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Abstract

We explore the climatic information contained in the record of length fluctuations of
Glaciar Frias, in the North Patagonian Andes of Argentina. This record is one of the
longest and most detailed glacier records in southern South America, starting in 1639.
In order to interpret the length variations of Glaciar Frias since the maximum Little
Ice Age extent in 1639, we use a combination of a simplified surface energy-balance
model to calculate the glacier mass balance, and a flow-line model to account for the
dynamical response of the glacier to changes in the climatic forcing. The overall retreat
of the glacier observed over 1639—-2009 is best explained by an annual mean temper-
ature increase of 1.16°C or a decrease in annual precipitation of 34 %, most of which
would have occurred during the 20th century. The glacier model is also forced with
independent proxy-based reconstructions of precipitation and temperature, based on
tree rings and a composition of documentary evidence, tree rings, sediments, corals,
and ice cores. The uncertainties in the presently available proxy reconstructions are
rather large, leading to a wide range in the modelled glacier length. Most of the obser-
vations lie within this range. However, in these reconstructions, the mid-17th century is
too cold and the early 19th century ca. 0.7 °C too warm to explain the observed glacier
lengths.

1 Introduction

To understand current climate variability and make reliable predictions of future cli-
mate change, knowledge of the past climate is needed. As instrumental measurement
series have limited length, this requires the use of proxy-based information. This is
especially the case in southern South America, where long instrumental records of
good quality are scarce and mostly limited to lowland, populated areas in Chile and
Argentina (Rosenbliith et al., 1997). Most of the available proxies in southern South
America are based on dendrochronological records, where the climate-dependent rate
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of growth is measured from annual tree ring properties (e.g. ring width and density, see
Boninsegna et al. (2009) for an overview). There are, however, other climate proxies.
Exploiting as many independent sources as possible, increases the reliability of the
resulting climate reconstructions. Recently, Neukom et al. (2010) and Neukom et al.
(2011) have developed a gridded dataset of precipitation and temperature anomalies
in southern South America, using a combination of different climate proxies. In addition
to reconstructions based on Andean tree rings, they include a variety of other proxies,
such as documentary evidence, ice-cores, and corals. However, the climatic informa-
tion that can be derived from observed glacier length fluctuations in South America has
not yet been fully exploited. So far, this information of glacier fluctuations in southern
South America has only been used qualitatively (e.g. Harrison et al., 2007; Neukom
etal.,, 2011).

Usually, the high-resolution, proxy-based climate reconstructions depend on trans-
fer functions derived from correlations with observational data. One of the benefits of
this approach is that the records allow for a proper statistical calibration and verifica-
tion of the models used to develop the climate reconstructions. However, this type of
reconstructions has various limitations inherent to the series available. For example,
for tree-ring chronologies the capacity of capturing long-term (i.e. centennial scale)
climate variability, is limited by the length of the original tree-ring series and by the pro-
cess of standardisation intended to remove the biological trends in the records (Cook
and Kairiukstis, 1990). Uncertainty in the validity of the transfer function over the entire
period of reconstruction and the decrease of low frequency variability, lead to increas-
ing uncertainties in the long term trends of reconstructed temperature and precipitation
records (e.g. Briffa et al., 1998, 2001; Esper et al., 2002).

Information of glacier fluctuations can provide valuable complementary climatic infor-
mation over the past centuries. Fluctuations in climate cause changes in the accumula-
tion (snowfall) and ablation (melt) of a glacier, and thus affect the glacier mass budget.
In turn, fluctuations in a glacier's mass budget lead to dynamical adjustment of the
glacier geometry. The interaction between glaciers and climate is well understood, and
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can be described using physical relations (e.g. Oerlemans, 2001; Cook et al., 2003;
Hock and Holmgren, 2005; Rye et al., 2010; Giesen and Oerlemans, 2010). Therefore,
we are not dependent on empirical transfer functions when we use glacier fluctuations
as a climate proxy. Despite the lower temporal resolution inherent to the response time
of glaciers to climate change, past glacier fluctuations thus form a valuable climate
proxy to complement existing temperature and precipitation reconstructions.

On centennial timescales, length fluctuations are generally the only known glacier
variable. Combinations of documentary and geomorphological information has lead
to high resolution glacier length records (e.g. Zumbuhl and Holzhauser, 1988; Nuss-
baumer et al., 2011). However, the historical evidence available for the southern part
of the Andes is far less extensive than for Europe. In this context, the length record
of Glaciar Frias, in the Monte Tronador area in Northern Patagonia is a fairly detailed,
long glacier length record (Villalba et al., 1990; Masiokas et al., 2009). In this study,
we exploit this glacier length record by extracting information of the North Patagonian
climate over the past four centuries.

Glacier length changes have been used previously to reconstruct large-scale temper-
ature fluctuations, by analysing a large sample of glacier length records with a simple
glacier model (Oerlemans, 2005; Leclercq and Oerlemans, 2011). This approach can-
not be used for individual glaciers. The influence of precipitation variations cannot be
neglected locally, and the simple model, although valid for the mean of a larger sam-
ple, is likely to perform poorly for an individual glacier. In order to study the response
of Glaciar Frias to climatic changes during the last four centuries, we have modelled its
dynamic response using a coupled glacier mass balance — ice dynamical model.

In the next section, we will describe the general setting of Glaciar Frias and the
available information for driving and calibrating the glacier model. This model has two
components: the first one calculating the surface mass balance from temperature and
precipitation, and the second describing the ice-flow dynamics of the glacier. Section 3
gives a description of both components. In Sect. 4, we discuss the characteristics of
Glaciar Frias derived from a steady-state run with modern climate. We then use the
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glacier model to extract the climatic information from the historic length record. First
directly, by using dynamic calibration of the mass balance (Oerlemans, 1997a). Sec-
ondly, we force the glacier model with existing proxy climate records from this region.
Comparing the resulting modelled glacier length with the observed glacier fluctuations
gives an idea of the accuracy of the existing proxies. To conclude, we study the be-
haviour of Glaciar Frias under the projected climate change of the 21st century.

2 Data
2.1 Study site

Glaciar Frias (41.15° S, 71.83° W) is located on the north east face of Monte Tronador,
a 3448 m high peak on the Chilean-Argentinean border in the North Patagonian Andes
(Fig. 1). The climate of Glaciar Frias is temperate maritime, with prevailing westerlies
and large amounts of precipitation, predominantly in winter (Villalba et al., 1990; Brock
et al., 2007). The Patagonian Andes form an effective north-south barrier to the west-
erlies. Hence, the region is characterized by a large east-west precipitation gradient,
with over 2 m of precipitation on the western side and less than 1 m on the eastern side
(Villalba et al., 2003).

