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a b s t r a c t

Our limited knowledge of the timing and pattern of early Holocene climate variability in the tropical
Andes hinders our ability to evaluate any potential linkages between low and high latitude oceanic-
atmospheric dynamics. There is mounting evidence that glaciers in the Peruvian Andes stabilized at
times during the early Holocene, suggesting there were periods of colder and/or wetter conditions that
interrupted an overall pattern of a warmer and drier climate. Evaluating the global significance of these
glacial fluctuations requires that the nature of these apparent cooling events and any shifts in the hy-
drologic cycle be better quantified. Here we apply a physically-based glacier model to reconstruct and
interpret early Holocene-aged paleoglaciers in steady-state with a range of tropical climatic conditions in
the Queshque valley of the Cordillera Blanca, Peru (9.8�S). This model uses a LiDAR-based digital
elevation model (DEM) and hourly meteorological data as inputs to calculate the fully-distributed surface
energy and mass balance (SEMB). This approach allows us to better capture the diurnal range of envi-
ronmental variability at a spatial resolution that has not been achieved with previous paleo-glacier
modeling efforts in this region. A 3-D rendition of paleoglaciers was then developed based on a flow
model that responds to the SEMB input, accounting for the valley topography. The model was validated
by simulating glaciers that match both field and satellite observations of modern glacier area limits, as
well as ice thicknesses that are consistent with recently measured ground-penetrating radar (GPR)
profiles of the main glacier tongue. After adjusting for changes in early Holocene global radiation values,
and using regional paleoclimate records as constraints for the model, the maximum early Holocene ice
limit in the valley dating to ~10.8 (±0.1) ka was reconstructed using a 3.0 �C cooling and a 25% increase in
precipitation relative to today. An up-valley ice extent dating to ~9.4 (±0.3) ka was reconstructed using a
2.8 �C cooling and no change in precipitation amounts relative to today. These results suggest that
conditions were cold and wet enough to maintain glaciers at times during the early Holocene, even
though a shift to drier conditions combined with modestly warmer temperatures drove a phase of ice
retreat from at least ~10.8 to ~9.4 ka. These results suggest that southern tropical temperatures and the
hydrologic cycle rapidly reorganized during the early Holocene in conjunction with diminishing ice
sheets and shifting environmental conditions in the high latitudes.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

The paleo-climatic conditions associated with tropical Andean
glacier variability during the Holocene remain unclear. This is due,
in part, to variable modeling approaches for low latitude glaciers
that generally lack detailed climate data (Fern�andez and Mark,
2016). In contrast to mid-latitude glaciers, the tropical Andes are
exposed to strong diurnal temperature and precipitation variability
under a strong radiation regime, which is only characterized in sub-
daily meteorological data (Vincent et al., 2005; Endries et al., 2018).
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Likewise, paleo-glacial mass balance models that are commonly
forced with linear temperature indices (i.e. positive degree days)
might lack the complexity needed to thoroughly evaluate basin-
specific tropical Andean glaciers where hydrological conditions
play a big role. More complex energy balance models typically ac-
count for solar radiation, temperature, humidity, wind speed and
precipitation, which is several times the number of variables
needed for a temperature index approach (Fern�andez and Mark,
2016). As such, early research efforts to quantify tropical Andean
glacier mass balance models based on fewer variables suggest that
paleo-glaciers were more sensitive to temperature variability than
precipitation (e.g., Seltzer, 1994). This is in contrast to field-based
observations highlighting that modern glaciers in the Cordillera
Blanca are indeed highly sensitive to hydrologically controlled
variables such as precipitation and relative humidity (Kaser and
Georges, 1999; Clark and Barrand, 2020).

