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Abstract. Lago General Carrera (Chile) also called Lago strongly influenced by perhaps the largest system of temper-
Buenos Aires (Argentina) or originally Chelenko by the ate glaciers and ice fields in the world (North Patagonian Ice-
native habitants of the region is located in Patagonia orfield, Warren et al.1993, and whose influence will possibly
the Chilean-Argentinean border. It is the largest lake indiminish with global climate change.

Chile with a surface area of 1850km The lake is of Region Aysen is divided into four climatic zones\
glacial/tectonic origin and surrounded by the Andes moun-(1998) (see Fig.1): (a) a cold wet temperate, (b) a trans-
tain range. The lake drains primarily to the Pacific OceanAndean merging into steppe, (c) a sub-zero high-altitude
to the west, through the Baker River (one of Chile’s largestclimate, and finally (d) a cold steppe climate. The re-
rivers), and intermittently eastward to the Atlantic Ocean. gion presents a highly dynamic geography that underscores
We report ongoing results from an investigation of the sea-the interaction between the topography due to high alti-
sonal hydrological cycle of the lake basin. The contribu- tudes who act as a barrier to wind and precipitatidfalsh

tion by river input through snowmelt from the Andes is of 1994, ocean influence and atmospheric circulatidovw(n-
primary importance, though the lack of water input by un- ley, 2007). The atmospheric circulation is dominated by
gaged rivers is also critical. We present the main variables inwesterly winds, low pressure, frontal syster8gl{ichi et al.
volved in the water balance of Lake General Carrera/Bueno2000 and the South Pacific subtropical anticycloRefwell
Aires/Chelenko, such as influent and effluent river flows, pre-and Hoskins2001).

cipitation, and evaporation, all this based mostly in in-situ  An example of the complexity of the regional climate is
information. high longitudinal precipitation gradient around the lake, ap-
proximately 1350 mm/yr, with 1470 mm/yr in the coast and
120 mm/yr in the east zondg@wnley, 2007). The tempera-
ture is dominated by the oceanic influence on the coast, the
microclimate in the interior under the influence of lakes, low

Lake General Carrera/Buenos Aires/Chelenko (LGC/BA/C)témperatures in high altitude areas and a large temperature
is the largest lake in Chile and the second largest lake in/ariation in the steppe zonddblagy et al, 1995 Paruelo et
South America, and based on a recent global review of lakel- 1969. On account of these variations in temperature and
characteristicsKalff (2003) it is possibly the 13th largest Precipitation, snow cover has a seasonal pattern, with move-
and 7th deepest in the world. There are few scientific invesMents influenced by temperature variations (73% of the vari-
tigations on the biology, hydrology, and physical limnology &nce explained) and precipitation in the arkagez et al.

of this large and potentially very significant lake. Basic hy- 2008. ) ) _
drologic data exist in raw form from a network of sensors ~ The purpose of this paper is to develop a synthesis of the
maintained by the Directorate General Water (DGA in Span-€Xisting hydrologic data, interpret the sources of variability

ish acronym). Meanwhile the lake and its catchments are stilPVer seasonal time scales, conduct a basic hydrologic mass
balance, and propose recommendations that address the un-

certainty and data gaps. Because of its limitations, this re-

Correspondence tdS. Zambrano search intends to give a first insight on the lake level vari-
m (9zambran@udec.cl) ability, and is a first step towards a better understanding of the

1 Introduction
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Fig. 1. Study site, showing the location of the in situ monitoring stations and the main climatic zones.

whole basin hydrological balance and probable influences byhe lake level variability £2=0.89 andr?=0.96 respectively
local and remote climate variability. with Chile Chico and Puerto Guadal lake level).