Monte Tronador has several glaciers on the Chilean as well as on the Argentinean
side. These glaciers have shown a general pattern of recession since the Little Ice Age
(LIA) maximum, identified in this area between the 17th and the 19th centuries (Villalba
et al., 1990; Masiokas et al., 2010). Glaciar Casa Pangue has retreated 1938 m in the
period 1911-2000 (WGMS, 2008 and earlier volumes) and the surface of its lower
ablation area has thinned with 2.3+0.6ma”" on average between 1961 and 1998
(Bown and Rivera, 2007). Likewise, the regenerated portions of Glaciar Castano Overo
and the Glaciar Rio Manso have retreated noticeably over the last decades (WGMS,
2008 and earlier volumes; Masiokas et al., 2010).
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Glaciar Frias has also substantially retreated over the 20th century (Fig. 8). Between
1916 and 2009 the glacier terminus retreated 1.9 km. The fluctuations of Glaciar Frias
have been reconstructed for the last four centuries from dendro-geomorphological, his-
torical and field evidence (Villalba et al., 1990). The glacier flows into the Frias valley,
and the historical position of the tongue was well below the tree line. This made it pos-
sible to reconstruct the length variations back to 1639, by dendrochronological dating
of moraines (Villalba et al., 1990). In addition, there exist several historical sources
since the mid-19th century, and field measurements from 1976 to 1985. For this study,
the existing length record was revised and the length record has been extended using
aerial photography and satellite images (Fig. 8, Table 1). At present, the length record
of Glaciar Frias is the most detailed long record of South America (see Masiokas et al.,
2009, for an overview of glacier length observations in South America). In addition,
Frias glacier has no extensive debris cover, calving at the terminus, or surges. This
makes the Frias glacier well suited for climate reconstruction, as it is free of glaciologi-
cal processes that may complicate the interpretation of the length fluctuations in terms
of climatic change.

Because of the diversity of methods used in the determination of the glacier length
changes, the length record has a variety of uncertainties. The glacier outlines from
satellite images and aerial photos have an exact date, and an uncertainty in derived
glacier length is estimated to be 10-50m, i.e. 2 pixels, to account for rectification and
interpretation errors. The field measurements were carried out yearly at unspecified
dates, and are considered to be accurate within 10m. They are connected to the
record with the frontal position in 1979 taken from a Corona satellite image. The dates
of the historical sources are also well known, up to the year, but the spatial uncertainty
can be large, especially for the 1856 etch (accuracy taken to be £150 m). The positions
of the dated moraines are well known (within 50 m) but the dating has an uncertainty
in the determined age of the trees and in the estimated time of seedling establishment
(Luckman, 2000). Villalba et al. (1990) give an uncertainty of 20 yr for the dating in the
Frias valley.
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The geometry of Glaciar Frias has been derived from a 2009 SPOT 5 image (Ta-
ble 1), in combination with the SRTM v.4 digital elevation model (DEM) from 2000. In
2009 glacier had an area of 6.54 km? and was 5.55 km long, flowing from the Argen-
tinean summit of Monte Tronador at 3191 m down to 1450 m. The glacier surface is
rather steep, with a mean slope of 0.32, but it has a more gentle slope around 2000 m
(Fig. 2a). The glacier hypsometry is shown in Fig. 2b. A large part of the area is in
the 20002200 m range, with a much narrower accumulation area above 2600 m. The
present-day glacier tongue as well as the historical glacier tongue are also relatively
narrow (Fig. 1).

In our dynamical model (Sect. 3.2) we use the central flowline and we parameterise
the lateral glacier geometry with a trapezoidal cross section. The central flowline is
determined from the DEM and corrected by visual inspection. The width of the valley
floor and the slope of the valley walls are derived from 25 cross sections.

2.2 Meteorological and glacier mass balance data

Unfortunately, the amount of glaciological and meteorological information available for
the Glaciar Frias area is scarce. No mass balance measurements are available for
Tronador glaciers and meteorological records are either short, low resolution, or distant
from the study site. Based on short term precipitation measurements made in the late
1950’s, Gallopin (1978) estimated that annual precipitation in the accumulation area of
Monte Tronador is between 4.5 and 7ma™".

For two other glaciers in the Chilean Lake District, with a climate comparable to
Glaciar Frias, glacier mass balances have been measured. Rivera et al. (2005) and
Bown et al. (2007) describe glaciological mass balance measurements (stakes and
snow density measurements) collected during the two hydrological years 2003/2004
and 2004/2005 on the southeastern glacier at Volcan Mocho-Choshuenco. This vol-
cano is inactive since 1864 and lies 130 km north of Glaciar Frias (Fig. 1). The ELA of
this glacier lies between 1950 and 2000 m. The winter balance at 2000 m varied be-
tween 2.9 and 4 mw.e. a_1, and a large mass balance gradient of 0.015mw.e. a 'm™’
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was measured. Brock et al. (2007) have operated an automatic weather station (AWS)
during several periods in 2004 and 2005 on the Pichillancahue-Turbio glacier on the
active Volcan Villarica, 190 km north of Glaciar Frias (Fig. 1). Due to the volcanic activ-
ity of Volcan Villarica, the mass balance of this glacier is strongly influenced by tephra
covering the surface. Therefore, these measurements of the surface energy balance
are not directly applicable to the mass balance of Frias glacier. However, Brock et al.
(2007) present several results of interest for this study: they measured significant melt
events at the ELA during the accumulation season caused by high air temperatures,
and they confirm the high accumulation and melt rates found by Rivera et al. (2005)
and Bown et al. (2007). In a reconstruction of the ELA of glaciers along the Andes of
South America from a compilation of 0°C isotherm altitude and precipitation, Condom
et al. (2007) give an ELA between 1800 and 2200 m for the region of Glaciar Frias. Car-
rasco et al. (2008) also give a similar value from improvements of the relations used by
Condom et al. (2007) for the Southern Andes.

The meteorological stations nearest to Glaciar Frias with long, complete, tempera-
ture data are Bariloche at 55 km to the east and Puerto Montt at 100 km to the west
(Fig. 1). At Puerto Montt, radio-sonde measurements are performed once or twice
a day, but the record has a considerable amount of missing data. Long, complete pre-
cipitation measurements from sites close to the Glaciar Frias are also not available.
The existing precipitation measurements show a very large precipitation gradient over
the Andes (Villalba et al., 2003). The station of Punta Huano, located 35 km west of
Glaciar Frias at 200 m altitude, has an average of 3.2ma™" over the 10yr of precipita-
tion measurements in the period 1969-1980, whereas at Bariloche, on the eastern side
of the Andes, an average annual precipitation of 0.88 m is measured over the period
1931-2009.

Because of the lack of nearby weather stations with long and detailed records, we
use ERA-interim reanalysis data (1 January 1989—-18 December 2010; 0.75° resolu-
tion) (Simmons et al., 2006) to force the mass balance model. The ERA-interim data
are extended with ERA-40 reanalysis data (ECMWF Re-Analysis, 1 September 1957—
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1 September 2002; 1.125° resolution) for the period 1 January 1980-31 December
1988. Although ERA-40 is available from 1957, data for the mid and high latitudes on
the Southern Hemisphere are not reliable in the presatellite era (Bromwich and Fogt,
2004). The spatial resolution of the ERA reanalysis data is too low to adequately re-
solve the local weather on an individual mountain. Therefore, we are limited to a mass
balance that is based on the climatology of the reanalysis. We calculate monthly av-
erages of temperature at 2000 m, the lapse rate, and the amplitude of the daily cycle
from the 6 hourly temperature values at the 4 grid points surrounding Glaciar Frias.
The lapse rate and 2000 m temperature are derived from a linear fit through the pres-
sure levels between 900 hPa and 500 hPa (10 levels for ERA-interim, 4 for ERA-40).
The precipitation is calculated from the sum of convective and large-scale precipitation
given at the surface-level. For each month of the year, the climatological averages over
the 1980-2009 period are calculated for each grid point and bilinearly interpolated to
the location of Glaciar Frias (Fig. 3).

