Reprinted from

. JOURNAL OF HYDROLOGY

Journal of Hydrology 165 (1995) 221234

Tropical climate and glacier hydrology:
| a case study in Bolivia

’ P. Ribstein®*, E. Tiriau®, B. Francou?, R. Saravia®

| *Départment des Eaux Continentales, linstitut frangais de recherche scientifique pour le développement en
(' coopération, ORSTOM, CP 9214, La Paz, Bolivia

:L bCompaﬁia Boliviana de Energia Eléctrica S.A., COBEE S.A., CP 353, La Paz, Bolivia

1 Received 7 December 1993; revision accepted 22 June 1994

B SEVIER Fonds Documentaire ORSTOM

Cote: By VM2 Ex: 4

I
!
Fonds Documentalre )
|
f
3

llllﬂlllllf I llll/lllNUHIIHIIIIIU’UHI

- ;




Editorial addresses and subject coverage

[1] Surface Hydrology and Water Resources: David R. Maidment, Center for Research in Water
Resources, Balcones Research Center, Bldg 119, University of Texas, Austin, TX 78712, USA. Tel
+1 (512) 471 3131; Fax: +1 (512) 471 0072.

[2] Hydrogeology and Chemical Hydrology: George H. Davis, 10408 insley Street, Silver Spring, MD
20902, USA, Fax: +1 (301) 869 8728.

[3] Physmal Processes in Hydrology; Instrumentation; and Agrohydrology: J.S.G. McCulloch, Burcot
Tower, Burcot, Abindgon 0X14 3DJ, UK, Tel: +44 (186540) 7770.

[4] Systems Hydrology (deterministic and stochastic): J.E. Nash, Department of Engineering Hydrol-
ogy, University College, Galway, lreland. Tel: +353 (91) 24411; Fax: +353 (91) 25700.

Board of Associate Editors

G.B. Allison, Glen Osmond SA., E. Mazor, Rehovot, Israel
Australia A.l. McKerchar, Christchurch, New Zealand
J.C. Bathurst, Newcastle upon Tyne, UK A.F. Moench, Menlo Park, CA, USA
A. Becker, Berlin, Germany U. Moisello, Pavia, italy
B. Bobee, Quebec, Que., Canada C. Neal, Wallingford, UK
1.R. Calder, Wallingford, ‘UK P.E. O’Connell, Newcastle upon Tyne, UK
R.T. Clarke, Porto Alegre, Brazil J.P. O’Kane, Cork, ireland
C. Cunnane, Galway, lreland A.J. Peck, Subiaco, W.A., Australia
R.A. Feddes, Wageningen, Netherlands H.N. Phien, Bangkok Thailand
M. Franchini, Bologna, ltaly E.M. Rasmusson, College Park, MD, USA
E.Q. Frind, Waterloo, Ont., Canada H. Savenije, Delft, Netherlands
J.H.C. Gash, Wallingford, UK G.A. Schultz, Bochum, FRG
S Gorelick, Stanford, CA, USA H.M. Seip, Oslo, Norway
J. Harding, Wallingford, UK W.J. Shuttleworth, Tucson, AZ, USA
ssa H. lllangasekare, Boulder, CO, M. Sophocleous, Lawrence, KS, USA
USA ‘ D. Stephenson, Johannesburg, South Africa

M.L. Kavvas, Davis, CA, USA
W.E. Kelly, Lincoln, NE, USA
L.S. Kuchment, Moscow, Russia
E. Kuusisto, Helsinki, Finland

Y. Tagutschi, Tsukuba, Japan

G. Teutsch, Tubingen, Germany

G. Vachaud, Saint-Martin-d'Heéres, France
A. van der Beken, Brussels, Belgium

Publication schedule and subscription information

Journal of Hydrology (ISSN 0022-1694). For 1995 volumes 162-173 are scheduled for publication.
Subscription prices are available upon request from the publishers. Subscriptions are accepted on a
prepaid basis only and are entered on a calendar year basis. Issues are sent by surface mail except to the
following countries where air delivery via SAL (Surface Air Lifted) mail is ensured: Argentina,
Australia, Brazil, Canada, Hong Kong, India, Israel, Japan®, Malaysia, Mexico, New Zealand,
Pakistan, China, Singapore, South Airica, South Korea, Taiwan, Thailand, USA. For all other countries
airmail rates are available upon request.

