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[1] In June 1999, a deep (138.7 m) ice core was extracted from the summit glacier of
Illimani, Bolivia (6340 m above sea level, 16°39′S, 67°47′W), and an englacial
temperature profile was measured in the borehole. Using on‐site and regional
meteorological data as well as ice core stratigraphy, past surface temperatures were
reconstructed with a heat flow model. The englacial temperature measurements exhibit a
profile that is far from a steady state, reflecting an increasing atmospheric temperature over
several years and nonstationary climatic conditions. Englacial temperature interpretation,
using air temperature data, borehole temperature inversion, and melting rate quantification
based on ice core density, shows two warming phases from 1900 to 1960 (+0.5 ± 0.3 K
starting approximately in 1920–1930) and from 1985 to 1999 (+0.6 ± 0.2 K),
corresponding to a mean atmospheric temperature rise of 1.1 ± 0.2 K over the 20th
century. According to various climate change scenarios, the future evolution of englacial
temperatures was simulated to estimate when and under what conditions this high‐
elevation site on the Illimani summit glacier could become temperate in the future. Results
show that this glacier might remain cold for more than 90 years in the case of a +2 K rise
over the 21st century but could become temperate in the first 20 m depth between 2050
and 2060 if warming reaches +5 K.

Citation: Gilbert, A., P. Wagnon, C. Vincent, P. Ginot, and M. Funk (2010), Atmospheric warming at a high‐elevation tropical
site revealed by englacial temperatures at Illimani, Bolivia (6340 m above sea level, 16°S, 67°W), J. Geophys. Res., 115, D10109,
doi:10.1029/2009JD012961.

1. Introduction

[2] Tropical glaciers are known to be very sensitive cli-
matic indicators [e.g., Francou et al., 2003, 2004; Favier et
al., 2004; Vuille et al., 2008]. These high‐altitude sites
(usually above 4800 m above sea level (asl)) are particularly
vulnerable to the effects of global warming [Vuille et al.,
2008]; however, direct meteorological observations are
very scarce and generally discontinuous. Consequently,
reconstructing air temperatures over recent decades or
centuries using various proxies or modeling is particularly
important at these locations.
[3] The temperature distribution within cold glaciers

strongly depends on surface temperature variations and
provides an excellent means to investigate past climate
variations in polar regions [Ritz, 1989; Salamatin et al.,
1998] and on high mountains [e.g., Haeberli and Funk,
1991; Lüthi and Funk, 2001; Vincent et al., 2007] with a
time scale much larger for ice sheets than for high mountain

areas. In the tropical Andes, cold glaciers are encountered
usually above 6000 m asl and sometimes higher, depending
on the site. Temperature measurements carried out during
ice core drilling at 6270 m asl on Chimborazo (Ecuador) in
November 2000 and at 6090 m asl on Nevado Coropuna
(Peru) in June 2003 showed that the glaciers were temperate
at these altitudes. The number of very high altitude cold
glacier study sites in the tropics is therefore rather limited
and likely to steadily decrease in the future because of
global warming [Thompson et al., 2006]. Nevertheless,
borehole temperatures can provide very useful information
on climate change at these high elevations where direct
meteorological measurements are rare or sporadic [Hardy et
al., 2003; Wagnon et al., 2003].
[4] For the Alps, Lüthi and Funk [2001] and Vincent et al.

[2007] have concluded that borehole temperature profiles
reflect conditions that are far from steady state and provide
clear evidence of atmospheric global warming over recent
decades. The profiles also reveal that the refreezing of sur-
face meltwater below the surface contributes to the englacial
temperature increase, even at elevations as high as 4250 m
asl in the Alps [Vincent et al., 2007]. In this study we present
the first analysis of a vertical englacial temperature profile
measured in the tropical Andes. It results from an ice core
drilled on Illimani, Bolivia (6340 m asl, 16°39′S, 67°47′W).
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In high‐latitude ice caps, deep borehole temperature profiles
are complementary to isotopic proxy to investigate past
temperature fluctuations using inverse problem resolution
[Kotlyakov et al., 2004; Nagornov et al., 2001; Ritz, 1989].
However, the Andean ice core isotopic signal is mostly
associated with precipitation variations [Vimeux et al., 2005,
2009] so that no reconstitution of temperature over recent
centuries is yet available from Andean ice cores. After
describing the data (section 2) and the model (section 3),
we interpret borehole englacial temperature using La Paz
air temperature (section 4) in order to reconstruct atmospheric
temperature variations over the last century at 6340 m asl on
Illimani (sections 5 and 6). In section 7 we assess the future
evolution of englacial temperatures according to possible
climate change scenarios. The conclusions are given in
section 8.