The temperature climatologies at the four grid points are very similar, but the calcu-
lation of precipitation is more difficult. Because two of the four grid points used in the
temperature calculation are located on the eastern side of the Andes, these give lower
precipitation totals. As the glacier of our interest is on the water divide, where we ex-
pect the maximum precipitation, we only take the western grid points into account. Still,
the ERA reanalysis precipitation of 2.05m a~ ' is much lower than is measured at Punta
Huano station. This is probably due to the relatively low resolution of the ERA topog-
raphy, as also the gradient in the ERA precipitation across the Andes is not as strong
as derived from the measurements. For the input of the glacier mass balance model,
described in the next section, we have increased the ERA precipitation with a factor
2.2, such that the modelled winter accumulation at 2000 m is in agreement with the
measured winter accumulation of Mocho-Choshuenco. The relative distribution of the
annual precipitation over the months in the ERA data is assumed to be correct.
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2.3 Climate reconstructions for southern South America

For North Patagonia, several reconstructions of temperature (e.g. Villalba et al., 1997,
2003) and precipitation (e.g. Villalba et al., 1998; Lara et al., 2008; Boucher et al.,
2011) exist. Neukom et al. (2010, 2011) have compiled a temperature and precipitation
reconstruction for southern South America on a 0.5° x 0.5° grid from a selection of the
available proxy records. In this study, we use the Neukom et al. (2010, 2011) and the
Villalba et al. (2003) reconstructions to drive the glacier model, and then examine how
well the observed glacier lengths are reproduced.

Neukom et al. (2011) provide gridded summer (DJF) and winter (JJA) temperature
anomalies at yearly resolution for the periods 900-1995 and 1706—1995, respectively.
As with the ERA reanalysis data, we use the values of the four grid points surrounding
Glaciar Frias to compute the temperature anomalies with bilinear interpolation. Since
the mass balance of Frias is sensitive to temperature perturbations in every month of
the year (see Sect. 4.1), we apply the summer anomaly not only to the three sum-
mer months DJF, but to the summer half year November—April. Likewise, the win-
ter anomaly is applied to May—October. In the period before 1706, when no winter
temperatures are available, we apply the summer anomaly to the entire year. Winter
and summer precipitation anomalies (Neukom et al., 2010) are available for the pe-
riod 1590-1995 and 1498-1995, respectively. Like with temperature, the precipitation
anomalies of DJF are extended to the summer half year, and JJA precipitation anoma-
lies to the winter half year, to get anomalies for every month of the year.

For additional comparison, we also drive the model with 1640-1987 tree-ring based
annual temperature anomalies as reconstructed by Villalba et al. (2003) for the Monte
Tronador region. The reconstructed temperature anomalies reflect the annual temper-
ature anomalies (Villalba et al., 2003). These records are not used in the tempera-
ture reconstruction of Neukom et al. (2011); the two temperature reconstructions are
independent. For precipitation we again use the Neukom et al. (2010) reconstruc-
tion. Annual average temperature anomalies of both reconstructions and precipitation
anomalies are shown in Fig. 9c.
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3 Methods
3.1 Mass balance

The lack of mass balance and detailed meteorological measurements in the direct
vicinity of Glaciar Frias makes it impossible to drive and validate a detailed surface
energy balance model. In this study, a simple surface mass balance model is used
to calculate the annual surface mass balance, following the approach of Oerlemans
(2010), further extended in Giesen and Oerlemans (2011). The model is driven with
monthly averaged temperatures and monthly precipitation totals of the ERA reanalysis
(Sect. 2.2). A concise description of the model is given below, for details we refer to
Giesen and Oerlemans (2011).
The annual surface mass balance at a certain point on the glacier is given by

@ )dt, (1)

Bz/ P. +(1—r)min<0;—
year snow pWLf

where P, (Mw.e.) is the mass gained from solid precipitation and the mass loss is
determined from the surface energy balance Q. Melt is assumed to occur when the
surface energy balance is positive. Part r of the meltwater is allowed to refreeze in
the snowpack. The constants p,, and L; are the water density and latent heat of melt,
respectively. The mass balance is calculated at hourly time steps.

Precipitation is assumed to increase linearly with altitude with lapse rate p (Table 2).
Hourly precipitation is obtained by equally distributing the monthly total over all hourly
timesteps of the month. Temperature is determined from the monthly mean temper-
atures and an additional daily cycle, with a monthly amplitude. Both the precipitation
and the temperature lapse rate are constant throughout the year. Precipitation that falls
at air temperatures below 1.5°C is assumed to be solid Pyq,,-

Because humidity, cloudiness, and wind speed data are not available for the Frias
glacier surface, the energy available for melt is calculated from a simplified representa-
tion of the surface energy balance that only requires temperature and solid precipitation
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as input. The surface energy is divided into the net solar radiative flux and a second
term w/(T,), that represents all other atmospheric fluxes as a function of air temperature
only:

Q=(1-a)1S,+v. (2)

The net incoming short-wave radiation is calculated by multiplying the incoming solar
radiation at the top of the atmosphere on a plane with the mean slope and aspect
of Glaciar Frias (S;,), with the (constant) atmospheric transmissivity 7 (Table 2). S,
is calculated from standard astronomical relations (e.g. Igbal, 1983). Subsequently,
the part of the incoming solar radiation that is reflected by the surface with albedo o
is subtracted. When no snow is present, we use a constant ice albedo a;,,. After
fresh snow has fallen, a decreases exponentially in time, with a time-scale t*, from the
fresh snow albedo a0 t0 the firn albedo aj,,, (Oerlemans and Knap, 1998). For
snowfall around the melting point, a;snow iS dependent on air temperature. For small
snow depths, a is a function of both the snow albedo and the ice albedo, according to
a depth-scale d* (Giesen and Oerlemans, 2010).

The remaining atmospheric fluxes (net long-wave radiation, latent and sensible heat)
are parameterized by y as a function of air temperature only. The parameterization is
based on in-situ measurements of these fluxes with automatic weather stations on
several glaciers (Giesen and Oerlemans, 2011). A threshold temperature Ty oqn IS
defined, below which y has the constant value y,,, and above which y increases
linearly with air temperature.

W= { Ymin for 7-a < 7-'[hresh
Ymin t CTa for 7-a 2 7-thresh

3)
The best choice for the parameters Ty, osn, €, and ¥, depends on the climatic setting

of the glacier. Here, the values that suit a wet climate, comparable to the maritime
glaciers of Norway, are chosen. See Table 2 for the values of all model parameters.