The paper is presented as follows. Description of data and
statistical methods used for analysis are explained in Sect. 2.2 Method

and results are presented in Sect. 3. Finally Sect. 4 provides )
discussion and conclusions To complete a lake water balance computation, we need vol-

umes of water inputs and outputs from precipitation and
evaporation. We therefore employed the Thiessen polygons

2 Data and methodology method Hartkamp et a].2001), which allows computing the
precipitation (and evaporation) water volumes average in the

2.1 Data Set basin through the following expression:

The in situ daily and monthly data set (see Tab)gpre- Z,]'V:lPiAi

cipitation, temperature, evaporation, river flows, lake level) "™ — ZN_ 1A

around the lake, were provided by the DGA (Directorate =

General Water) of Ayan region. From this data set, in which Where P; is the precipitation of station, A; is the area of

some time series goes back to 1985, we choose the period ififluence of the station N is the number of stations arfg,

which most of the time series were Comp|ete' i.e., the 2000_15 the average rainfall in the basin. Errors due to this esti-

2006 time span. The time series were then processed througRation (usually due to over or under estimation of areas of

interpolation in order to complete small gaps in the daily influence) are considered within the margin of error of com-

time SerieS, before Constructing month|y means, and then Qutlng the water balance. The balance is estimated in units

month|y mean C|imat0|ogy for he period (2000_2006) of VOlUme, so each of the variables involved in eStimating
We note here that although Lake level in Puerto Guadalthe balance should be converted to units of volume. This is

only covers years 2003-to-2006, its variability is exactly the computed monthly over the climatology data. Of course, the

same as registered in Chile Chia30.95). Both were also closer to the in situ station, the greater the accuracy of the

corroborated with lake level by satellite altimetGrétaux et~ determined amounts of precipitation and evaporation water

al., 2006 data ¢2=0.81 and-2=0.77 respectively with Chile  inputs and outputs, respectively.

Chico and Puerto Guadal). It is also the case for the flows

of river Baker, being the sole river output it follows exactly
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Table 1. Meteorological and river discharge monitoring stations. D and M refers to daily and monthly mean values, respectively, and dates
refer to the range of data availability. All river discharge stations are inputs to the system, except for River Baker which is the sole output

Stations Location  Weather River discharge (daily mear‘?/ﬂn Lake Level (daily mean) [m]
Baha Murta 4627 S 1993-2007 1985-2006
7240W DPre[mm]M River Murta -
Temp PC] M (50 km length)
Evap [mm]
Chile Chico 4632S  1993-2004 1995-2004 2000-2006
71°44 W D Pre [mm] River Jeinimeni (40 km length)
M Temp PC]  1995-2006
M Evap mm] River El B&o (18 km length)
Puerto lthiez  4618'S  1993-2007 1985-2006
71°56 W D Pre [mm] River Itafez (88 km length) -
M Temp PC]
M Evap [mm]
Perito Moreno 4631 S 1971-2008
71°00W M Pre [mm] - -
Puerto Guadal 4&0S  1993-2007 2003-2006
72°43W M Pre [mm] -
Lago Bertrand 4704'S 2003-2006
T2°47TW - River Baker (370 km length) -

Table 2. Accumulated water per year

Accumulated [k
3.10 (1478 [mml/yr])

Variable

Precipitation

Evaporation 0.66 (534.7 [mml/yr])
Rivers inflow 9.64
Rivers outflow  18.99

Precipitation Climatology
250 T T T T

Table 3. Historic water balance for basin river Baker (1951 to 1980:
Water Balance, DGA-1987)

Variables Value [mm/year]
Precipitation 1759
Total Runoff 1336
Evaporation (lakes, open water) 85.9
Evapotranpiration 336

3 Results

——B. Murta
——C. Chico
——P.Guadal
—©—P.lbafiez
—&-P. Moreno

200

= Average Precipitation

3.1 Seasonal cycles

-

@

S
T

Precipitation [mm]
a
=]
=]
T

50

i Precipitation: an annual cycle of precipitation, whose
maxima coincided with the austral winter season (June—
] September) is observed in some of the five in situ stations
(Fig. 2) along the lake. Their diversity illustrates the ex-

i treme complexity of microclimates surrounding the lake, as
presented in the introduction. For example, measurements
of BaHa Murta precipitation presents the greatest annual ac-