Ciaims for missing issués must be made within 6 months of our publication (mailing) date, otherwise
such claims cannot be honoured free of charge.

Please address all requests regarding orders and subscription queries to: Elsevier Science B.V., Journal
Departné%nt, P.O0. Box 211, 1000 AE Amsterdam, Netherlands, Tel. 31.20.5803642, Fax
31.20.5803598.

Note to contributors

Contributions may be sent.in triplicate through the intermediary of one of the members of the Editorial
Advisory Board or directly to the Editor in whose area of subject matter the article belongs. Submission
of an article is understood to imply that the article is original and unpublished and is not being
considered for publication elsewhere.

Upon acceptance of an article by the Journal, the author(s) will be asked to transfer the copyright of
the article to the Publisher. This transfer will ensure the widest possible dissemination of information. A
detailed Guide for Authors is available on request from the Publisher, Elsevier Editorial Services,
Mayfield House, 266 Banbury Road, Oxford OX2 7DH, UK, and will also be printed each year (for
1995: Vol. 162, Nos. 3-4). You are kindly requested to consult this guide. Please pay special attention
to the following notes:

Language

The official language of the journal is English, but occasional articles in French and German will be
considered for publication. Such articles should start with an abstract in English, headed by an English
translation of the title. An abstract in the language of the paper should follow the English abstract.
English transtations of the figure captions should also be given. (see further inside back cover)

© 1995, ELSEVIER SCIENCE B.V. ALL RIGHTS RESERVED 0022-1694/95/$09.50

No part of this publication may be reproduced, stored in a retrieval system or transmitted in any form or by any means,
electronic, mechanical, photocopying, recording or otherwise, without the prior written permission of the publisher, Elsevier
Science B.V., Copyright and Permissions Department, P.O. Box 521, 1000 AM Amsterdam, Netherlands.

Upon acceptance of an article by the journal, the author(s) will be asked to transfer copyright of the article to the publisher. The
transfer will ensure the widest possible dissemination of information.

Special regulations for readers in the USA — This journal has been registered with the Copyright Clearance-Center, Inc.
Consent is given for copying of articles for personal or internal use, or for the personal use of specific clients. This consent is
given on the condition that the copier pays: through the Center the per-copy fee stated in the code on the first part of each
article for copying beyond that permitted by Sections 107 or 108 of the US Copyright Law. The appropriate fee should be
forwarded with a copy of the first page of the article to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers,
MA 01923, USA. If no code appears in an article, the author has not given brdad consent to copy and permissions to copy must
be obtained directly from the author. The fees indicated on the first page of an article in this issue will apply retroactively to all
articles published in the journal, regardless of the year of publication. This consent does not extend to other kinds of copying,
such as for general distribution, resale, advertising and promotion purposes, or for creating new collective works. Special
written permission must be obtained from the publisher for such copying.

No responsibility is assumed by the Publisher for any injury and/or damage to persons or property as a matter of products
liability, negligence or otherwise, or from any use or operation of any methods, products, instructions or ideas contained in the
material herein.

Although all advertising material is expected to conform to ethical (medical) standards, inclusion in this publication does not
constitute a guarantee or endorsement of the quality or value of such products or of the claims made of it by its manufacturer.
This issue is printed on acid-free paper.