3664

7, 3653-3697, 2011

N Patagonian climate
from modelling
Glaciar Frias

P. W. Leclercq et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| II I


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/7/3653/2011/cpd-7-3653-2011-print.pdf
http://www.clim-past-discuss.net/7/3653/2011/cpd-7-3653-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

If snow is present, part of the meltwater that is formed when Q is positive is allowed
to refreeze. Following Oerlemans (1991), this part r is dependent on the temperature
of the subsurface layer T, (°C):

r= 1 — eTsub_ (4)

The refreezing of meltwater heats the snowpack, leading to a change in the subsurface
temperature T, calculated as

digw,  rQ
= —, 5
dt C ®)

where C is the heat capacity of the subsurface layer, taken equivalent to a 2m thick
layer of ice. At the end of the ablation season (30 April), Tg,, is reset to the annual
mean air temperature. If this temperature is higher than 0°C, Ty, is set to 0°C, and no
refreezing will occur. This means that for present-day climate refreezing occurs above
2350 m.

For the steady-state run with 1980-2009 climate, the mass balance model is run at
50 m intervals between 700 and 3400 ma.s.l. to calculate the climatic mass balance
profile as a function of height. The dynamical model, described below, is forced with
this profile, until a steady-state is reached. When the reconstructed monthly precipita-
tion and temperature anomalies are used as input for the glacier mass-balance model,
a mass-balance profile is calculated for each year in the period covered by the recon-
struction (1600-1995 for Neukom et al., 2011 and 1640-1987 for Villalba et al., 2003),
again from 50 m intervals between 700 and 3400 m. This mass balance record is then
used to force the dynamical model for the same period, after a spin-up time of 100 yr
with the mean mass balance profile of the first 30 yr of the reconstruction.

In order to infer climatic information directly from the historical length record of
Glaciar Frias, the mass balance history is reconstructed by dynamic calibration (Oerle-
mans, 1997a). In this method, it is assumed that at all times the mass balance profile
B(z,t) can be described by an altitude-independent balance perturbation 6B(t) added
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to a reference profile B,(2):
B(z,1) = Bres(2) + 5B(t) (6)

The mass balance profile from the 1980-2009 climate is taken as the reference profile
Bt The values for 6B are taken such, that the difference between the modelled
glacier length record and the observed glacier lengths is minimised. An optimised
sequence of step functions is generally sufficient to describe §B. The model has a spin-
up period of 100yr with 6B, such that the glacier has the steady-state length of
the first observation when the record starts. The dynamical glacier model is run for
the period of the observed length record, forced by the reconstructed mass balance
history. If the dynamical model reproduces the observed lengths, the mass balance
history is assumed to be correct.

3.2 Glacier dynamics

We use a one-dimensional flowline model to describe the ice dynamics. This model
has been used earlier in the study of several other glaciers (e.g. Stroeven et al., 1989;
Greuell, 1992; Oerlemans, 1997a,b), so here we only give a brief description.

Starting from conservation of mass, we can define for each vertical cross sectional
area S along the flowline:

oS _ oUusS) N
ot dx
where U is the vertical mean ice velocity of a cross section, w is the width at the glacier

surface and B is the specific mass balance. We parameterise the cross section with
a trapezoid. Thus, surface width w is given by:

wB, (7)

w=wy+AH, (8)
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where H is the glacier thickness and 1 is the effective slope of the valley wall. The area
of the cross section S is given by:

S =H(wg+ %AH). (9)

Combining these three equations gives the time evolution of the ice thickness:

oH -1 0 1

—=————<HU —AH B. 10
ot W0+/1H6X{ Wo+3 )}+ (10)
We use the shallow ice approximation (SIA), such that the mean vertical ice velocity is
entirely determined by the local driving stress ¢ (Budd et al., 1979). We separate the
vertical mean ice velocity in a component due to sliding and a component due to ice
deformation, given by:

3
U=Ud+US=de03+fS%, (11)

with o given by the ice thickness H and surface slope % (h is the surface altitude):

dh
— _pgHZ- 12
o=-pgH—— (12)

Substituting this expression for U into Eq. (10) gives the expression for the evolution of
the ice thickness:

oH -1 0{00’7}”3, (13)

Bt wy+AH x| ox
with D:
on\?
fol — ) 14
3667
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Equation (13) is solved on a staggered grid, with a grid size of 25m. Time integration
is done with a forward explicit scheme, in time steps of 0.00025 yr (approx. 2h). The
specific mass balance B is a function of surface altitude # and taken from the balance
profile calculated with the mass balance model. For time-dependent simulations, B is
recalculated every year.

The topography of the glacier bed of Glaciar Frias is unknown, except for that part
of the valley that is currently deglaciated. The bed topography of the part that is cur-
rently covered by ice is derived from the model forced with the climatological mass
balance (Sect. 3.1, Fig. 4). The bed altitude along the flow line and the glacier width at
the bed are adjusted, following an iterative procedure, such that the modelled surface
width and altitude in equilibrium state match the observed surface width and surface
altitude along the flow line. The bed profile that reproduces the present-day surface
best (Fig. 2a) has an overdeepening around x = 3500 m, followed by a bump that is at
the same location as the ridge that is currently emerging from the ice at ca. 1800m

(Fig. 1).

4 Results and discussion
4.1 Steady state

Before using the coupled mass balance — glacier model for climate reconstruction,
we examine the model’s performance and sensitivities with a steady-state solution.
The climatological conditions of the period 1980-2009 are used as input for the mass-
balance model to calculate the present-day climatological mass balance profile (Fig. 4).
The calculated profile is almost linear below the ELA at 2090 m, and the gradient be-
comes smaller for higher elevations. This is in line with mass balance profiles observed
elsewhere (e.g. Andreassen et al., 2005). The calculated mass balance gradient of
0.0011mw.e.m 'a'is large, but smaller than measured at Mocho-Choshuenco. This
could be caused by the less pronounced seasonality in the precipitation at the higher
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latitude of Glaciar Frias. The calculated ELA at Glaciar Frias is a bit higher than the
ELA at the Mocho-Choshuenco. This is reasonable, as the Glaciar Frias flows to the
north-east and thus receives more incoming short-wave radiation than the Mocho-
Choshuenco, that flows towards the south-east. For a selected number of altitudes, the
evolution of the cumulative mass balance throughout the hydrological year is shown in
Fig. 5. The winter accumulation at 2000 m is 3.0 mw.e., but this all melts during the
ablation season. The winter accumulation is in line with the accumulation at Mocho-
Choshuenco. The annual precipitation at 2000 m that is needed for this amount of
accumulation is 7.3 mw.e. a'1, which is at the high end of the observations of Gallopin
(1978). As shown by the mass balance at 2500 m, ablation is still substantial above
the equilibrium line, but this is outpaced by the accumulation. The model shows that
at 1000 m there is hardly any accumulation, so in the present-day climate the glacier
tongue would sustain year-round melting when it reaches the bottom of the Frias valley.

If we force the ice-dynamical model with the calculated climatological mass balance
of the period 1980—-2009, the calculated equilibrium glacier length is 6025 m. This is
in good agreement with the observed glacier lengths in this period (cf. Fig. 8, Table 1),
indicating that the calculated mass balance is fairly accurate. The length of Frias glacier
is very sensitive to small changes in the mass balance profile, due to the present-day
geometry (the ELA is in the altitude range where the glacier has a large part of its
area, while the terminus is narrow in the steep part, see Figs. 1, 2). However, because
no measurements of the individual components of the energy budget are available,
compensating errors can not be excluded.