Months

Fig. 2. Monthly mean precipitation (accumulated mm/month)

cumulation, with maxima in June and October, correspond-
ing with winter and spring precipitations and a well pro-
nounced minimum during February (summer). Although the

for the different in-situ meteorological stations and the averagedOther stations such as Chile Chico, Puertaiiiz and Per-

monthly mean precipitation over the lake.

www.adv-geosci.net/22/173/2009/

ito Moreno present lesser annual accumulated precipitations
(by half), it shows important variance from April to Octo-
ber (mid autumn to mid spring) and less precipitation dur-
ing summer. Finally Puerto Guadal presents its peak rainfall
during autumn and early spring, and is lower in winter and
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Fig. 3..Monthl){ mean air temperature for the different in-situ mete- Fig. 4. In situ Lake Level associated variability. The upper panel
orological stations. shows monthly mean lake level. The lower panel the monthly mean
lake level variation.

summer. However its contribution is the less important. Asa
result, the accumulated monthly mean rainfall over the lake T
(Fig. 2), computed following the method described in Sect. 2, |
reaches its highest values during mid autumn to winter (April
to June). It shows also some variability during spring, and _+st
precipitation during summer. :
Temperature: the air surface temperature measuremel
over the 3 stations (Tabl&) presents a similar pattern: a .} 1
marked annual cycle peaking in summer and minimum in Jon Wiar Miay JulSep Nov
winter (Fig.3). Indeed the distribution of temperature high- ¢ —s—3—s— e o o )
lights also the complexity of microclimates in the zones; high "
temperatures in Chile Chico, reaching®80in summer and
a winter minima at Perito Morene-(10°C). Fig. 5. Monthly mean river discharges and total fluvial inputs into
Evaporation: the measured evaporation over the 3 stationsake General Carrera/Buenos Aires/Chelenko.
(Table 1) along the lake coasts differs substantially in am-
plitude, showing a 314 mm summer (January) evaporation
in Chile Chico and minimum evaporation in BahMurta  ter measurements (correlation in Sect. 2.1). The lake level
of 1mm in winter (June). Evaporation tracks with air sur- shows a maximum during summer and minimum in winter,
face temperature (figure not shown), i.e., a marked annualespectively 2.2 and 1.2m, i.e., an annual range of about 1 m,
cycle that peaks in summer and minima in winter. The com-corresponding with a maximum volume change through the
puted global lake evaporation using the same method as foyear of about 1.85 ki Indeed volume variation depends on
computing global precipitation input over the lake (Thiessenbathymetry. However, since the only reported bathymetry
method, see Sect. 2), gives an annual accumulation of aboMurdie et al, 1999 covers only the Chilean side of the
534.7 mm/yr (0.66 k#). The historical (1951-1980) annual Lake (i.e., from 73143 W to 72247 W, correspondingly to
accumulated evapotranspiration over the entire Baker Basi®70 square kilometers), we assumed over a meter a constant
as reported byLobos et al.(19873 is 336 mm/yr, while  surface over depth, i.e. the surface covered at the superficies
the reported historical evaporation for open water is abouts equivalent to the one at a 1 m depth.
85.9 mm/yr (Table8). This gives insight on the fact that the  Rivers: variations in the flow of the rivers are shown in
measurement stations along the lake are measuring evap&ig. 5.
transpiration rather than open water evaporation. Regardless |bafiez and Murta rivers, that originates in the highs of
of the method of estimation, the annual water volume lossthe Andes in Huemules (856’ S, 7252 W) and Erasmo
by evaporation is not meaningful when compared with the(46°08 S, 7303 W) snowdrifts respectively and then flow
outflowing water by the Baker river (see Ta@land Fig. 7).  eastward through the mountains down to the lake in a course
Lake level: all these water inputs and outputs give rise toof about 88 and 50 km approximately (F&). The two oth-
the lake level variability, or change in lake storage (M.  ersrivers (Jenimeniand El Ba) originates respectively over
The lake level shows strong correlation across both sides ofhe south eastern side of the lake. River Jenimeni originates
the lake (correlation in Sect. 2.1), and agrees with the altimein a mountainous lake with the same name (El Jeinimeni is