2. Data

2.1. Site Location

[5] In June 1999, a 138.7 m ice core was drilled down to
bedrock on a flat pass at 6340 m asl (16°39′S, 67°47′W),
just below the main summit of Illimani (Cordillera Real,
Bolivia) (Figure 1) [Knüsel et al., 2003]. This site is located
approximately 50 km southeast of the capital La Paz. The
drilling site was chosen on the flattest location where the ice

flow velocities are assumed to be very small. Results
concerning chemical and isotopic analysis of this ice core
are given by De Angelis et al. [2003] and Ramirez et al.
[2003], respectively. Using volcanic signals in ice, Knüsel
et al. [2003] have provided an accurate dating of this ice
core with reference years located at 9.9 m (1991), 17.5 m
(1982), 34.2 m (1963), and 64.4 m (1883). The total ice core
covers approximately 18,000 years, and the upper 60 m
cover the 20th century.

2.2. Measurements of Englacial Temperature and
Density

[6] The boring was performed with a Fast Electrome-
chanical Lightweight Ice Coring System (FELICS) [Ginot et
al., 2002]. The borehole always remained dry, thus limiting
disturbance of the thermal regime. Drilling was completed
on 3 June 1999 at 1240 LT. Englacial temperatures were
measured using a 150 m long thermistor chain composed of
10 thermistors (Fenwal 135‐103FAG‐J01) located one every
5 m over the first 45 m of the chain. Each thermistor was
previously calibrated in a thermostatic bath to reach ±0.05 K
minimum accuracy. The chain was first installed in the
borehole on 4 June 1999 at 1510 LT with the thermistors
located between 138 and 93 m depth. Measurements were
carried out with a digital multimeter (Fluke 83) used for
calibration 1 h and 50 min later at 1700 LT and then also at

Figure 1. Location of the Illimani drilling site in South America.
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1730 and 1915 LT. Thirteen hours later, on 5 June, the chain
was raised 50 m upward to perform measurements between
88 and 43 m at 0815 and 0930 LT. Finally, on 5 June, the
chain was moved upward once again to measure the englacial
temperatures between 38 m and the surface at 0930 and 1015
LT. The resulting englacial temperature profile with the re-
sulting 28 points is plotted in Figure 2 (thin line with black
dots).
[7] Density measurements were performed in cold rooms,

measuring and weighing every section of the ice core
ranging from 5 to 70 cm long, regardless of the time period
covered by every section. Accuracy is assumed to be ±0.013
kg m−3, taking into account the mass and size uncertainty of
ice core sections. Ice layers were counted, and their thick-
nesses were measured along the core.

2.3. Meteorological Data Sets

[8] Since 1962, minimum and maximum daily air tem-
peratures have been recorded in La Paz (El Alto meteoro-
logical station, 4070 m asl). Daily air temperature is
approximated by the median value of the minimum and
maximum values. Air temperatures were also measured
(using Vaisala temperature thermistor with Gill Aspirated
Radiation Shield (airflow monitoring switch)) at the drilling
site by an automatic weather station (AWS) between May
1998 and March 1999, initially at 3.5 m above the surface.
This data set was kindly provided by D. Hardy (University
of Massachusetts).
[9] La Paz temperatures were compared with reanalyzed

daily temperatures from NCEP‐NCAR (15°S, 67.5°W, 500
hPa, since 1948, 2.5° grid) and with the AWS data set. La