In Fig. 6, the seasonal sensitivity characteristic (SSC) (Oerlemans and Reichert,
2000) of the mass balance of Glaciar Frias in equilibrium state is shown. The SSC
consists of 24 numbers that give the sensitivity of the annual mass balance to monthly
perturbations in precipitation and temperature. The temperature sensitivities indicate
that Glaciar Frias is in a very maritime climate. The SSC values are large and the
mass balance is sensitive to temperature changes in every month of the year. Even
temperature anomalies in the winter season lead to a significant changes in the mass
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balance. Furthermore, variations in winter precipitation are more important for the
mass balance than variations in summer precipitation. Most of the precipitation falls in
winter, and summer precipitation falls as rain on a large part of the glacier.

To conclude we calculate the response time and climate sensitivity of the glacier
in equilibrium state. This is done by imposing a stepwise perturbation in the climatic
forcing that is kept constant until the glacier has reached a new equilibrium. The cli-
mate sensitivity indicates the difference between the two equilibria. The response time
is a measure for the time needed to reach the new equilibrium, defined as the time
needed to reach (1 —9‘1) of the final change. As the mass balance is sensitive to
temperature change in all months of the year, the perturbations consist of changes in
the annual mean temperature, of —1.0, —0.5, 0.5 and 1.0 K. The resulting changes in
glacier length and glacier volume are shown in Fig. 7. Frias has a response time of
14 a, for both volume and length changes. This is short compared with other alpine
glaciers (cf. Johannesson et al., 1989; Greuell, 1992; Oerlemans, 1997a,b; Brugger,
2007; Laumann and Nesje, 2009), indicating that Glaciar Frias reacts rather directly to
changes in climate. The climate sensitivity is dependent on the size of the perturbation,
it varies between 1850-2950mK™" in terms of length change, and 0.22—0.38 km® K™
in terms of volume change for the four perturbations used here. The large spread is
caused by the strong dependence of the climate sensitivity on surface geometry and
the bed topography at the glacier terminus. For limited perturbations, the terminus
remains in the steep part between 5-7km. For the temperature decrease of 1K the
terminus advances over the flat valley floor, whereas for a temperature increase of 1 K
the glacier is forced to retreat into the overdeepening, which implies a major mass
loss. For the limited perturbations of £0.5K, the climate sensitivity is 2700 m K~ and
0.23km*K™".
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4.2 Historical fluctuations
4.2.1 Climatic information from dynamic calibration

As shown in Fig. 8, the observed length record can be reproduced very well using
dynamic calibration of the mass balance profile with a sequence of 13 step functions.
To explain the maximum glacier length in 1639, the mass balance profile must have
been 1.5mw.e.a”" higher than the 1980—-2009 mean profile. This maximum of 6B is
followed by a slight decline over the following two centuries, until the mass balance
makes a significant drop at the end of the 19th century. In the 20th century, more
length observations are available and thus the reconstructed 68 then shows more
fluctuations. The most striking fluctuation is around 1970, prior to the significant and
well documented re-advance of the glacier, that culminated in 1977. Overall, there
is a negative trend in the mass balance over the 20th century of —0.0077 mw.e. a2
The current retreat is best explained by 6B = -0.2mw.e. a~'inthe period 2001-2009.
Hence, the glacier retreat over the entire period of the length record, 1639-2009, is
best explained by a decrease in 6B of 1.7mw.e. a '

Changes in the mass balance are in general due to changes in both precipitation
and temperature. Although the influence of these two climate components can not be
disentangled from the mass balance reconstruction, it is possible to give a quantitative
indication of the change in temperature or precipitation needed to arrive at the recon-
structed mass balance changes. The sensitivity of the mass balance profile to changes
in annual temperature and precipitation is determined based on least squares fit of the
mass balance profiles calculated with the temperature perturbations of £0.5 and £1K
and precipitation perturbations of £10 and £20%. The mass balance sensitivity to
changes in temperature is —1.46 mw.e. a’ K'1, and 0.51 mw.e.a”’ per 10 % increase
in precipitation. The observed retreat of Glaciar Frias over the period 1639-2009 is
thus best explained by a temperature increase of 1.16 K, or a precipitation decrease
of 34 % (meaning that the precipitation in the 17th century must have been 134 % of
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present-day precipitation). Or, most likely, the observed glacier retreat is a combination
of both.

Trenberth et al. (2007, Fig. 3.9) show a negative trend in measured surface tem-
perature of —0.2 to —0.5°C per century over the period 1901-2005 for the region of
Tronador, in apparent contradiction to the decrease of the reconstructed mass balance.
However, based on analyses of radiosonde data, Carrasco et al. (2008) conclude that
the cooling in this region is restricted to the near-surface troposphere. At the 850 hPa
level the temperature trend is positive for summer and winter (for 1958-2006: 0.013
and 0.014 Ka_1, respectively). In addition, Rivera et al. (2002) attribute the retreat of
glaciers in Southern Chile for a large part to a decrease in precipitation. Indeed at
Puerto Montt, precipitation has decreased by 20 % in the period 1958—2006. Simply
adding these trends in precipitation and free atmosphere temperature gives a trend
in 6B of —0.03mw.e.a 2 for 1958-2006. This is even larger than the trend in the
reconstructed 6B, which is —0.015mw.e. a2 over the same period.

4.2.2 Forcing the glacier model with climate reconstructions

Instead of deriving a mass balance reconstruction based on dynamical calibration, we
can also calculate the historical mass balance using the temperature and precipitation
records based on other proxy reconstructions. In this way the observed glacier length
can serve as a constraint on the proxy-based climate reconstructions. This could in
addition provide information on the relative contributions of fluctuations in precipitation
and temperature to the glacier length changes. We force the glacier model with the
reconstructions of Neukom et al. (2010, 2011) and Villalba et al. (2003). The calcu-
lated glacier length for the period 1600-1995 and 1640—-1987, respectively, is shown
together with the observed glacier length in Fig. 9a.

When we first focus on the results calculated from the Neukom et al. (2010, 2011)
reconstructions, the modelled length is promising in a qualitative sense: maximum
extents before 1800, in 1884 and in 1916 are reproduced (although the timing does
not exactly match the dating of the moraines) together with the large retreat between
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1880 and 1960, and the re-advance in the 70’s that is followed by the retreat that
continues up to present day. However, when the results are examined in more detail,
the agreement is rather poor. The length variations in the 20th century are too large:
the modelled glacier length in 1940 is 500 m larger than the observed length, while in
1970 it is 700 m shorter than observed, and the subsequent re-advance is again larger
than observed. In the beginning of the 19th century the glacier is too small to reach
the 1843 moraine, and the maximum extent in the 17th century is about 1 km too large.
Only the 1727 and 1756 moraines are well reproduced.

We have also calculated the length record from perturbations in temperature only,
leaving the precipitation constant at the 1980—-2009 mean. The resulting length record
closely resembles the length record of the model run with perturbations in both temper-
ature and precipitation (Fig. 9a). This indicates that the fluctuations in precipitation are
in general of minor importance for the observed glacier fluctuations over the last four
centuries. The only significant difference between the two modelled length records is
in the mid-17th century. In this period, a positive precipitation anomaly contributes to
the glacier advance, accounting for an additional advance of 0.4 km (Fig. 9a, c).

