range of ADMM,,1 /.2 as a possible numerical solution for a
a2 S P 0 paleoclimate scenario (Table 4; shaded range in Fig. 7a and b).
Whereas the geometry of the glacier bed at the cross-sec-
b) 12 Temperature tions is well defined, the ice-flow parameters remain debata-
o — — Stationdata4570mas|. ble to some extent. However, using extreme changes in the
1 . .
G F——<— | —— Modeled temperature J " order of £50% from standard ice-flow parameters results in
p33 Y . —
2 8 ‘\\ //’ an increase of ADMM_,/ero values to +18 x 10° kga "and
g ¢ S e ~10 x10°kga ' for both test areas, and no numerical solution
GE, 4 for Equations (1) and (2) is found within the observed glacier
2 . L 0
2 geometry. Only ice-flow parameters within the range of 5%
0 —_— — from standard values yield numerical results for Equations (1)
t 2 3 4 5 6 7 8 9 10 1 12 and (2) which are compatible with the observed geometry
Jan Month Dec

(range £5%).

Fig. 3. Comparison of precipitation and temperature values
(monthly mean) between station Chungard Ayata (18°14' S,
69°07' W 4570 m a.s.l.; Table 1) and the model climate for
the same location. The model climate data were calculated
using the station data (lable 1) and the parameterization
shown in Table 2A.
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In order to validate our empirical—statistical approach,
we compared our model (mass-balance modeling) with a
physical energy-balance model. H. Oerlemans (personal
communication, 1998) used our modeled best-fit paleoclimate
scenario for El Tatio as input climate scenario for his physical
mass-balance model and showed that the resulting mean
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Fig. 4. (a, d) Temperature—precipitation diagrams for both case-study glaciers, showing the numerical solutions for total mass
balance = 0 ( Equation (1) ). P and T refer to 4000 m altitude. (b, ¢, e, ) Differences between the mass influx and the total mass
balance below the respective cross-sections (DMM) as a function of temperature (b, ¢) or as a function of precipitation (¢, f).
DMM = 01n both cross-sections fulfills Equation (2) for steady-state conditions of a glacier and provides the numerical solution
Jor the P climate scenario which matches the observed glacier geometry.

annual mass balance of the whole glacier is close to zero (ful-
filling Equation (1)) and thus in agreement with our results.

5. RESULTS AND DISCUSSION
5.1. Modern glaciological conditions

In a first step, we tested the suitability of our climate—glacier
model for modern climatic and glaciological conditions in
the case-study areas. The results (Fig. 5) compare favorably
with the field data and show the major characteristic glacio-
logical features of today. In the southern case-study area of El
Tatio at 22°S (Fig. 5a), the calculated mass balance is
negative in all the altitudinal zones up to 6000 m. This is in
agreement with field observations, confirming that the mod-
ern climate is too arid to sustain glaciers even in the continu-
ous permafrost belt above 5600 m. Peaks as high as 6176 m
(Volcan Aucanquilcha (21°13’S) and Cerro Pili (23°17'S;
6040 ma.s.l) are currently free of glaciers and perennial
snowfields, so no ELA currently exists. In the slightly more
humid and warmer northern test area at Choquielimpie
(18° S, Fig. 5b), the annual mass balance changes to positive
values above altitudes of 5850 m, suggesting that there is
enough moisture to sustain glaciers at high altitudes. How-
ever, the humidity is still at critically low levels. Indeed, the
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highest peaks in this area such as Volcan Sajama (6542 m)
and Parinacota (6200 m) show ice caps with modern ELAs
at about 5800 m (Hastenrath, 1971; Jordan, 1991), and glacier
tongues as low as about 5200 m on the southwest-facing slope
(comparable to the case-study glacier at Choquielimpie).
Interestingly, peaks at about 6000 m (such as Guaillatiri
(6024 m)) still exhibit small snow/firn patches, whereas near-
by Volcan Tacora (5980 m) and all the other peaks below
5800 m are currently free of glaciers.