Figure 2. Vertical englacial temperature profile measured at Illimani (6340 m above sea level (asl)) in
June 1999 (thin line with black dots). Modeled profile assuming a steady state climate with a constant
secular temperature of 263.1 K (dashed line) and a constant geothermal flux of 22 × 10−3 W m−2.
(a) Modeled temperature profiles assuming a steady state before 1967 and using La Paz air temperature
data after 1967 without taking into account the latent heat resulting from surface meltwater refreezing
(thin dashed line) and taking into account the latent heat resulting from refreezing (melting factor a =
1.1 W m−2 K−1) for a geothermal flux varying from 18 to 26 × 10−3 W m−2 (gray zone) and modeled
temperature profile with a forced melting factor a = 1.7 W m−2 K−1 (thick line). (b) Modeled temper-
ature profile assuming a steady state before 1900, assuming a 0.4 K warming between 1900 and 1962,
and using La Paz air temperature after 1900 with a constant geothermal flux of 22 × 10−3 W m−2 and a
melting factor of 1.1 W m−2 K−1 (thick line) (see section 4 for more details).
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Paz air temperatures show a difference between the mean
temperature of the dry season and the mean temperature of
the wet season as high as 4 K, which is similar to the sea-
sonal thermal variability observed on Illimani by the AWS.
On the other hand, reanalyzed temperatures do not agree
well with AWS temperatures, particularly with a seasonal
thermal variability not exceeding 2 K. Consequently, to
simulate the heat flow into the glacier, La Paz temperatures
seem to be more reliable than reanalyzed data.

3. Heat Flow Modeling

[10] The heat transfer equation within a cold glacier can
be written as follows [Malvern, 1969; Hutter, 1983]:

�Cp
@T

@t
þ v � grad Tð Þ

� �
¼ div k grad Tð Þ½ � þ Q; ð1Þ

where T (K) is the firn/ice temperature, r (kg m−3) is the
density,Cp (J kg

−1 K−1) is the thermal capacity, k (Wm−1 K−1)
is the thermal conductivity, v (m s−1) is the glacier flow
velocity vector, t (s) is the time, and Q (W m−3) is the latent
heat released during water change of state per unit of time
and volume. According to a similar study in the Alps
[Vincent et al., 2007], heat production by deformation and
horizontal heat transfer can be neglected assuming that on
this large flat pass, ice flow is slow and the horizontal
englacial temperature gradient low. Consequently, equation
(1) can be simplified to one dimension (z):

�Cp
@T

@t
þ vz

@T

@z

� �
¼ @

@z
k
@T

@z

� �
þ Q; ð2Þ

where vz (m s−1) is the vertical glacier flow velocity.
[11] Englacial temperatures and their changes are com-

puted at 10 day intervals using a Crank‐Nicholson scheme
(implicit finite difference) with a 1 m horizontal layer
thickness. The geothermal flux is assumed to be constant at
10 m below the bedrock. Noetzli et al. [2007] showed that
the three‐dimensional topography has a strong influence on
the heat flux variation in the summit areas of mountains, but
we had no alternative other than to assume a constant
geothermal flux. The temperature gradient inferred from the
deepest 20 m above the bedrock allows us to assess the basal
heat flux (22 ± 4 × 10−3 W m−2). According to the age‐depth
relationship, the vertical velocity is fitted by an exponential
law (vz = v0 exp (−0.038z), R2 = 0.83) with a surface vertical
velocity v0 given by the annual accumulation rate re-
constructed by annual layer counting (mean value at Illimani
is 0.58 m water equivalent) [Knüsel et al., 2003]. The firn
thermal conductivity k (W m−1 K−1) is calculated using the
Sturm density‐conductivity relationship [Sturm et al., 1997]

k ¼
0:138� 1:01�þ 3:233�2 if 0:156 < � < 0:6

0:023þ 0:234� if � < 0:156;

8<
: ð3Þ

where r is the firn/snow density. For densities higher than
0.6, we still apply equation (3) as suggested by Sturm et al.
[1997].

[12] Surface boundary conditions depend on the surface
energy balance. Modeling the surface energy budget requires
meteorological data (incoming net all‐wave radiation, albedo,
air humidity, air and surface temperatures, and wind speed),
which are usually not available on site [Wagnon et al., 2003].
Consequently, the surface temperature Tsurf (K), which is the
snow temperature in the first meter of the glacier, is given by
the simple parameterization [Lüthi and Funk, 2001]

Tsurf ¼ Tair � b; ð4Þ

where Tair (K) is air temperature and b (K) is a parameter.
At Illimani, air temperature is also not known. Thus, in
section 4, b can be regarded as a tuning parameter rather
than as a physical one because it results not only from the
surface energy balance but also from the lapse rate used
between La Paz and the drilling site and from the steady state
temperature.