River El Bafio

[m

Flow:
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Fig. 6. Main rivers within the basin of Lake General Car-  ¢&=== = oy
. lan Fel r Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
rera/Buenos Aires/Chelenko. Honthe Honths
located at 4651 S—7200 W), while River El Bdio origi- Fig. 7. Mean monthly water balanc€A) Inflows from rivers (x-

nates around 287 S-7203 W. Both rivers flow northward ) &nd precipitation ¢-), outputs from evaporation4-) and River
through the mountains down to the lake in a course of aboufaker(—). (B) Total inflows (£)-) and outflows (e-).
40 and 18 km approximately.

Both Ibafiez and Murta river flows shows an annual cycle s ;
with maxima during summer (January) and minima during & heour
winter (July). This annual cycle is less prominent in river T e
Murta. Both present additional peaks in March and August.
The highest peak in January is due to summer snow melting
over the Andes, and agrees with resultd iBpez et al(2008
whom investigated the snowmelt seasonal cycle, particularly =
over the Northern Icefield. Note that the air temperature also *°f
peaks in early autumn (March) and early spring (September
and October) (see Fi@), that also coincides with the river
flow rates, and can also be associated with snow melting. In- sl
addition, satellite precipitation fields (resolution 25 k- Months
ota et al, 2007) over the mountains where the rivers originate

shows peaks in March and August (not shown). Thereforeriqg g Total water balance. Difference between total inflow and
rainfall also plays a role, though it is not the most important iotal outflow (£3-), lake volume variation ¢-) and DV/DT-(IN-
contribution. OUT)=A? (—).
Jeinimeni and El B@o rivers peak between October and
November and are almost uniform over the rest of the year.
Although the pluvial regime could be the source of main vari- Oss are outputs of surface water, groundwateGigincom-
ability, the timing of the water flow in spring suggests that it ing and outgoing) and is the error. We will assume first,
could also be fed partly by spring nival regimes following to compute a first guess of the water balance, a small error,
winter accumulation. i.e. negligible when compared to the magnitude of other vari-
Finally, being the only outflow from the lake, River ables. However, itis clear for us (see the discussion section)
Baker exits from Lago Bertrand (fed directly by acronyms that there is a significant amount of unmonitored catchments,
LGC/BA/C) presenting its annual peak in late summer earlyand the larger the area of the ungaged basins, the larger the
autumn (January to March) and minimum in Septembererror.
(early spring), similar to the annual cycle of the General Car- The accumulated annual water volume input by rainfall di-

DV/DT=IN-OUT#A ?
T T T T

o

ter [km®]

rera lake level (see Fig.and below). rectly into the lake is about 3.1 k{1478 mm/yr, see Sect. 2
and Table2), while that attributed to river flows is about
3.2 Water balance 9.64 kn?. Therefore the contribution by rainfall directly into

o _ ) the lake is one third that of river inflows (Tab®, i.e., not
The water balance is given by the expressiBngtodio and  pegjigible. Instead evaporation when compared to river baker

Llamas 1983: outflows (Table2), is negligible (given that already evapo-
DV transpiration is negligible), and therefore outgoing water is
DT T w_(E + stzi & ii,_; mostly driven by flow in River Baker. This is summarized in

IN ouT Groundwater error Fig. 7, where the average evaporation over the lake does not

WhereDV/DT is the volume variation of the lake? is pre- ~ change the pattern of the outgoing water, while the averaged
cipitation, Qs are inputs of surface watef, is evaporation, ~ Precipitation does change that of the incoming water fluxes.