We conclude from the good comparison between
calculated and observed modern ELAs that the statistical—
empirical models which link climate data with sublimation,
melt and accumulation terms (Vuille, 1996; Kull, 1999) are
suitable for both case-study areas.

5.2. Late-glacial climate conditions

Here, we use the climate—glacier model to reconstruct paleo-
climatic conditions from two late Pleistocene case-study
glaciers with well-known geometries of the former ice mass,
assuming steady-state conditions of the glacier. Table 4 lists
the results of the paleoclimate reconstruction (best numerical
solution) reduced to 4000 ma.s.l.,, and Figure 6 shows the
respective mass-balance terms in different altitudinal belts.
In this first step the paleoclimate scenario is based on the
assumption that the seasonality of precipitation is compar-
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Table 5. (A) Geometry of both case-study glaciers with the altitudes of cross-sections I and 2 c1 2, the lengths of the tongue below
the cross-section X, ice height at the cross-section H, cross-section area A, mean valley slope [3, ice-flow parameters for basal
sliding fs, and internal deformation fy. Using the best-fit paleoclimate scenario ( Table 4), the combination of the parameters
ields the exact numerical solution for DMM,,, = 0. (B) Sensitivity of ADMM.,,, (DMM,,,, 7#0) to 5% change in the
geometrical parameters (‘ice height at cross-section H, bed width at cross-section B, mean valley slope ) and ice-flow parameters
(basal sliding fs and internal deformation fgq)

A.
cry cry X X5 H,; H, A, Aer, B £ £ DMM
ma.s.l. ma.s.l. m m m m m? m? % Pa ®m?s! Pa 35! 10° kg al

El Tatio:

4450 4600 2600 4500 115 120 454925 90080 0.094 57x10%  19x10* 0
Choquielimpie:

4650 4750 2250 4000 110 115 96 750 109375 0.046 57x102°  19x10 0
B.

Hy, Hy £ 5% Beryer, = 5% B+ 5% 1o £5% fa+5%

Sensitivity El Tatio:
ADMM,y, /ex, +0.44 +0.32 +0.46 +0.32 +0.37
10°kga ! 0.37 049 0.59 0.53 0.60
Sensitivity Choquielimpie:
ADMM,,, jer, +0.50 +0.42 +0.49 +0.48 +0.50
10°kga * -0.21 -0.58 -0.60 ~0.2153 -0.28

* Oerlemans (1997).

Table 4. Best-fit late Pleistocene climate scenarto and glaciological conditions for both case-study glaciers calculated for 4000 m a.s.1.

Chogquielimpie

A change values

El'Tatio

A change values

Temperature (°C)
Annual mean

Precipitation (mm)
Annual mean
Winter 4 month

32 (—01/+02)

1250 (- 50/+ 10)
25 (—25/+ 155)

44 (—01/+02)

+840 (— 50/+ 10)
10 (— 25/+ 155)

26 (—01/+0.1)

1280 (~ 10/+ 30)
100 (~ 75/+ 100)

—32(~01/+0.0)

+1000 (— 10/+ 30)
+30 (~ 75/+ 100)

Winter % 5 (—5/+10) =3 (—5/+10) 8 (—6/+7) —12(=6/+7)
Winter 6 month 200 (—200/+200) +165 (—200/+ 200) 400 (—100/+ 200) +330 (— 100/+ 200)
Winter % 15 (—15/+ 17) 30 (—8/+20)

Rel. humidity (%)
Annual mean 52 (—3/+8) +4(-5/+8) 52 (—3/+8) +18 (- 3/+68)
Winter 6 month 20 (—2/+15) =25 (—2/+15) 24 (—2/+15) 0(-9/+12)
Summer 85 (—25/+2) +47 (—25/+2) 80 (—30/+2) +31 (- 30/+2)