4. Results

4.1. Preliminary Results

[13] The first simulation was done assuming a steady state
up to the year 1967, which means that the surface temper-
ature is assumed to remain stable until this date. This secular
temperature, which is the representative temperature of the
steady state, has been tuned to fit the simulated temperature
profile to measured basal temperature, resulting in a value of
263.1 K. Additionally, monthly means of La Paz air tem-
peratures have been compared with monthly AWS air
temperatures for the period May 1998 to March 1999 in
order to calculate a mean lapse rate of −6.5 K km−1 (stan-
dard deviation of 0.4 K). Using this lapse rate, the mean
annual air temperature of La Paz between 1962 and 1967
leads to a mean air temperature of 265.8 K at 6340 m asl for
this period. Consequently, the parameter b of equation (4) is
set to 2.7 K. The value of b clearly depends on the reference
period used to represent the steady state. Nevertheless,
because of the much lower warming recorded by La Paz
air temperatures between 1962 and 1982, b does not vary
much when longer reference periods are used. Indeed, b
equals 2.70, 2.86, and 2.85 K when using 1962–1967,
1962–1977, and 1962–1982, respectively, as reference
periods for the steady state.
[14] Using any b parameter mentioned in section 4.1

and La Paz temperatures, the simulation of englacial
temperatures reveals strong differences with measurements
carried out in 1999 (Figure 2a, thin dashed line). Indeed, the
simulated englacial temperatures are too low. These differ-
ences are likely due to an additional energy contribution. We
suggest that an additional energy flux could come from the
latent heat due to refreezing of meltwater as previously
observed on a high alpine site [Suter et al., 2004].

4.2. Effect of Latent Heat Released by Refreezing
Meltwater

[15] On this cold, high‐altitude site (annual mean air
temperature <267 K), it can be assumed that meltwater
occasionally produced at the surface refreezes immediately
below the surface, releasing an energy flux called Frefreezing
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(W m−2). This energy flux can be assessed using the degree‐
day parameterization [e.g., Hock, 2003]

Frefreezing ¼ Tair � Tref
� �

a if Tair > Tref
0 if Tair � Tref

�
ð5Þ

where a (W m−2 K−1) is a melting factor accounting for the
energy flux produced by refreezing meltwater with respect
to the latent heat of melting‐freezing (Lf = 3.34 × 105 J kg−1).
Tref is a daily temperature threshold above which the daytime
surface temperature may reach 273.15 K, thereby letting
melting occur. Air temperature recorded on site by the AWS
in 1998–1999 showed that when daily temperature is as high
as 267.1 ± 0.2 K, part of the afternoon exhibits positive air
temperatures and melting may occur. Tref is then assumed to
be 267.1 K. If we assume that meltwater refreezes imme-
diately below the surface, melting occurring from time to
time at the surface systematically produces a latent heat
release in the surface layer, that is, in the first layer of our
model. Within this first layer, mass is always conserved;
only heat is gained in the case of refreezing meltwater. This
assumption is supported by the fact that this high‐altitude
site remains cold, preventing melting from being strong
enough to produce running water.
[16] Ice layers were observed in the core, and a mean

value of 6.8% in volume is measured in the first 37 m of the
core [Knüsel et al., 2003]. Taking into account the density
difference between ice (920 kg m−3) and firn in the upper
layers (350 kg m−3), the mean amount of calculated re-
freezing meltwater (between 1960 (37 m deep) and 1999
(surface)) is converted into a mean amount of ice layers
along the core between the surface and 37 m deep. The
factor a is then tuned to obtain the best agreement between
the calculated and measured volume of ice within the core.
We found a = 1.1 ± 0.1 W m−2 K−1, corresponding to 0.48 ±
0.03 mm K−1 d−1 in a classical degree‐day formulation. This
low value compared with usual snow degree‐day factors
[Hock, 2003] can be explained by the fact that this very high
altitude site is cold and characterized by a continually high
albedo surface and strong sublimation rates [Wagnon et al.,
2003].
[17] In sections 5 and 6 we use equation (5) at annual time

scale. The linear regression between annual mean air tem-
perature and annual surface melting computed with the
previous degree‐day approach gives a good correlation (R2 =
0.80, n = 37 years). Thus, annual melting and annual tem-
perature are related by (5) with Tref = 265.3 ± 0.1 K and a =
0.53 ± 0.03 W m−2 K−1.
[18] Using this additional flux from heat released by the