PRINTED IN THE NETHERLANDS.

e B e




Journal
of

Hydrology

Journal of Hydrology 165 (1995) 221-234

1

Tropical climate and glacier hydrology:
a case study in Bolivia

P. Ribstein®*, E. Tiriau?, B. Francou?, R. Saravia®

®Départment des Eaux Continentales, l'institut frangais de recherche scientifique pour le développement en
coopération, ORSTOM, CP 9214, La Paz, Bolivia
bCompaﬁia Boliviana de Energia Eléctrica S.A., COBEE S.A., CP 353, La Paz, Bolivia

Received 7 December 1993; revision accepted 22 June 1994

Abstract

Runoff from intertropical glaciers is highly variable, indicating that they are greatly affected
by climatic changes peculiar to tropical climates. The 3 km? basin presented in this case study
lies in the Cordillera Real of Bolivia and is 77% covered by glacier ice, ranging in elevation
from 6000 to 4830 m a.s.l. A comparison of 2 years of study demonstrates the peculiar feature
of intertropical glaciers: that accumulation and melting periods coincide during the rainy
season. During the first hydrological year (1991-1992), runoff was 1793 mm for an average
precipitation on the glacier of approximately 916 mm. During the second year (1992-1993),
runoff was 1080 mm for a precipitation of 1060 mm. Solar radiation and daily mean duration
with positive temperature on the ablation zone are the parameters best explaining variation in
monthly runoff. Gauge readings taken downstream enable discharge from the glacier to be
established over a period of nearly 20 years. The most prominent events coincide with signifi-
cantly negative values of the Southern Oscillation Index, often linked to El Nifio-Southern
Oscillation (ENSO) phenomena. In conclusion, results show that these intertropical glaciers are
receding rapidly, as precipitation does not compensate for loss from melting.

1. Introduction

In many parts of the world, glaciers contribute significant quantities of water to
surrounding lowlands. At low latitudes, they compensate for strongly seasonal
rainfall distribution. The influence of glaciers on the Amazon water system has
been discussed (Bourges et al., 1990), but never quantified owing to lack of reliable
data. Tropical glaciers are also an interesting research topic in terms of their response
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to atmospheric forcing. Nevertheless, little investigation has been carried out on
glaciers in the intertropical zone (Young, 1985).

Glacier inventories have recently been published for Peru and Bolivia (Hidrandina,
1988; Jordan, 1991). Some studies have been carried out, concentrating either on
climatic aspects (Hastenrath, 1978; Thompson et al., 1984) or glaciological aspects
(Kaser et al., 1990), but practically no studies exist in the field of hydrology.
Measurement of glacier runoff has been of prime importance in a study carried out
since 1991 in Cordillera Real of Bolivia (Francou et al., 1994). The main purpose of
this research is to quantify current retreat of Andean glaciers and to investigate the
underlying climatic parameters. In order to analyze the relationship between climatic
fluctuations and glacial hydrology, it is necessary to have accurate information on
water volumes lost from glaciers through runoff.

2. The investigation area

The glacier in this case study, Zongo Glacier, forms part of the Huayna Potosi
massif (16°15'S, 68°10'W) in the Cordillera Real, Bolivia, approximately 30 km north
of La Paz. This glacier with a surface area of 2.1 km? is part of a 3 km? basin above the
main hydrometric station (Fig. 1). The surface not covered by the main glacier
comprises two lateral moraines, outcrops of granodiorite and small glacierized
" areas (supplementary glaciers of 0.2 kmz) connected hydrologically but not glacio-
logically to the main glacier. The basin is 77% covered by glaciers, with aititudes
ranging from 6000 m to 4830 m a.s.l. The head of the glacier faces south while the
lower part faces east.

The climate of the region is determined by seasonal oscillation in the intertropical
convergence zone (ITCZ). During austral winter, the ITCZ is north of Bolivia and
tropical anticyclones produce a somewhat cold, dry season. During austral summer,
from December to March, the ITCZ proceeds to its most southerly position. This is
the wet, as well as the warm season, coinciding with the eastern intertropical flux that
brings water vapour from the Atlantic (Montes de Oca, 1982; Roche et al., 1990). In
the study zone, water-vapor transport is from the north, with air masses drying as
they rise up the Zongo valley, part of the Amazon basin. However, significant
precipitation is not uncommon in July and August with cold fronts, observed during
both years of this study.