The large fluctuations in the modelled length during the 20th century could be an
indication that the modelled response of the glacier is too large. The length record
could be smoother if the glacier response is reduced by changing the ice dynamics.
However, adjusting the sliding and deformation velocities of the glacier with a different
parameter choice for 7y and 7 (Eq. 11, Table 2) does not improve the modelled length
record. Also the parameter choice in the mass balance model, where especially the
parametrisation of y is uncertain, cannot explain the overestimated variations. Vari-
ation of these parameters lead to a more positive, or negative, mass balance for the
entire period of reconstruction. Other parameter values thus lead to a constantly larger
or smaller glacier, not to smaller or larger length fluctuations.

While the uncertainties in the glacier model cannot account for the discrepancies be-
tween the observed glacier length fluctuations and the modelled length from the climate
reconstruction, the differences can to a large extent be explained by the uncertainties
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in the climate reconstructions. Using the decadal-scale uncertainties in the reconstruc-
tions of Neukom et al. (2010, 2011), we have estimated upper and lower limits for the
modelled glacier length (dashed blue lines in Fig. 9a). For the upper limit we calculated
maximum mass balance from the precipitation plus 1 SE uncertainty and the temper-
ature minus the 1 SE uncertainty. Likewise, we calculated the lower limit in modelled
glacier length from the minimal precipitation and maximal temperatures within the 1 SE
uncertainty margin. The uncertainty in the reconstruction is fairly large, when trans-
lated into glacier length. Almost all glacier length observations fall within the range that
is derived from uncertainty in the prescribed forcing. Only the constraints set by the
maximum glacier length in the 1600-2009 period, as determined by the 1639 moraine,
and the length measurements in 1843, 1936 and 1944 are not met. As the modelled
maximum extent is reached in the period prior to 1706, when no winter temperature
anomalies are available, this result should be interpreted with care. This is illustrated
by the 900 m smaller extent when the summer anomaly prior to 1706 is only applied to
the summer half of the year, keeping the winter temperatures at the 1980-2009 mean
(dotted blue line in Fig. 9a). Furthermore, it is evident that the glacier is particularly
sensitive to climatic forcing when the length is in the range of 5000—-7000 m. When the
terminus is in this range, the uncertainty band is much wider, without the uncertainties
in precipitation or temperature being larger.

With the Villalba et al. (2003) reconstruction as temperature forcing, the modelled
glacier length is comparable to the previous reconstruction (Fig. 9a). Again, the mod-
elled length qualitatively shows the same characteristics as the observed record, but
the reconstruction fails to reproduce the length observations on more or less the same
points in time as the reconstruction forced with the Neukom et al. (2011) temperature
anomalies. However, in this second reconstruction the maximum extent is smaller,
more in line with the observations (but timed later). And, in contradiction to the other
reconstruction, the glacier extent is much smaller than observed throughout the entire
first half of the 20th century.
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We have calculated 6B from the mass-balance profiles of both reconstructions
(Fig. 9b), to compare the differences in mass balance profiles between the results
of the dynamical calibration and those obtained when the model is forced with recon-
structed temperature and precipitation anomalies from North Patagonia. As the cali-
brated mass-balance record only reproduces the observations in the simplest way, the
mass-balance based on the reconstructed temperature and precipitation can not be
expected to be identical. The glacier has likely experienced unobserved retreat in the
periods between two maximum stands that are indicated by the moraines. With this
in mind still three discrepancies between the observed and modelled glacier lengths
can be identified: i) The 6B based on Neukom et al. (2011) is more than 1 mw.e. a”
too high in the period 1640—-1660. ii) Both reconstruction-based 6Bs are too low to
reproduce the observed length in 1843. An increase of 1mw.e. a~' in 6B would re-
produce the local maximum in glacier length, as indicated by the 1843 moraine. This
modelled maximum is timed 15 yr before the dated age of the moraine, which is within
the uncertainty range of the dating. iii) There is a striking difference between the two
reconstruction-based mass balances in the first half of the 20th century. The Neukom
et al. (2011) reconstruction results in a too high mass balance with a too large glacier
extent, while the Villalba et al. (2003) gives a much lower 6B, which results in a too
small glacier extent during this period.

As the past glacier fluctuations appear to be mainly temperature driven, we express
the differences in terms of temperature anomaly. It is difficult to draw firm conclusions
for the period before 1706, as the uncertainties in the reconstructed mass balance are
large due to the missing winter temperatures. If the summer anomaly is applicable
to the winter anomaly, the best estimate of the reconstructed temperature of Neukom
etal. (2011) for the middle of 17th century is in the order of 0.7—1.0 °C too low. The tem-
perature reconstruction of Villalba et al. (2003) is compatible with the observed glacier
length in this period, although the timing of the advance deviates from the dating of the
moraine. Both reconstructions give too high temperatures around 1800. According to
the modelled glacier length, the best estimate of the temperature anomaly should be
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0.7 °C lower in the period 1790-1820. The disagreement between the two reconstruc-
tions in the first half of the 20th century is remarkable, as for both reconstructions this
period is part of the calibration period. The mass balance obtained from the dynamical
calibration suggests that, for this period, the mean of the two temperature reconstruc-
tions would explain the observed glacier length.

These results arguably have a substantial uncertainty, which is difficult to quantify.
The glacier mass balance model for this glacier is only validated with the steady-state
length from reanalysis climatology. The reliability of the model would greatly improve
from mass-balance measurements at the Glaciar Frias. Local weather observations
on the Glaciar Frias could help to determine the uncertainty that originates from using
coarse resolution meteorological and climatological information as input (Hofer et al.,
2010). Furthermore, the glacier is shown to be sensitive to temperature variations
throughout the entire year, while in the case of Neukom et al. (2010, 2011) only val-
ues for the summer and winter months are given. Still, in view of the uncertainties
associated with the climate reconstructions used in this study, the additional climatic
information provided by glacier length fluctuations can be of great value. The modelled
glacier length gives an extra constraint within the relatively large uncertainty range of
the climate reconstructions, and in addition suggests to adjust the decadal average of
certain periods in the reconstructions.