refreezing of surface meltwater and assuming a steady
state up to 1967 improves agreement with measurements
(Figure 2a). Nevertheless, simulated englacial temperature
profiles between 10 and 60m deep still remain colder than the
observed profile, no matter what melting factor or geothermal
flux values are used (the gray zone in Figure 2a shows simu-
lated profiles for a basal heat flux varying between 18 and 26×
10−3 W m−2 and the thick line shows a melting factor forced
to 1.7 W m−2 K−1). A nonstationary climatic state before
1967 could explain this remaining lack of energy. For this

reason, the assumption relative to climatic steady state
before 1967 was rejected.
[19] On the other hand, we can assume a climatic steady

state until 1900. Indeed, from numerical experiments, it can
be shown that temperature variations before 1900 do not
influence the 1999 englacial temperature profile. As a matter
of fact, the continuity between the steady climatic state
before 1900 and La Paz air temperature data is interrupted if
the parameter b (equation (4)) remains related to the secular
temperature (as in section 4.1). Consequently, as for the
geothermal flux and the secular temperature, b is used to
adjust the simulated profile to the observed profile. Since
simulated and observed englacial temperatures mainly differ
in the upper 60 m (Figure 2a), these three parameters are
strongly constrained by this part of the profile. The set of
parameters providing the best agreement between observa-
tions and simulations gives a geothermal flux of 21 ± 2 ×
10−3 W m−2, a secular temperature of 263.1 ± 0.1 K, and b
of 2.3 ± 0.1 K. Figure 2b shows the englacial temperature
profile simulated with this set of parameters using La Paz air
temperatures. According to equation (4) and considering the
values obtained for the secular temperature and for b, air
temperature before 1900 is assumed to be 265.4 ± 0.2 K
while the mean La Paz air temperature between 1962 and
1967 is 265.8 K. This implies a 0.4 ± 0.2 K atmospheric
warming between the steady state (before 1900) and the
mean temperature over the 1962–1967 period.
[20] In conclusion, the observed englacial temperature

profile of Illimani can be explained only if we take into
account both the latent heat released by the refreezing of
surface meltwater and a 0.4 ± 0.2 K atmospheric warming at
6340 m asl between the beginning of the 20th century and
the 1960s. An accurate parameter sensitivity test is now
needed to confirm and improve the temperature reconstitu-
tion over the 20th century at this high‐altitude site. This test
is performed in section 5 using inverse problem analysis.

5. Borehole Temperature Profile Inversion

5.1. Bayesian Approach to Solving the Inverse Problem

[21] Bayesian inference, described by Hopcroft et al.
[2007], was applied to assess the past surface temperature
variations from englacial temperatures. This analysis was
done without using La Paz temperatures for the last 37
years. In a Bayesian formulation, model parameters are
described by probability distributions. The aim of Bayesian
inference is to quantify the posterior probability distribution,
which characterizes all of the model parameters given prior
information and the data available.
[22] The past surface temperature (from 1900 to 1999) is

set up as a series of linear segments with the nodes of these
segments being the model parameters Tsurf, i.e., Tsurf = (Ti, ti;
i = 1, 5), where T is temperature and t is time (t1 and t5 are
fixed at 1900 and 1999, respectively). The other parameters
are the melting factor and the geothermal flux. The secular
temperature is given by the geothermal flux and the basal
temperature, according to steady state conditions (see
section 4.1). The latent energy flux released by the refreezing
of meltwater is estimated by a linear relationship between
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annual melting and annual temperature anomalies, according
to equation (5) (see section 4.2).
[23] In order to determine posterior probability density

function (pdf), the values of the parameters are generated
according to the Markov Chain Monte Carlo method. The
surface temperatures Tsurf, the melting factor a, and the
geothermal flux Fgeo are updated for each iteration using a
Gaussian random function.
[24] For each set of parameters, a posterior probability P