3. Instrumentation and measurements

Equipment was installed in July 1991 (glaciological stakes, hydrometric station,
rain gauges, thermograph). In early 1993, a recording rain gauge, additional thermo-
graphs and a pyranometer for short wave radiation records were added (Fig. 1).

Fifteen ablation stakes were distributed over the ablation zone, from 5200 m down
to 4900 m a.s.l. Three stakes were placed in the accumulation zone at 5600 m a.s.1. In
addition, soundings were made for snow density and depth.
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Fig. 1. Sketch map of Huayna Potosi and Zongo Glacier (Bolivia) with the system of survey in 1993. Shaded
areas represent glaciers. 1, principal peaks; 2, limits of the basin; 3, glaciological stakes; 4, soundings from
pits and crevasses; 5, hydrometric stations; 6, precipitation ganges; 7, thermographs; 8, pyranometers.

The rainfall pattern was initially determined from a daily rain gauge in operation
since 1970 at the Plataforma Zongo, 1000 m from the glacier tongue, at an altitude of
4770 m. Furthermore, around the ablation zone, five storage precipitation gauges
with 2000 cm? orifices were read monthly, evaporation being inhibited by a layer of
oil. The measured precipitation was compared with several readings of snow depth
taken on the glacier. Because of considerable direct sunlight and temperatures
frequently above 0°C during the rainy season, the lower part of the basin receives
more rain than snow. Furthermore, solid precipitation on the rock-covered borders

and moraines melts very quickly.

The main station installed for measuring temperature is also situated at 4770 m on

% comprehensive set of temperature records since 1945 is available for the El Alto
station (altitude 4071 m, 30 km distance from the glacier). Changes in location and
e instrumentation, however, compel the reference period to be limited to 1970-1993.

the Plataforma Zongo and has been equipped with a thermograph since July 1991. A

Temperature has also been recorded at the hydrometric station and also at an altitude

of around 5200 m since early 1993.
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The hydrometric station is at an altitude of 4830 m, 60 m lower and 150 m down-
stream from the glacier tongue. This station, set up in 1991, comprises a water level
recorder and a triangular weir. Downstream from the station the river enters Lake
Zongo, which supplies a nearby hydroelectric plant. Since 1973 two daily readings
have been taken at a staff gauge on a rectangular weir, between the hydrometric
station at 4830 m and Lake Zongo. Several discharge measurements, together with
comparisons of readings at the staff gauge and those from the hydrometric station,
enable discharges from glacier melting to be established from 1973 onwards.

The high temperatures common to these latitudes lead to very few problems related
to freezing, and easy year-round access to the glaciers of the Cordillera Real facilitates
frequent supervision of the instruments, not only reducing the number of gaps in the
records but also increasing record quality.

4, Results and discussion
4.1. Climatic variation

Tropical climate varies highly from one year to another. Mean annual precipitation
at the Plataforma Zongo from 1970 to 1993 was 885.7 mm. During the hydrological
year 1991-1992 it was 686 mm, with 919.5 mm in 1992—-1993. Hence, the 1991—-1992
period was below average (77% of the mean), while the second period was closer to
the mean. The below average precipitation in the first year is linked to a very short
rainy season. For 1991-1992, only four months have greater than 50 mm rainfall

Table 1
Monthly and yearly values of precipitation and temperature at Zongo station and El Alto station