4.3 Future of Glaciar Frias

Regional climate projections for South America predict a warming trend and decrease
in precipitation over the next century for North Patagonia (Vera et al., 2006; Christensen
et al., 2007). According to the A1B scenario, by the end of the 21st century the an-
nual precipitation will have decreased by 15 %, compared to the 1980—1999 average.
Winter (JJA) precipitation will decrease by 5-10 %, while the projected summer (DJF)
precipitation loss is predicted to go up to 30 %. For the period 2080-2099, annual mean
temperature is projected to be 2 °C higher than in the reference period 19801999, with
the changes in summer temperature (+2.5°C) being stronger than in winter (+1.5°C).
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Figure 10 shows the future response of Glaciar Frias to the projected changes in
North Patagonian climate. For simplicity, the coupled model was forced with a linear
increase in annual temperature and a linear decrease in annual precipitation, such that
in 2100 the annual temperature is 2 °C higher than the 1980-2009 average, and annual
precipitation has decreased with 10 % in 2100 (in the annual mean we have given the
projected change in winter precipitation more weight than the change in summer pre-
cipitation, as the mass balance is hardly sensitive to summer precipitation, cf. Fig. 6).
Based on this scenario, the projected retreat of Glaciar Frias is quite dramatic. Under
the conditions of a 2°C temperature rise and a 10 % decrease in annual precipitation,
the glacier will retreat 3400 m to a length of 2175m in 2100. This projected retreat in
length is larger than the retreat since the maximum stand in 1639. The terminus will
retreat to an elevation of 2150 m, while it currently is at 1450 m. In terms of volume, the
shrinkage is even more pronounced: the glacier is projected to loose more than 80 %
of its volume during the 21st century. A simple sensitivity test, in which the precipitation
is kept at the 1980-2009 level (dashed black in Fig. 10), shows that the glacier retreat
is mainly due to the increase in temperature. The extra precipitation slows down the
retreat, but the eventual mass loss is very similar.

5 Conclusions

In this study we have presented a model for Glaciar Frias in the North Patagonian An-
des of Argentina. This glacier, which has the most detailed, long record of LIA and
post-LIA fluctuations in southern South America (currently spanning the period 1639—
2009), has a land-based tongue, and is free from extensive debris cover. Therefore,
Glaciar Frias is well suited for the study of past climate of the Northern Patagonian An-
des. Given the lack of detailed meteorological information near Glaciar Frias, we forced
a simplified surface-energy balance model with climatological monthly temperature and
precipitation values derived from ERA reanalysis. The results provided interesting new
information regarding the climate sensitivity of this glacier and offered for the first time

3677

7, 3653-3697, 2011

N Patagonian climate
from modelling
Glaciar Frias

P. W. Leclercq et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| I


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/7/3653/2011/cpd-7-3653-2011-print.pdf
http://www.clim-past-discuss.net/7/3653/2011/cpd-7-3653-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

in Patagonia the possibility of comparing modelled glacier mass balance changes with
those obtained from independent, proxy-based climate reconstructions.

Glaciar Frias is located in a temperate maritime climate. It is very sensitive tem-
perature changes throughout the entire mass-balance year, with a stronger sensitivity
to changes in summer than to changes in winter temperature. The mass balance is
to a lesser extent sensitive to variations in precipitation, mainly to changes in winter
precipitation. Glaciar Frias has a response time of only 14a, and therefore follows
fluctuations in climate quite closely. The calculated present-day mass balance corre-
sponds well with the little information that is available in the North Patagonian Andes.
Moreover, the equilibrium length with present-day climate (6025 m) is within the range
expected from the glacier length observations. This indicates that the model is per-
forming well and gives confidence in the deduced sensitivity of the glacier to changes
in regional climate.

The reconstructed mass balance history indicates that the overall retreat of
Glaciar Frias during the period 1639-2009 can be best explained by a decrease of
1.7mw.e.a”" of the specific mass balance profile. This change in climatic conditions
can be caused by an increase in temperature as well as, or in combination with, a de-
crease in precipitation. If it would only be attributed to changing precipitation, the
precipitation in the mid-17th century must have been 134 % of the 1980-2009 aver-
age. If attributed to temperature, the mass balance decrease implies a temperature
increase of 1.16 °C. Until the mid of the 19th century, North Patagonian climate was in
a relatively stable state, with only minor warming/drying. At the end of the 19th century,
mass balance dropped substantially and continued to decrease until the 21st century,
with some fluctuations of which the most striking was around 1970.

Driving the glacier model with independently reconstructed temperature and precip-
itation shows that the fluctuations of Glaciar Frias over the last four centuries were
predominantly temperature-driven. Glacier length records can, in combination with
a glacier model, also be used to validate or constrain high resolution proxies. In the
case of North Patagonia, existing proxy-based reconstructions of precipitation and
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temperature seem to reconstruct the interdecadal variability well. The glacier model
forced with these reconstructions produces glacier advances and retreats that in tim-
ing agree well with the dated moraines and observations. However, in quantitative
sense, the reconstructed anomalies have a relatively high level of uncertainty. This
is reflected in the large range of possible glacier lengths. In addition, to explain the
observed glacier lengths of Glaciar Frias, temperature around 1800 must have been
0.7 °C lower than the best estimate of the reconstructed temperatures by Neukom et al.
(2011) and Villalba et al. (2003), and up to 1°C higher around 1640 than reconstructed
by Neukom et al. (2011). Error margins in these results might be substantial, due to
uncertainties in the climate reconstructions and in the glacier model, but are difficult
to quantify. The uncertainties in the glacier model could substantially be reduced by
performing mass-balance measurements and weather observations on Glaciar Frias.

Following the IPCC A1B scenario for North Patagonia, Glaciar Frias is projected to
continue its rapid retreat in the near future. By 2100, the glacier will likely have lost
more than 80 % of its present-day volume and the terminus will have retreated high up
the Monte Tronador. Like with the past fluctuations, this expected retreat is mostly due
to the projected increase in temperature.
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Table 1. Glacier length record of Glaciar Frias used in this study, including year of measure-
ment (or reconstructed date of maximum extent), total length along the flowline (km), cumula-
tive length change (m), method of observation (moraine indicates a moraine dated with den-
drochronology, historical are historical sketches and photos, field denotes field measurements
of terminus position, and Landsat, Corona, SPOT and ASTER are positions measured from
satellite images), data source, and estimate of accuracy of the length measurement (m).

year L (km) dL (m) type source accuracy (m)
1639  7.90 0 moraine Villalba et al. (1990) 50
1727  7.63 —262 moraine Villalba et al. (1990) 50
1752  7.58 -316 moraine Villalba et al. (1990) 50
1843 7.53 -364 moraine Villalba et al. (1990) 50
1856  7.50 —400 historical Fonk (1886) 150
1884 7.35 -549  moraine Villalba et al. (1990) 50
1916 7.14 -752 moraine Villalba et al. (1990) 50
1936 6.77 —-1125 historical Agostini (1949) 20
1944  6.77 —-1125 aerial SHN 10
1970 6.36 —1534 aerial IGM 10
1973 6.74 -1157 Landsat MSS GLCF 120
1976 6.78 -1141 field S. Rubulis 10
1977  6.77 -1121  field S. Rubulis 10
1978 6.74 -1159 field S. Rubulis 10
1979 6.71 -1181 field/Corona  S. Rubulis/EROS 10
1980 6.69 -1207 field S. Rubulis 10
1981 6.61 -1231 field S. Rubulis 10
1982 6.62 -1277 field S. Rubulis 10
1983 6.55 -1343 field S. Rubulis 10
1984 6.47 —1427 field S. Rubulis 10
1985 6.44 —1453 field S. Rubulis 10
1986 6.32 —1463 Landsat TM GLCF 50
1987 6.29 —1495 Landsat TM GLCF 50
1996  5.89 -1886 field S. Rubulis 20
2003 5.56 -2607 ASTER GLIMS 30
2007 5.73 —2444 Landsat ETM CONAE 50
2009 5,55 -2617 SPOT Spot image 10

SHN Servicio de Hidrografia Naval, Argentina

IGM Instituto Geografico Nacional, Argentina

GLCF Global Land Cover Facility, University of Maryland, US

S. Rubulis field measurements of S. Rubulis, reported in Villalba et al. (1990)

EROS Earth Resources Observation and Science Center, US Geological Survey

GLIMS Global Land Ice Measurements from Space

CONAE Comision Nacional de Actividades Espaciales, Argentina
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Table 2. Model parameter values of the surface mass balance model and the ice-dynamical

model.