is calculated using data and prior information according to

P ¼ exp �0:5ðTmodel � TdataÞTC�1ðTmodel � TdataÞ
h i

� exp �0:5ðMdata �MmodelÞ21=�2M
h i

� PpriorðT surf ÞPpriorðaÞPpriorðFgeoÞ; ð6Þ

where Tmodel and Tdata are the vectors of modeled englacial
temperatures and measured englacial temperatures, respec-
tively. C is the covariance matrix describing measurement
uncertainty. The errors on the data are assumed to be
uncorrelated, which implies C to be diagonal. Mdata is the
percentage of melting feature measured within the core
(6.8%), while Mmodel is the same modeled percentage (see
section 4.2); sM is the standard deviation, which specifies
the measurement uncertainty on Mdata (1%).
[25] The prior information, Pprior, used to constrain

parameter values to realistic values is described by Gaussian
probability functions. Pprior(Tsurf) is centered on the surface
temperature variations Tprior, which follows a linear trend of
0.01 K yr−1 over the period 1900–1999. The associated
standard deviation is 1.5 K. Pprior(a) is centered on the

melting factor from section 4 (aprior = 0.53 W m−2 K−1), and
the standard deviation is 0.5 W m−2 K−1. Pprior(Fgeo) is
uniform over the interval [0, 0.080] W m−2. Indeed, if the
absolute difference between the parameters coming from
Monte Carlo algorithm and prior parameters (Tprior, aprior)
exceeds one standard deviation, the associated posterior
probability P tends toward zero.
[26] The resulting value of each parameter is the average

of each value of this parameter obtained by the successive
iterations and weighted by its probability. The model
uncertainty is determined by the standard deviation of the
posterior pdf.

5.2. Results

[27] In order to assess the accuracy of the model and to
confirm the choice of the parameters used in section 4, a first
sensitivity test was performed on the melting factor a and on
the geothermal flux. We obtain a melting factor value of 0.5 ±
0.2Wm−2 K−1 on the annual time scale (close to the previous
value estimated at 0.53Wm−2 K−1, see section 4.2). Inversion
does not give a better estimate of the geothermal flux than the
use of the basal englacial temperature gradient (section 3).
However, a fixed melting factor (0.5 W m−2 K−1) gives a
basal heat flux value of 21 ± 2 × 10−3 W m−2, in agreement
with the value obtained in section 4.2. The subsequent in-
versions will be performed using the melting factor and basal
heat flux as fixed parameters equal to 0.5Wm−2 K−1 and 21 ×
10−3 W m−2, respectively (Figure 3).
[28] Using these fixed parameters and Tsurf as a free

parameter, our analysis was carried out to assess past
temperature variations. According to the posterior pdf
(Figure 3a, in gray scale), mean values of past temperature

Figure 3. (a) Reconstructed air temperature at Illimani (6340 m asl) over the 20th century using bore-
hole temperature profile inversion (thick line) compared with La Paz air temperature (red dashed line after
1962). The two black dashed lines form an envelope corresponding to model uncertainties according to
posterior probability density standard deviation. The gray scale represents the past surface temperature
probability distribution. (b) Posterior (thin line) and prior (dotted surface) probability density functions
of surface temperature each 10 years (see section 5 for more details).
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variations are plotted and compared to La Paz air tempera-
tures. The pdf standard deviation gives the model uncer-
tainty. Figure 3b compares the posterior and prior pdf’s for
every decade. It can be seen that further back in time, the
posterior distribution becomes progressively more influenced
by the prior pdf. Note that the secular temperature before
1900 is given by the basal heat flux using the basal tem-
perature gradient. Without this condition, the 1900 prior and
posterior pdf’s would be very similar, indicating that the
englacial temperature profile cannot provide any informa-
tion on atmospheric temperature before this date.
[29] This borehole temperature inversion shows two

atmospheric warming phases of +0.5 ± 0.3 K from 1900 to
1960 (starting approximately in 1920) and +0.6 ± 0.2 K from
1985 to 1999, corresponding to a warming of +1.1 ± 0.2 K for
the 20th century. The temperature trend at Illimani agrees
fairly well with the results from Vuille et al. [2003] (see
Table 1). Inversion with the geothermal flux as a free

parameter gives a 20th century warming of 1.1 ± 0.3 K.
Adding the melting factor as a free parameter gives a similar
result but with a larger range of uncertainty (warming of 1.0 ±
0.6 K over the 20th century). Temperature trends are sum-
marized in Table 1 for each reconstruction in comparisonwith
global change for the Southern Hemisphere [Trenberth et al.,
2007] and model results from Vuille et al. [2003].