Month P91-92 P92-93 Pm70-93 T91-92 7T92-93 T91-92 1T92-93 Tm70-93

Zongo Zongo Zongo Zongo Zongo El Alto  El Alto El Alto

(mm) {mnm) (mm) Q)] O Q)] 4] O
Sept. 252 21.0 40.2 0.9 0.3 5.8 6.3 6.2
Oct. 42.4 59.8 54.8 2.6 0.5 7.6 7.5 7.7
Nov. 94.3 90.4 76.3 2.3 1.4 8.0 8.1 8.4
Dec. 83.9 123.1 118.0 2.3 -0.1 8.6 8.5 8.1
Jan. 171.5 249.2 198.0 1.3 0.5 1.6 7.2 7.5
Feb. 134.4 100.2 152.0 1.1 1.5 7.8 79 7.5
March 32.6 145.8 135.8 2.4 0.7 7.8 72 75
April 14.0 63.0 55.2 2.6 2.0 7.6 7.3 7.0
May 0.9 134 12.3 3.1 2.3 7.1 6.3 5.8
June 18.5 35 121 09 2.6 5.0 4.5 4.1
Tuly 219 4.5 73 0.5 0.7 3.8 42 3.8
Aug. 46.4 45.6 23.7 -0.8 0.1 4.0 4.7 5.0
Year 686.0 919.5 885.7 1.6 1.0 6.7 6.6 6.5

P, precipitation; Pm, mean precipitation (1970-1993 period); T, temperature; 7m, mean temperature
(1970—1993 period).

e
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(from November to February), usually there are seven such months according to data
compiled from 1970-1993.

The 1991—1992 year was warmer than the second, 1.6°C instead of 1.0°C (Table 1).
At El Alto station, mean annual temperature for each year was 6.7°C and 6.6°C for
1991-1992 and 1992-1993, respectively, close to the long-term annual mean of 6.5°C.
However, Fig. 2 shows that from December 1991 to June 1992, monthiy temperatures
were appreciably above average. The period under observation therefore covers a dry,
rather warm year as well as one with close to average values.

Annual rainfall calculation on the basin requires firstly a study of the relationship
between rain and altitude. Comparison of multiyear data from the Zongo station
(4770 m a.s.l.) and at Botijlaca (3490 m a.s.l., 12 km from the Zongo station) in the
same valley, shows a slight negative gradient; nevertheless, total rainfall over the
observed period shows that there is a difference of less than 4% between the two
stations, monthly values being very close. The various soundings carried out at
altitudes ranging from 5500 to 5800 m and monthly readings taken from five storage
precipitation gauges (ranging from 4800 to 5200 m) prove that there is no marked
gradient between precipitation in relation to altitude on the Zongo Glacier. On the
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Fig. 2. Monthly temperature and precipitation at Zongo station. Temperatures are compared with El Alto
station during the observed period and with El Alto mean monthly values (1970-1993 period). Precipitation
is compared with Zongo mean monthly values (1970-1993 period).
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contrary, during the first year, annual rainfall at the Plataforma Zongo was 25%
below the mean registered in the storage precipitation gauges and during the second
year it was 13%. The difference may be explained by gauge catch deficiency for solid
precipitation due to wind; this deficiency is larger for the Zongo rain gauge of 314 cm?
area than for storage precipitation gauge of 2000 cm? area.

There is up to 20% variation in annual rainfall from one storage precipitation
gauge to another. The location of storage precipitation gauges have being selected
in order to represent situations with different characteristics, assuming that each
gauge was representative of an equally large area. For an evaluation of the
hydrological regime during the 2 years covering this study, it has been necessary to
take, as precipitation index for the glacier, the mean of the storage precipitation
gauges: 916 mm for 1991-1992, 1060 mm for 1992—1993. Therefore, it may be
inferred that the temporal variation in precipitation on the glacier is well represented
by the rain gauge on the Plataforma Zongo. However, mean precipitation on the
basin is about 20% greater than that recorded at Zongo station. Spatial precipitation
estimates are not easy to compute, especially in the case of mountainous regions with
snowfall. Thus, uncertainty in the mean precipitation is estimated to be less than 20%,
a normal accuracy for gauged precipitation in mountainous regions (Kattelmann and
Elder, 1991).
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Fig. 3. Daily precipitation at Zongo station and daily streamflow at hydrometric station at 4830 m a.s.l.
during 1991-1993.
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Precipitation is very seasonal with 82% in 1991-1992 and 84% in 1992—-1993 of
annual precipitation falling from October to March. Temperature characteristics are
not notably seasonal, particularly at high altitude: at Plataforma Zongo the coldest
month of the second year was December, during the supposedly warm season! At
Zongo (4770 m a.s.l.) from 1991-1993 there is a 3.9°C difference between the warmest
and the coldest month, yet there is an average diurnal range of 7.9°C, typical of
tropical high altitudes (Hastenrath, 1991).