7, 3653-3697, 2011
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P. W. Leclercq et al.

Parameter Symbol Value Unit
Temperature lapse rate y 0.0048 Km™
Precipitation vertical gradient p 0.0015 ma'm™’
Threshold temperature for snow T, 1.5 °’C
Atmospheric transmissivity T 0.5

Water density Puw 1000 kg m~3
Ice density Pice 900 kgm™
Latent heat of melt L 3.34 10° Jkg™
Fresh snow albedo Qtrsnow 0.69-0.90

Firn albedo Qirn 0.53

Ice albedo Qe 0.35

Albedo time-scale t 21.9 days
Albedo depth-scale da’ 0.001 mw.e.
Heat capacity of subsurface layer C 37610°  Jm72K™
Threshold temperature y(7,) Tinresh 0.44 °C
Minimum w(T,) Wimin -30 Wm™2
Slope w(T,) c 9 Wm?2K™"'
Sliding constant f, 57107%° Pa®m?s™
Deformation constant fy 1.9107% Pa®s™
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Image: SPOT (26/11/2008)
Landsat ETM (18/04/2009)

Fig. 1. (a) Topography of Glaciar Frias, flowing from the Argentinean summit on the northern
slopes of Monte Tronador. The accumulation and ablation area of Glaciar Frias (2009) are
indicated with grey and blue shading, respectively. The central flowline is given in red, and
altitude in 100 m contour lines. The location of Monte Tronador is shown in the insets. (b) Close-
up of the glacier forefield with the observed and reconstructed glacier terminus positions. For
clarity, not all observations are included.
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Fig. 2. (a) Bed altitude along the glacier flow line (black) from the DEM. For 0 < x < 5.7 km
the DEM gives the ice surface altitude instead of the bed altitude. Here, the bed profile is
determined with the ice flow model. The modelled glacier surface (red) differs less than 10 m
from the measured surface altitude (dashed blue) (except for 5.7 < x < 6.00 km, where there is
ice in the model run, whereas in 2000 the terminus was at x = 5.7 km). (b) Elevation distribution
of the present-day glacier area in 100 m intervals.
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Fig. 3. 1980-2009 climatology of Glaciar Frias, from a combination of ERA-40 and ERA-interim
data. Shown are the meteorological parameters needed for the mass balance model: monthly
average temperature at 2000 m (black), and amplitude of the daily cycle (dashed black), and

average monthly sum of precipitation at 850 m (blue).
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Fig. 4. Mass balance profile B(z) calculated from present-day forcing. NB: the profile is given
for the entire model domain, the present-day terminus is at 1450 m (glacier length = 5550 m),
the modelled steady-state terminus is at 1027 m altitude (glacier length = 6025 m).
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Fig. 5. Temporal evolution of the annual cumulative mass balance, shown in Fig. 4, at selected
altitudes. The time evolution is shown during one mass balance year, that starts on 1 May and

ends on 30 April.
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Fig. 6. Seasonal sensitivity characteristic, showing the sensitivity of the mass balance to
changes in temperature (C;) and precipitation (Cp) in a specific month. Changes in precipi-
tation are relative, shown is the change in mass balance after a 10 % change in monthly pre-
cipitation. Mass balance is calculated for the glacier geometry of the equilibrium state.
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Fig. 7. (a) Length and (b) volumes changes of Glaciar Frias after perturbation of the present-
day climate with +1.0, +0.5, —-0.5 and —-1.0K at t = 25 a. It shows the response of Glaciar Frias
to perturbations in climate. For T + 1K, the glacier retreats over the overdeepening in the bed,
which causes a drastic decrease in both volume and length.
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Fig. 8. (a) Measured glacier length of Frias (red dots) with bars indicating the uncertainty in
both time (dated moraines) and length (most of the times smaller than the dots); modelled equi-
librium length for the 1980-2009 climate (black); and modelled glacier length reconstructed with
dynamical calibration (blue). (b) Mass balance perturbations 6B that reproduce the observed
glacier length.
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Fig. 9. Results of model forced with the available precipitation (Neukom et al., 2010) and tem-
perature (Neukom et al., 2011; Villalba et al., 2003) reconstructions. (a) Glacier length for the
period 1600—-1995 based on: Neukom et al. (2011, 2010) (blue), with upper and lower estimate
(dashed blue) indicating the uncertainty, and the DJF anomaly only applied to summer half year
prior to 1706, keeping winter temperatures at 1980-2009 average (blue dotted); Villalba et al.
(2003) temperature, Neukom et al. (2010) precipitation (black); Neukom et al. (2011) tempera-
ture, precipitation kept constant at the 1980-2009 reference (red); observations (green dots),
with uncertainty intervals. (b) 6B calculated from the annual mass-balance profiles from the
reconstructions by Neukom et al. (blue), Villalba et al. (black), with 21-year exponential smooth-
ing, and 6B obtained from dynamical calibration (green) (cf. Fig. 8). (¢) Annual mean temper-
ature anomaly of Neukom et al. (2011) (red) and Villalba et al. (2003) (black) w.r.t. 1980-2009
mean, and annual mean precipitation anomaly of Neukom et al. (2010) w.r.t. the 1600-1995
mean (blue).

3696

7, 3653-3697, 2011

N Patagonian climate
from modelling
Glaciar Frias

P. W. Leclercq et al.

Title Page
Abstract Introduction
Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| II I


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/7/3653/2011/cpd-7-3653-2011-print.pdf
http://www.clim-past-discuss.net/7/3653/2011/cpd-7-3653-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

7000 UV e e s i O
6500
6000
5500
5000
4500

4000

glacier length (m)
glacier volume (km3)

3500

3000

o obs. length | 'l
2500 H =— = = T;P const. —I— — |—

T;P l
2000 L L 0
1950 2000 2050 2100 1950 2000 2050 2100

year year

Fig. 10. Modelled (a) glacier length and (b) glacier volume of Glaciar Frias for the period
1925-2100. Glacier length and volume for the period 1925-2009 are calculated from the re-
constructed mass balance profiles, for 2010—2100 the mass balance is calculated from the
future scenario. The full scenario (increase in T of 2°C and decrease in P of 10 % over the
21th century) is shown in blue. The length and volume change with precipitation kept at the
19802009 level is given in dashed black. In (a) also glacier length observations are included
(red dots).

3697

7, 3653-3697, 2011

N Patagonian climate
from modelling
Glaciar Frias

P. W. Leclercq et al.

Title Page
Abstract Introduction
Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| II I


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/7/3653/2011/cpd-7-3653-2011-print.pdf
http://www.clim-past-discuss.net/7/3653/2011/cpd-7-3653-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