www.adv-geosci.net/22/173/2009/ Adv. Geosci., 22, 173-2009
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The comparison of the outgoing water (18.99%mith As a constraint on the water balance, we can calculate po-
regards to the total (river$ precipitation into lake) incom-  tential inputs based solely on precipitation. The entire Baker
ing water (10.74 kr®) shows that 43% of the total incoming basin covers 26 726 square kilometres (pagd_8Bps et al,
water is unaccounted for. The seasonal cycle of the differ-198734 and about half may be associated to Lake Carrera
ence between lake volume variabilit{/DT) and all wa-  basin (approximately 13000 squared kilometres). As an av-
ter into the lake (Fig4), shows that the missing water does erage estimate, we used the historically derived precipitation
present a cycle with a maximum in January through March(Table 3, Lobos et al. 19873 from the whole Baker basin,
and minima in August (Figg). i.e., 1750 mm/yr. By subtracting the average historically de-
rived evapotranspiration 336 mm/yr, we obtain the incoming
runoff into the lake (assuming all water is transported instan-
taneously) which is 1423 mm/yr. When computed over the

We investigated the seasonal water balance of the west—eagtarrera Basin, it gives a volume of about 18.4¢kmhich

oriented 200 km long Lake Carrera/Buenos Aires/Chelenko.> indeed comparable to the outflowing water reported for

In situ, historical, and satellite data allowed us to character-R'Ver Baker (18.99 kﬁ’). Note that by their computed runoff

ize the main contributors to the lake and understand the IakéWhICh 'Fakes into account also lake evaporation; Tapli
o L . fesults in an amount of water of 17.40 knOf course both
level variability. Precipitation, through melting snow and

rainfall into the basin, associated with four climatic zones precipitation and evapotranspiration varies along the basin,

with large differences in the precipitation patterns and Whichand most probably underestimated in the case of precipita-

are crossed by the lake (Fifj. has a major impact in the wa- t!on, especially given that precipitation over the North Ice-
; : . field could exceed 6000 mm/yr. The same may be true for
ter balance of the lake. The summer nival flow river regimes,

arising from the western side Andean region, play a prepon_evapotranspwatlon. However, this gives us insights on the

. s . . fact that there’s an amount of water incoming into the basin
derant role into the river inflow into the lake, accompanied . . . :
. . o ; . that is effectively unaccounted by the actual river inflows
by a winter-spring probably pluvial-nival regime associated

with the southern region of the lake. This gives insights into (close to ha!f) into the Iake. L
2 Indeed this is only a first approximation of the total water
the seasonal cycle of the lake level variability.

balance. A correct analysis will first requide visuall the

It is interesting to note that the seasonal cycle of the miss- . : o
. o . ossible rivers and streams coming into the lake, and then at-
ing water presents a maxima in summer that agrees with surr{2

. ; - empt to gauge them or estimate their contribution. Ground-
mer melted water, for example an influx regime similar to

River |bdfhiez. However, we note that the missing water alsoWater may be a major contribution of mass flux of water to

has a seasonal pattern with water inflows during winter andome lakes, for example shallow isolated lakes in glacial out-

spring seasons, which indicates that some water must als\(l)vaSh plainsifagnusen et 312009. A rough estimate based

. . . - . . ._“on regional scale geologic mapping indicates that unconsoli-
arise with a seasonal flow regime similar River Jenimeni or . .
. o . . . dated deposits, mostly fluvial, represent somewhere between
River El B&io, which follow a southern lake nival-pluvial .
regime 5 and 10 per cent of the lake shore interface. There are
g . : also considerable areas of volcanic rocks, including basalts,
As a result the missing water must arise from the en-

tire lake basin from both nival and pluvial regimes. This WhICh are generally highly transmissiveg(iter 2001, Anal-.

is in fact not surorising: a geoaraphic investiaation usingYS'S ©Ve" the broader lake reveals that although the regional

a high-resolution pre iogél m?aﬂuﬁgbos et al 1987ge) shows Prock geology, as reported by plate 5 of Chilean Hydrogeo-
9 gio . o logical Map (obos et al. 1987 (excluding the along river

that there are many rivers incoming into the lake, known . .