Global radiation (W
Annual mean
Winter 6 month
Summer

Cloudiness (%)

m72)

158 (~ 16.6/+ 4.2)
208 (—25/+ 12.5)
108 (~4.2/+33.3)

016 (— 16.6/+4.2)
4.2 (~25/+ 12.5)
—141 (—4.2/+ 333)

158 (— 16.6/+4.2)
204 (—20.8/+ 12.5)
112 (— 4.2+ 375)

~112.5 (— 166/+4.2)
4.2 (—208/+ 12.5)
~158.3 (—4.2/+ 375)

Annual mean 48 (~3/+12) 23 (- 3+ 19 50 (~2/+ 15) 30 (— 9+ 15)
Winter 6 month 12 (— 7+ 18) —3(—7/+ 18) 15 (— 5/+ 15) 5 (-5 15)
Summer 85 (~25/+5) +45 (~ 25/+ 5) 84 (—30/+ 5) +54 (—30/+ )

ELA
ma.s.l. 4908 (~3/+7) 950 4830 (~2/+8)
prLA (mm) 1360 (—40/+ 20) 1390 (—40/+ 10)
tara (°C) 26 (—0.1/+02) 27 (~01/+02)

AAR 061 (—0.01/+0.02) 066 (—0.015/+ 0.01)

Mass-bal.grad.

(abl. area (kgm *m )

89 (~0.05/+0.3)

88 (—05/+02)

Note: The given range is based on the sensitivity of DMM
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cr,, t0 the respective changes in the geometry (£5%) and in the ice-flow parameters (£5%, Table 3).
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Iug. 5. Model results for mass-balance terms at different alti-
tudes for both hypothetical case-study glaciers under modern
climate conditions ( station data, Table 1). In the southern test
area at 22° 8, El Tatio, the mass balance is negative up to
6000 m a.s.l., confirming the lack of glaciers even in the con-
tinuous permafrost belt. In the northern test area at 18° S,
Choquielimpie, the mass balance turns to positive values above
5850 m altitude, effectively reflecting the existence of small
glaciers on peaks higher than 6000 m. Cerro Choquielimpie
(5327 m) is currently ice-free.

able to the modern situation (i.e. predominantly tropical
summer precipitation).

The results from the case-study areas at El Tatio and
Choquielimpie are in good agreement. Accounting for a
£5% margin of uncertainty in the geometry of the glacier,
the model suggests a depression of the mean annual tem-
perature of 44 (—0.1/4+0.2) °C, and an increase in annual
precipitation rates in the order of 840 (—50/+ 10) mm for
the northern test area at 18° S. The results for the southern
test area at 22° S show a mean annual temperature depres-
sion in the order of 3.2 (+0.1) °C and an annual precipitation
increase of 1000 (—10/+ 30) mm (see Table 4). The vertical
distribution of the annual mass-balance terms (Fig. 6a and
d) suggests a Pleistocene ELA at 4900 m (Choquielimpie)
and at 4830 m (El Tatio), which is about 50 m higher than
the Pleistocene ELA inferred from field data (starting-point
of lateral moraines; Jenny and Kammer, 1996). In the north-
ern area, the Pleistocene depression of the ELA amounts to
approximately 1000 m, which is comparable with the range
800—1200 m reported for adjacent areas in Bolivia and Peru
(Hastenrath, 1967, 1971; Graf] 1991; Klein and others, 1999).
The model also suggests an accumulation-area ratio
(AAR) of 0.61-0.66 for the Pleistocene glaciers, which agrees
with field data (Jenny and Kammer, 1996).