6. Temperature Reconstruction Using Firn
Density Anomalies

[30] Surface meltwater refreezes just under the snow
surface creating a density anomaly within the firn layer.
This anomaly was quantified in every section of the ice
core by comparing the measured density with a computed
density obtained from an empirical firn densification model
(Figure 4a) [Herron and Langway, 1980]. In each core
section, this density anomaly corresponds to an excess mass
due to an amount of refreezing meltwater. Using the age‐

Figure 4. (a) Firn and ice density measured (thin line with black dots) and calculated according to
Herron and Langway’s [1980] empirical firn densification model (thick line) in order to estimate den-
sity anomalies. (b) Density anomalies plotted as a function of the time in terms of temperature anomalies
(thin line) (see section 6 for more details). These temperatures are compared with borehole temperature
profile inversion (thick line) and La Paz air temperature (red dashed line after 1962).

Table 1. Twentieth Century Temperature Trends Reconstructed at Illimania

20th Century
Warming

(K)

Linear Temperature Trend (K decade−1) (R2)

1900–1999 1950–1999 1980–1999

Inversion with surface temperature as the free parameter 1.1 ± 0.2 0.085 ± 0.01 (0.88) 0.092 ± 0.02 (0.54) 0.35 ± 0.05 (0.81)
Reconstruction from density anomaly 1.2 ± 0.2 0.087 ± 0.02 (0.68) 0.13 ± 0.05 (0.50) 0.36 ± 0.1 (0.47)
Inversion with the surface temperature and geothermal flux
as the free parameters

1.1 ± 0.3 0.10 ± 0.04 (0.79) 0.087 ± 0.03 (0.41) 0.42 ± 0.1 (0.88)

Inversion with the surface temperature, melting factor,
and geothermal flux as the free parameters

1.0 ± 0.6 0.13 ± 0.05 (0.79) 0.066 ± 0.05 (0.16) 0.40 ± 0.15 (0.99)

Smoothed La Paz air temperature ‐ ‐ ‐ 0.28 ± 0.02 (0.90)
Southern Hemisphere global temperature
trend [Trenberth et al., 2007]

0.7 ± 0.2 [0.056,0.077]b ‐ [0.091,0.22]c

Regional temperature trends from
Vuille et al. [2003]. ECHAM‐4 T106 altitude >6000 m asl

‐ ‐ [0.05,0.10] [0.30,0.40]

aIllimani, Bolivia (6340 m above sea level, 16°39′S, 67°47′W) with borehole temperature profile inversions, melting quantification, and La Paz air
temperature compared with Southern Hemisphere global temperature trends [Trenberth et al., 2007] and regional modeled temperature trends from
Vuille et al. [2003].

bFor 1899–2005.
cFor 1979–2005.
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depth relationship given by Knüsel et al. [2003], the annual
melting rate is reconstructed from 1900 to 1999. The latent
heat corresponding to the annual amount of refreezing
meltwater is then converted into annual air temperature
according to the linear regression between air temperature and
surface melting on the annual time scale used in section 4.2, a
resulting from the inversion method (a = 0.5Wm−2 K−1). The
parameters of the densification model (surface temperature
is 265.4 K, mean initial annual layer thickness is 0.58 mwater
equivalent yr−1, and initial snow density is 380 kg m−3) have
been adjusted to obtain the best agreement between simulated
(using the estimated annual amount of meltwater) and
measured borehole englacial temperatures. These parameters
are in good agreement with values reported by Knüsel et al.

[2003], which gives confidence in the calibration. In the
deepest part of the ice core (before 1940), the density mea-
surement resolution was not accurate enough (some ice core
sections covered more than a single year) to obtain a reliable
annual melting quantification, making it necessary to use
mean density values over several years. The resulting
melting signal is therefore partly smoothed but does not
influence the englacial temperature simulation.
[31] The resulting simulated 1999 profile fits the mea-

sured englacial temperature profile well (Figure 5). Tem-
perature profile simulations for 1940, 1960, and 1980 are
also plotted in Figure 5 and show that the glacier was near
steady state until 1940 and then subject to strong warming