or unknown (at least to our knowledge), which are still un- path, considered as highly permeable) fqvours surface flows,

gaged. For example, over the west and directly related wit roundwater flow present a great potential. Thus groundwa-

a glacier connected with North Icefield is river Soler which er inputs may therefore be significant in this lake. However

is a tributary to the lake Bertrand in the south western sigedVe" the extreme depth and volume of the lake, lack of di-

of Lake LGC/BA/C at 4658 S—7252 W. Between Puerto rect estimates of groundwater inputs, the perils of estimating
Ibafiez and Bala Murta. there’s also ar; ungaged river, the groundwater as the residual in mass-balance estimates (

river Avellanos (4630 S, 7210 W). Over the southern side, ter, 1981) and_the large uncertainty in ungauggd river inputs,

. . . . e conservatively propose that groundwater inputs are prob-
close to Chile Chico, there’s at least three ungaged rivers tha\gbl less than 10% of the overall water budaet
input into the lake at 483 S—7214 W, 46°43 S-7231 W y get.

and 4646 S-7236 W. Clearly, there is a lot of surface wa- F!nally, in parallel, a computer hydrological model of the
) T . . _basin could be another useful approach. For example, anal-
ter incoming into the lake. Other inputs are also possible,

such as groundwater, which is currently unreported ysis such as the one reported Bgllicciotti et al. (2009
' ' allowed them to estimate the amount of snow melted wa-

ter over the highs of the Juncal Norte Glacier @2 S,
70°12 W) located in the upper Aconcagua River Basin, in
the semi-arid Andes of central Chile. This same approach

4 Discussion and conclusions
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could give us an estimate of the amount of snow melted waxalff, J.: Limnology, Prentice Hall, Upper Saddle River, New Jer-

ter compared to rainfall. sey, USA, 2(_)01. _ _ _
Although incomplete, due to the substantial lack of infor- Kubota, T., Shige, S., Hashizume, H., Aonashi, K., Takahashi, N.,

mation on incoming water, the investigation of Lake Car- Se€to. S., Hirose, M., Takayabu, Y. N., Nakagawa, K., lwanami,

rera/Buenos Aires/Chelenko water budget resulted in impor- K- Ushio, T., Kachi, M., and Okamoto, K.: Global Precipita-

tant information on the source of its variability. Given the 100 Map using Satellitebomne Microwave Radiometers by the

. . 7t GSMaP Project: Production and Validation, IEEE T. Geosci. Re-

large volume of water in its hydrological basin, the depen-

d f th . ker basi . iabili d finall mote, 45(7), 2259-2275, 2007.

) ence of the River Baker basin on its Var'f”‘ lity, and finally Lobos, E., Gara, E., and P@a, H.: Balance Hirico de Chile, Di-

its dependence on the summer snow melting over the Andes, reccbn general de Aguas, Ministerio de obrasbRcas, Gob-

the lake appears to be an important proxy for understanding jerno de Chile, 58 pp., 1987a.

the local hydroclimate variability as well as for monitoring Lobos, E., Gara, E., and Piga, H.: Mapa Hidrogedlgico de Chile,

future impact of climate changes over the whole basin. No Direccion general de Aguas, Ministerio de obrdsoRcas, Gob-

doubt reconstruction of past lake level variability could also  ierno de Chile, 8 pp., 1987b. _

be useful for understanding the influence of remote climated-opez, P., Sirguey, P., Arnaud, Y., Pouyaud, B., and Chevallier, P.:

on the Andean snow accumulation and hydrologic cycle and Snow cover monitoring in the Northern Patagonia Icefield using

help us in determining the impact of future climates in the MODIS satellite images (2000-2006), Global Planet. Change,

: . 61, 103-116. 2008.
whole Baker hydrological basin. Magnusen, J. J., Kratz, T. K., and Benson, B. J. (Eds.): Long-term

Dynamics of Lakes in the Landscape, Oxford University Press,
USA, 464 pp., 2006.
dMurdie, R. E., Pugh, D. T., and Styles, P.: A lightweight, portable,
Mr. Francisco Guzran whom both sent us the required information digital probe for measuring the thermal gradient in shallow water
and delivered us important insights on the lake basin variability. S€diments, with examples from Patagonia, Geo-Mar. Lett., 18,
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