Figure 6b, ¢, e and f show the mass-balance terms sepa-
rated for the summer and winter seasons. Typically for (sub)-
tropical glaciers, the main ablation period coincides with the
main accumulation period during summer. On the other
hand, this effectively reflects the cold, dry climate conditions
during winter, when the major proportion of the energy
available for ablation is consumed for sublimation. Sublima-
tion is approximately eight times more energy-intensive than
melting and is the dominant ablation term at high altitudes
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during winter in this climate. Thus Pleistocene summer
mass-balance gradients in the ablation area (about 12kgm *
m ) are greater than winter values (about 4 kg m “m ') and
compare favorably with values for (sub)tropical glaciers
(Kaser and others, 1996; Kaser and Georges, 1999). The
annual mean value i1s 8.8-9.2kgm m " Interestingly, both
seasonal extremes (~12kgm “m ' during summer, ~4 kg m"*
m ' during winter) result in a mean annual mass-balance
gradient and, finally, in an AAR which is close to values for
alpine glaciers in oceanic climates of mid-latitudes (AAR
066, mass-balance gradient 77kgm “m ’; Kaser, 1996).
These modeling results are in agreement with the field data
(AAR of 0.66) by Jenny and Kammer (1996).

The inferred Late-glacial temperature depressions of 4.4
(—0.1/+0.2) °C for the northern test area at 18°S, and 3.2
(£0.1) °C for the southern test area at 22° S compare favorably
with results from glaciological studies in adjacent areas of
Bolivia and Peru (Seltzer, 1992, 1993; Clayton and Clapperton,
1997). However, our results as well as the findings of Clayton
and Clapperton (1997) suggest substantially higher precipi-
tation (AP between +600 and +1000 mm) than the paleo-
climate reconstruction from water-balance models of paleo-
lakes (Hastenrath and Kutzbach, 1985; Kessler, 1985; Grosjean,
1994; AP around 300mm). Given broad synchronicity
between the paleolakes and the maximum glacier advances
(Clayton and Clapperton, 1997), we might speculate about
redeposition of snow in wind-protected glaciated valleys
which would add to the accumulation of direct precipitation
and affect the mass balance. Such processes are not likely for
paleolakes. Preliminary data for net mass accumulation
measured from a new ice core of Cerro Tapado at 30°S in
Chile, and modern climate conditions (personal communica-
tion from P. Ginot, 1999) suggest additions of redeposited
snow in the order of 100-200mma ' w.e. on Glaciar Cerro
Tapado, which is located in the wind-protected area of the
mountain. Although nothing is known about this effect in
the past, we consider such processes in the order of 100—
200mma ' as a possible explanation for the high values of
total precipitation drawn from glacier—climate models in
Late-glacial northern Chile.

We also emphasize that glaciers responded likely on a
time-scale of decades to centuries to climate changes. Thus
our climate reconstruction may reflect a relatively short
period of maximum humid conditions with maximum ice
expansions (the absolute age determination is still missing),
whereas the ground-water-fed lakes responded at much
larger time-scales and may not have recorded this event.
Therefore, differences are expected between the climate
reconstructions from glaciers and lakes.

We might also argue that mountains trigger local precipi-
tation due to their topography. Glaciers would benefit
directly from such local effects, whereas the water balance of
paleolakes integrates regional precipitation patterns of the
lake basin where such effects are subordinate. The mean
altitude of a glacier is also substantially higher than the mean
altitude of a paleolake basin, which, given a regional precipi-
tation lapse rate of +12 mm per 100 m altitude, may explain a
difference in the order of 100 mma ' between paleoclimate
reconstructions from glaciers and paleolakes.