Figure 5. Simulated englacial temperature profiles in a borehole at Illimani (6340 m asl) over the 20th
century (thick black lines), based on refreezing meltwater quantification with the density anomaly method
compared with the observed June 1999 profile (thin line with black dots). Also shown are simulations
over the 21st century (thin lines) according to two climate change scenarios (+2 K (100 years)−1 and
+5 K (100 years)−1).
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of englacial temperature, mainly due to the refreezing of
surface meltwater.
[32] Reconstructing air temperature variations using

melting quantification is a method which has been previously
applied for alpine sites [Henderson et al., 2006]. The com-
parison between the reconstructed temperature trends, using
density anomalies or the inversion method and direct mea-
surements from La Paz, shows good agreement (Figure 4b).
For the method based on density anomalies, note that the
absence of refrozen ice in an annual layer prevents us from
inferring an annual temperature. It reveals that the annual
temperature was lower than the reference temperature, i.e.,
265.4 K. In this case, the annual temperature was set to this
value.

7. Future Changes

[33] Using the same parameterization as in section 4.2,
simulations for the future evolution of englacial temperature
were computed according to possible future temperature
change scenarios to assess when and under what conditions
the high‐altitude Illimani glacier could become temperate
(Figure 5). Because of the strong effect of latent heat release
by the melting‐refreezing process, simulations show that
englacial temperature may reach 273.15 K in the first 20 m
depth between 2050 and 2060 with a warming of +5 K over
the 21st century (estimated warming in the tropical Andes
according to the SRES A2 emission scenario [Vuille et al.,
2008]). However, the glacier could remain cold with a
reduced warming scenario of +2 K over the 21st century.
These results need to be regarded with caution because
simulations have been performed with the present tuned
melting factor a, although because of changing energy
balance factors, a is likely to change in the future.

8. Conclusion

[34] The borehole temperature profile measured in June
1999 at Illimani, Bolivia (6340 m asl, 16°39′S, 67°47′W)
reflects conditions that are far from steady state. Indeed, the
temperature distribution within this cold glacier provides
clear evidence not only of atmospheric warming over the
20th century at this high‐elevation site (1.1 ± 0.2 K over the
period 1900–1999) but also of the effect of latent heat
resulting from the refreezing of meltwater at the surface.
Air temperature variations over the 20th century have been
reconstructed using three different approaches. Two methods
are based on a heat flow model: first, in a direct forward
mode using a quantification of the surface melting with a
degree‐day approach using La Paz air temperature and,
second, in an inverse mode to assess the sensitivity of each
model parameter and to yield a confidence interval for air
temperature trends. The third method, independent from the
others, uses density anomalies along the ice core as quanti-
fication of melting‐refreezing processes. The first method
depends on La Paz air temperature and assumes that Illimani
air temperature variations are similar to La Paz’. This
assumption allows simulating borehole temperature, but
there is no control on the melting factor. The second
method provides a value of the melting factor and a
surface temperature reconstitution independent from La Paz
air temperature. The fact that both methods agree fairly well

gives confidence in the results. The third approach to asses-
sing temperature reconstitution at annual time scale yields
similar temperature trends, which again strengthens the
results. This high‐altitude tropical site has exhibited
accelerated atmospheric warming since 1985 with a 1900–
1999 mean linear decadal temperature trend of 0.085 ±
0.01 K decade−1 and a 1980–1999 decadal trend of
0.35 ± 0.05 K decade−1.
[35] At an annual time scale, Illimani and La Paz tem-

peratures are not always in agreement as revealed by the
density anomaly approach. Unfortunately, the resolution of
Illimani ice core density measurements does not always
allow a reliable surface melting reconstitution on an annual
time scale. High‐resolution density measurements would be
required to improve the reconstruction and to yield reliable
conclusions with this method.
[36] Temperature profile interpretation is also valuable to

investigate future englacial temperature evolution according
to various climate change scenarios. In the event of a +2 K
rise over the 21st century, Illimani glacier at 6340 m asl is
likely to remain cold, although with a +5 K warming, the
glacier could reach 273.15 K in the first 20 m depth between
2050 and 2060, making ice core studies much less valuable
for paleoclimatic investigations.
[37] Finally, in order to better constrain model parameters,

it would be very useful to repeat englacial temperature
measurements every 10 or 15 years at the same site, as in the
Alps [Vincent et al., 2007]. This is especially important
nowadays at a time when atmospheric warming at very high
elevations in the tropics appears to be accelerating.
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