4.2. Hydrological regime at the glacier outlet

Comparison of daily rainfall and runoff (Fig. 3) reveals the most significant hydro-
logical characteristic of intertropical glaciers: the accumulation and ablation periods
are simultaneous. These glaciers behave similarly to ‘the summer-accumulation type’,
of the Himalayas and Tibetan Plateau (Ageta and Kadota, 1992). Annual values
(Table 2) show wide runoff variability from year to year, and the highly significant
balance deficit observed during the first year; 1793 mm runoff for a precipitation of
916 mm. The second year is more evenly balanced, with 1080 mm runoff for a
precipitation of around 1060 mm.

Runoff is less seasonal than rainfall (Table 2). During the 2 years of the present
study, 72% and 76%, respectively, of total annual runoff occurred during the
6 months from October to March. The highest monthly discharges were in November
and December which do not coincide with the 2 months with the heaviest precipita-~

Table 2
Monthly and yearly values of incident solar radiation at Huayna Potos, mean daily duration with tem-
perature above 3°C at Zongo station, runoff depth for 1991-1993 and mean values for 1973-1993

Month H, D13 DT3 R . R Rm Rstd

(Wm™2) 91-92 92-93 91-b 92-93 73-93 73-93

(hday™) (hday™) (mm) (mm) (mm) (mm)

Sept. 404 4.9 5.1 76 59 71 42
Oct. 439 7.4 4.7 205 136 142 53
Nov. 456 8.3 5.9 237 202 211 91
Dec. 460 8.8 34 305 180 213 57
Jan. 458 5.2 3.5 171" 102 176 70
Feb. 443 44 6.1 155 92 163 63
March 41 8.3 4.0 217 104 165 ‘96
April 377 9.7 6.4 168 58 118 59
May 334 11.0 8.1 . 160 58 84 31
June 312 5.9 8.5 46 37 49 24
July 321 6.0 6.1 25 26 36 15
Aug. 358 3.7 52 29 28 44 22
Year 399 7.0 5.6 1793 1080 1472 . 383

The runoff depth is related to the basin area of 3.0 km?.
H,, solar radiation; DT3, mean daily duration; R, runoff depth; Rm, mean runoff depth (1973-1993
period); Rstd, standard deviation of runoff depth (1973-1993 period).
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tion, January and February or March. This emphasizes the regulating nature of
glaciers compared with basins with entirely pluvial runoff.

High discharges are not associated with significant precipitation (Fig. 3). Monthly
discharge is only weakly correlated to precipitation (correlation coefficient r = 0.3,
n=24),