5.3. Late-glacial seasonality: winter or summer
precipitation?

In section 5.1 and 5.2, the late Pleistocene climate reconstruc-
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Fug. 6. Mass-balance terms for both case-study glaciers, calculated with the best-fit paleoclimate scenario for late Pleistocene ( Late-
glacial) times (Table4). The ELA ( specific annual mass balance = 0) is at 4830 m ( El latio ) and at 4900 m ( Choquielimpue ).
Comparison between summer (b, e) and winter (¢, f) shows significant differences. For (sub)tropical glaciers, summer s the
mazin period for accumulation and ablation, whereas accumulation and ablation (mainly sublimation) are strongly reduced during

the cold, dry winter season.

tions are based on the assumption that the seasonal distribu-
tion of precipitation remained similar to the modern situ-
ation, whereby approximately 80% of the precipitation falls
during summer. This implies that the late Pleistocene
increase in humidity is mainly explained by a reinforcement
of the tropical precipitation belt. However, the source of the
late Pleistocene humidity and hence the seasonality of pre-
cipitation remains a matter of debate (winter vs summer pre-
cipitation). Here, we use both case-study glaciers to test the
hypothesis that reinforced extratropical winter precipitation
may result in mass-balance terms and, ultimately, in a glacier
geometry which matches the “real” geometry as observed in
the field.

In our first scenario, winter precipitation increases
during the 4 months June—September. Nowadays this is the
typical season for episodic frontal precipitation penetrating
into the case-study areas from the west wind belt (Pacific
moisture source). Figure 7a (and Table 4) shows that the total
amount of winter precipitation must not exceed 15%
(180 mma ') of the total annual precipitation, otherwise the
geometry of the model glacier mismatches the field obser-
vation, again allowing for a measuring error of £5%.
Apparently, a winter precipitation scenario with high accu-
mulation rates during winter and changed accumulation/
ablation rates during the summer with mainly cloud-free
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conditions leads to different mass-balance gradients, and
thus to a glacier with a geometry which differs from that
observed in the field. Dry, cloud-free summer conditions
favor energy-intensive sublimation compared to melt. This
results in reduced mass-balance gradients and lower AARs.
Such glaciers are currently found in the subtropical Andes at
around 30°S in the extratropical winter precipitation
regime. This finding has wide implications and suggests from
the glaciological standpoint that a substantial increase in
winter precipitation (June—September) must be discarded
as a possible paleoclimate scenario for Late-glacial times.
However, there is, today at least, a second mechanism
which brings Pacific moisture from the west wind circula-
tion to the research area: isolated drops of cold polar air
which migrate to lower latitudes and trigger precipitation
when colliding with continental warm humid tropical air
masses (“cut-off” events; Vuille and Ammann, 1997). These
synoptic situations are typical for precipitation between the
winter and the summer modes (i.e. in May—October) and
involve the tropical and extratropical circulation belts. To
account for these mechanisms, for the second scenario with
increased winter precipitation we extended the period of
precipitation to 6 months (May—October). Figure 7b (and
Table 4) shows that the maximum proportion of winter pre-
cipitation increases markedly by 0-30% for Choquielimpie
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Fig. 7. ADMM_;1/er2 (DMMeyijero 7 0) as afunction of winter precipitation (% of total annual P). Based on the sensitivity
test (£5% for geometrical parameters and flow parameters ), we accept a range between —0.6 X 10° kga ' and +0.5x 10° kga !
(shaded area, dotted bar) as a possible numerical solution for a steady-state glacier. The scenario based on 4 months of winter
precipitation (IFig. 7a) is indicative for frontal precipitation, whereas the scenario based on 6 months ( Fig. 7b ) includes frontal

precipitation and “cut-off”events.

and by 25-50% for El Tatio. This result points to the impor-
tance of precipitation during interseasonal periods (May
and October) and to the potential significance of “cut-off”
events during Late-glacial times. It is also found that these
mechanisms were probably more important in the southern
case-study area, El Tatio, than in the more tropical northern
test area, Choquielimpie.

However, in terms of changes in the seasonal precipita-
tion pattern, one might argue that the lapse rates and gradi-
ents of the climate parameters (used as input data for the
model) are different for summer and winter precipitation
regimes, and thus the actualistic principle (one of the pre-
requisites of our model) may not be appropriate. In particu-
lar, the lapse rates for precipitation are expected to vary
substantially between convective summer precipitation and
advective winter precipitation. Modern meteorological
data show that there is no significant difference in the lapse
rates of winter and summer precipitation on the isolated
peaks in the research area. Hence this line of argument does
not seem to question our conclusions.