Local topography can also lead to a heterogeneity in paleo-
glacier extents that limits our ability to relate glacier activity to
local, regional and global climate patterns (Mark et al., 2005). These
hypsometric controls also make it challenging to reconstruct and
interpret tropical paleo-glacier snowlines from remnant moraines
and other landforms (Benn et al., 2005). A comprehensive modeling
approach that integrates climate and topographic factors to simu-
late paleoglacier mass balance would permit a quantitative
assessment of the likely paleoclimate conditions prevailing at times
matching the geomorphologic record. A basin-specific technique
would also account for regional climate variability as moderated by
the local topography (i.e. shading from valley walls, aspect and
steepness of the terrain), known to strongly influence mass balance
variability for individual mountain glaciers (Mark, 2008). Of course,
Fig. 1. Location map of Peru (panel A) and inset map of the Cor
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this approach requires access to quality input data that captures the
local environmental conditions affecting the energy balance of
tropical glaciers. Fortunately, hourly data from the Cordillera Blanca
now exist that can be combined with energy and mass balance
models capturing diurnal and longer-term glacier variability (Hock
and Holmgren, 2005), and this approach has been adapted and
tested for low latitude regions (e.g., Sicart et al., 2011). Likewise,
modern observations of glacier-climate-topography contexts
constrain modeling approaches to simulate glacier extents in
response to specific climate scenarios that can be compared to
independently derived proxy evidence (e.g., Kull et al., 2008;
Stuart-Smith et al., 2021). By also integrating flow models that
generate ice thicknesses from the bed topography along paleo-
glacier flowlines (e.g., Plummer and Phillips, 2003), these
modeling approaches provide methods to test explicitly and
quantitatively the nature and extent of climate changes in the
confines of local topography that could have caused the glacier
mass changes recorded by past glacial deposits.

Here we apply such a modeling approach to reconstruct paleo-
glaciers in the Queshque valley in the Cordillera Blanca, Peru (Fig. 1)
to provide a physical basis for interpreting early Holocene climate
conditions. The Queshque valley is an optimal study site given
previous research there on glacier chronology (Farber et al., 2005;
Rodbell et al., 2008; Stansell et al., 2017) and glacier-climate
sensitivity (Mark and Seltzer, 2005). In addition, high resolution
digital elevation (Light Detection and Range; LiDAR) and ice
thickness ground penetrating radar (GPR) data provide necessary
inputs for developing and validating the model (Huh et al., 2017,
2018).

Disentangling the differential drivers of low latitude glacial
dillera Blanca and other sites mentioned in text (panel B).



Fig. 2. Map of Queshque valley with averages of 10Be ages along with historical ice limits (see text). Note that the A.D. 1962 ice limits are only known for within the boundaries of
the aerial photograph in Fig. 4. Moraine colors are keyed to plots in Fig. 5 and only the Holocene-aged moraines in the valley are highlighted. Dashed line marks cirque drainage
divide.
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variability on a range of time-scales is important for our general
understanding of past climate dynamics. Holocene glacier vari-
ability, in particular, has not been thoroughly explored in the
context of tropical climate change, making the causes, feedbacks
and possible high latitude connections unclear (e.g., Solomina et al.,
2015; Novello et al., 2017; Vickers et al., 2020). Despite an overall
warmer and drier climate during the early Holocene in the central
Andes (Seltzer et al., 2000), there is evidence that glaciers stabilized
during brief periods of colder and/or wetter conditions in scattered
regions of Peru (e.g., Mark et al., 2017). Specifically, for Queshque,
ice cover wasmuchmore extensive than today at ~10.8 ka, followed
by substantial ice retreat until ~9.4 ka when glaciers stabilized
anew (Fig. 2). To date, little attention has focused on the structure of
these apparent early Holocene ice advances and/or standstills in
the southern tropical Andes (Licciardi et al., 2009). Testing and
deploying a physically-based glacier mass model provides a tool for
addressing these outstanding questions, while also highlighting
knowledge gaps as we evaluate the timing and causes of Holocene
tropical climate change.
2. Geographic setting

The Queshque massif is in the southern Cordillera Blanca, Peru
(9�4803000S, 77�1500000W) (Fig. 1). The Cordillera Blanca has 27
summits over 6000 m in elevation (Ames, 1998), and these glaci-
erized peaks are distributed along the Andean continental divide,
forming the headwaters of three principal watersheds that drain
either to the Atlantic or Pacific oceans. The range exhibits climatic
conditions typical of tropical highlands with both a diurnal tem-
perature range that far exceeds the annual, and a marked season-
ality of precipitation (Hastenrath, 1985). By classification, the
Cordillera Blanca glaciers are typical of the outer tropics, and
experience seasonal accumulation and year-round ablation (Kaser,
2001). During the wet season, the maximum accumulation is
coincident with enhanced melt. This regime shifts somewhat dur-
ing the dry season as lower humidity enhances the relative role of
sublimation in addition to melt processes (Wagnon et al., 1999a,
3

1999b; Winkler et al., 2009). These intense ablation regimes cause
glaciers in these regions to exhibit steep vertical mass balance
profiles, and mass turnover rates are high (Kaser et al., 1990; Kaser
and Georges, 1999).