Six episodes with discharges above 0.5 m* s! (in October 1991, November 1991,
December 1991, March 1992, November 1992 and December 1992) were each
preceded by at least a 10 day dry period (at the most 1 day of precipitation) with
maximum temperatures almost always above 5°C on the Plataforma Zongo (see Fig.
4, the event from November 1991). An essential prerequisite to high runoff is an
accumulation of energy. The mean temperature gradient on the basin is 0.74°C per
100 m, and the glacier equilibrium line altitude (ELA) is around 5200 m a.s.l.
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Fig. 4. Flood of November 1991, compared with temperature and precipitation at Plataforma Zongo.
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(Francou et al., 1994). Consequently, temperatures above 3°C at the Zongo station
(4770 m a.s.1.) correspond to temperatures above 0°C on the ablation zone of the
glacier, when melting must be occurring over the entire ablation zone. Discharge is
highly correlated to the mean daily duration with temperature above 3°C (DT3) at the
Zongo station. This duration DT3 also takes into account the variation in albedo.
There is less ablation when the albedo is high as a result of fresh snowfalls and also
when clouds reduce solar radiation reaching the glacier (with low temperatures).
Hence, albedo and cloud cover should lead to higher runoff in winter, however the
highest discharges occur from October to March. The seasonal nature of runoff is
explained primarily by incident solar radiation. For latitudes corresponding to the
Zongo Glacier, monthly radiation calculated using equations from Paltridge and
Platt (1976), are presented with DT3 and runoff in Table 2. The lowest discharges
occur during winter months (July and August), when incident solar radiation is low.
The six floods mentioned above are dispersed around the solstice of 21 December.
Based on a stepwise multiple linear regression applied to possible independent
variables (precipitation, number of days with precipitation, maximum temperature,
mean temperature, average diurnal range, mean daily duration with temperature
above different values, ...), monthly runoff R (in mm) is largely explained by two
variables: incident solar radiation Hy (in W m™%); and mean daily duration DT3 (in
hours) with temperature above 3°C. The linear model thus obtained is expressed as:

R=1.28H;+23.58DT3 —538.1 (r=0.92,n=24)

350
300 A
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250 ,"
E i
E ¢ 3
= 200 2
?:')'. .'. R . ,‘\\ )
2 7 iy 3
I “\ ," ~, 3 “l 1”“-
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Fig. 5. Observed and calculated runoff from linear regression with solar radiation and mean d'c{ily duration

with temperature above 3°C at Zongo station.
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Monthly results of this regression are represented on Fig. 5. The 1 month time interval
does not take into account the considerable daily variations but it does allow for the
lag-time between daily meteorological parameters and runoff. The above equation is
close to a model of the temperature-index type with seasonally varied melt factor, as
expounded by Braun and Aellen (1990). It clearly reflects the importance of solar
radiation resulting from the glacier being close to the Equator and at high altitude.

4.3. Climatic fluctuations and glacier runoff since 1973

Daily discharge calculated on the basis of two daily readings downstream from the
glacier is highly correlated to discharge at the main hydrometric station from 1991 to
1993 (r = 0.95, n = 600). This correlation makes it possible to establish monthly
discharge from the glacier since 1973 based on established daily discharge. Due to
missing daily readings, 14 monthly discharges (out of 240 since 1973) have not been
established by means of this correlation. Where it was impossible to establish a
complete year because of these missing data, a correlation was applied with the
mean monthly temperatures of the El Alto station (» = 0.85, n = 226). Fig. 6 shows
calculated runoff and temperature at the El Alto station: monthly values and 12
month moving average to filter out annual cycles and to reveal the similar behavior
of temperature and runoff. Table 2 gives the interannual means thus obtained and
shows the first year of the study to present excess runoff. Despite temperature and
precipitation close to mean values, the runoff of the second year is lower than the
multiyear mean runoff owing to daily rainfall distribution. On average, the greatest
runoff occurs in November and December. In certain years, monthly values show two
runoff peaks, as in 1991-1992.

It is possible to compare variation in runoff from this intertropical glacier, with that

from Northern Hemisphere glaciers. Fountain and Tangborn (1985) on glaciers in the -

United States and Chen and Ohmura (1990) on alpine glaciers, have analyzed the
relationship between the proportion of glacier cover and the coefficient of variation of
annual runoff (Cv, standard deviation divided by mean). For a 77% covered glacier
such as the Zongo, the two studies offer Cv values below 0.2, while the coefficient of
variation estimated for the Zongo Glacier is 0.26. This runoff variation, greater than
the variation of annual rainfall (coefficient of variation 0.17 at El Alto station for
1973-1993), is due mainly to the variability in the duration of rainy season. The
greatest standard deviation of monthly runoff is in November and March (Table
2), limiting the wettest months of December, January and February. If the rainy
season starts late, glacier runoff is strong in November, whereas if it ends early,
runoff is strong in March.