In summary, our results suggest that the postulated
increase in Late-glacial precipitation was mainly due to re-
inforced summer precipitation. This compares favorably with
carlier findings from long-distance transported pollen, and
spatial patterns of paleolake levels and ELA depressions
(Kessler, 1991; Markgraf, 1993; Grosjean and others, 1993,
1996). A paleoclimate scenario based primarily on increased
austral winter precipitation between June and September
must be discarded as a possible explanation, but may, com-
bined with precipitation of the “cut-oft” type during the inter-
seasonal months (May and October), account for up to 30%
of the total annual precipitation in the northern test area, and
25-50% in the southern test area.
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6. CONCLUSIONS

Widespread late Pleistocene glaciation provides evidence
about significant climate changes in the currently ice- and
glacier-free Andes of the Atacama Desert, northern Chile.
We used a climate—glacier model to reconstruct paleoclimate
conditions from two case-study glaciers at 18° and 22°S
which reached their maximum advances during Late-
glacial times. The model uses (1) detailed mapping of the
Pleistocene glacier geometry, (ii) altitudinal gradients, diur-
nal and annual amplitudes and cycles of the modern climate,
(ii1) empirical—statistical sublimation, melt and accumu-
lation models developed for this area, and (iv) dynamic ice
flow through known cross-sections for steady-state condi-
tions. In a first step we tested the model with modern
climatic conditions. The results describe the modern glacio-
logical conditions very well. In the fully arid southern case-
study area at 22° S, El Tatio, the modeled mass balances are
negative in all the altitudinal zones up to >6000m, effec-
tively reflecting the current conditions where there is a lack
of glaciers and an ELA does not even exist in the continuous
permafrost belt. In the warmer and more humid northern
case-study area at 18°S, Choquielimpie, a modern ELA is
calculated at 5850 m, which matches the field data and shows
the critically low levels of available humidity which allow the
southernmost glaciers of the tropical precipitation regime of
the western Andes to survive. The good match with the mod-
ern situation validates our model for present-day-conditions.

For Late-glacial times, the model results suggest a substan-
tial increase in precipitation (AP = +840 (- 50/+ 10) mm a !
for the test area at 18° S; +1000 (— 10/+ 30) mma ' for the test
area at 22° S, compared to modern 250-450 mm a '), whereas
the temperature depression remained relatively moderate
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(AT = 44 (-01/+02) °C at 18°S; —3.2 (£0.1) °C at 22°S).
This reinforces the view that Late-glacial glacier expansion
and paleolake transgression was not primarily controlled by
temperature (as in mid- and high-latitude areas), but rather
by a substantial increase in effective moisture. This explains
why the maximum glacier expansion in this area is not syn-
chronous with the maximum glacier expansion in the mid-
and high latitudes during the LGM at about 18000 "*C yr BP.
Our results suggest that the increase in effective moisture is
mainly due to reinforced tropical summer precipitation with
Atlantic—continental moisture sources, 1.e. comparable with
modern climate conditions and seasonality. For a scenario
based on frontal winter precipitation (restricted to the months
June-September), the total amount of winter accumulation
must not have exceeded 15% (180 mm a ) of the total annual
precipitation, otherwise the geometry of the model glacier
mismatches the field observation. If we allow 6 months of
winter precipitation and include the typical precipitation
mechanisms between the summer and the winter mode (“cut-
oft” events), the proportions of winter precipitation may reach
30% in the north (18°S) and 50% in the southern case-study
area (22°8S). Thus we suggest that the Late-glacial humidity
changes in the central Andes were mainly controlled by
changes in the tropical circulation pattern, whereas the extra-
tropical westerly belt was not displaced equatorward. This
seems to be very different from the Northern Hemisphere.
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