To understand the interannual performance, it is essential to consider the ENSO
phenomenon (El Nifio-Southern Oscillation). This phenomenon is characterized by
significantly negative values of the Southern Oscillation Index (SOI, difference in
pressure between Tahiti and Darwin in standardized values). Some studies have
shown that ENSO events are associated with drought on the Altiplano (Thompson
et al., 1984; Francou and Pizarro, 1985; Tapley and Waylen, 1990), with conditions
favorable for glacier melting, and unfavorable for runoff in glacier-free areas. A first
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Fig. 6. Monthly runoff (estimated) and temperature at El Alto station, during 1973-1993. The 12 month
running mean filters out seasonal variability (figure down).

analysis of the relationship between SOI and runoff from the Zongo Glacier is
presented below (further work is in preparation).

Fig. 7 presents a 12 month moving average (to filter out seasonal variability) of SOI
and runoff. During the period referred to in this study, four events are associated with
strong negative SOIL: 1977/1978, 1982/1983, 1986/1987 and 1991/1992. Above average
runoff is associated with each of these events. The 1982/1983 phenomenon was one of
the most significant ENSO events of the century, producing two periods of high
glacier runoff, from January to May 1983 and from October to December 1983,
with runoff remaining above average between these two periods. Each significantly
negative SOI event is associated with positive temperature deviation at El Alto
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Fig. 7. The 12 month running mean of runoff and SOI. Shaded areas correspond to significantly negative
SOL

station. However, certain positive temperature deviations are not associated with
strong negative SOI, (as, for example, in 1980 and 1981), yet result in even
higher runoff than any accompanied by an ENSO event, as is the case in 1977/1978.
Correlation between monthly runoff and SOI is weak (r = 0.48, n = 240). The best
correlation (r = 0.61, n =234) is with 5 month lagged discharge. It is this same
5 month delay that produces the best correlation between SOI and monthly El Alto
temperatures (r = 0.60, n = 234).

Remembering the large uncertainty in the average precipitation on the basin, a
mean precipitation index, 20% higher than precipitation at Plataforma Zongo, is
1062 mm for a runoff of 1472 mm (410 mm deficit). Eleven of the 17 years studied
show extremely negative balance. Evaporation and sublimation seem to be low,
compared with melting runoff (Francou et al., 1994). However, if they were taken
into account, this hydrological balance would be even more negative! Outputs from
the system being greater than inputs, the glacier reacts in the form of significant
retreat at the terminus. Between August 1991 and August 1992, the terminus retreat
was 10—20 m.

5.-Conclusion

. ENSO phenomena are associated with warm, dry periods in the tropical Andes, but
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produce increased runoff from highly glacierized basins such as Zongo, even though
there is a decrease in runoff associated with rainfall. The 2 years observed in this study
illustrate the variation in the hydrology of Central Andean glaciers. The significant
runoff observed in 1991-1992 (ENSO event) is caused by considerable discharges
both at the beginning and the end of the rainy season (from October to December,
from March to May). The second hydrological cycle studied 1992-1993 offers
climatic characteristics close to mean values, yet produces a somewhat deficient
runoff compared with the series of runoff established since 1973. Occurrence of
accumulation and melt in the same season accounts for the marked hydrological
variation observed since a decrease in precipitation is related to a decrease in cloud
cover, and thus results in a period of intense solar radiation, leading each time to a
remarkable increase in discharge. The unbalanced hydrology of these glaciers and
their retreat are not presented as a normal and continuous phenomenon, but rather as
a series of discrete events. This assessment is true at an annual level with atmospheric
forcing like the ENSO events, as well as at a daily level with floods during dry periods
occurring in the rainy season.
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