The orientation of glaciers in the Cordillera Blanca is largely
controlled by the structural trend of the Andes, while the distri-
bution of glacier mass also reflects regional gradients in precipita-
tion and solar radiation. Glaciers with a southwest aspect are larger
and more numerous than others in the Cordillera Blanca (Ames
et al., 1989; Mark and Seltzer, 2005). Generally, glaciers rise from
lower to higher elevations in the west as a function of precipitation
gradients, but diurnal convection patterns and valley morphology
cause a zonal asymmetry in the radiation balance at the ice surfaces
(Kaser and Georges, 1997). Individual glaciers with western and
southwestern aspects reach lower elevations, locally, in regions
where eastern glaciers are more sensitive to this diurnal radiation
imbalance. This is the case in the Queshque valley, where glaciers
generally extend to lower elevations on southwest-facing slopes,
and ice margins east of the divide are restricted to higher levels.

This study focuses on the main Queshque valley that has a
generally southwest-facing aspect with an elevation of ~5580 m
a.s.l. for the highest peak. The main glacier is fed by multiple cirque
basins, and the tongue of this system extends far down-valley
relative to the adjacent glaciers. In 2008, ice extended in the val-
ley down to an elevation of ~4750 m a.s.l. (Figs. 2 and 3). The
Queshque valley also contains a series of well-preserved moraine
sequences and proglacial lakes (Stansell et al., 2013). Lower Ques-
hquecocha (9�490S, 77�180W, 4250 m a.s.l.) is dammed by glacial
outwash and debris fans. Upper Queshquecocha (9�480S, 77�180W,
4290 m asl) is located ~600 m up-valley of the lower lake and is
impounded and flanked by distinct lateral-terminal moraines that
date to the early Holocene (Stansell et al., 2017). An end moraine
just upvalley from Lower Queshquecocha (4285 m a.s.l.) has 10Be
ages that date to 10.8 ± 0.1 ka (n¼ 3), and further upvalley, a nested
pair of end moraines enclosing Upper Queshquecocha dates to
10.5 ± 0.4 ka (n ¼ 4). A group of closely-spaced right-lateral mo-
raines adjacent to Upper Queshquecocha dates to 10.4 ± 0.5 ka



Fig. 3. Panel A - Modeled ice thickness of the present-day glacier using OGGM. Panel B - Contour map of the Main Queshque glacier and ground penetrating radar profile showing
ice thickness along the tongue in 2009. The GPR transect line (A-A0) is shown for reference. Panel C - Modeled ice thickness when starting with an ice-free DEM.

Fig. 4. Aerial photograph (left panel), mass balance model results (middle panel) and modeled ice limits and thicknesses (right panel) for A.D. 1962. This modeled ice limit was
driven by a 1.35 �C cooling, no change in precipitation and a wind speed reduction of 2 m/s relative to today.
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(n ¼ 6). There are additional early Holocene moraines up-valley
from Upper Queshquecocha (~4485 m a.s.l.) that date to
~9.4 ± 0.3 ka (n ¼ 3) and another group of younger moraine ridges
situated between 4680 m and 4520 a.s.l. that date to ~6.2 ± 0.1 to
0.21 ± 0.02 ka (n ¼ 7).
3. Data and methods

We combined field observations of modern ice thicknesses with
historical climate data and publicly available modeling programs to
reconstruct modern and paleo-glaciers. We used a LiDAR-based
digital elevation model (DEM) and hourly meteorological inputs
from weather station and reanalysis data to develop the baseline
surface energy and mass balance (SEMB) model conditions. A 3-D
rendition of paleoglaciers was then developed based on a flow
model that responds to the SEMB input, accounting for the valley
4

topography.We compared thesemodeled changes in ice extent and
thickness to observations of late 20th century climate and glacier
mass changes. Once validated, we applied this approach to recon-
struct early Holocene ice limits using proxy paleoclimate data as
constraints.
3.1. Ground penetrating radar (GPR) profile of ice thickness

In June 2009, we gathered GPR data along the Queshque main
valley glacier using a 10 Mhz Narod Geophysics type georadar
transmitter and oscilloscope receiver (Fig. 3). We collected data at
5 m spacing along transects and georeferenced every 5th or 10th
acquisition point (trace) using a hand-held GPS receiver (accurate
to ~5e10 m). We calculated a two-way travel time from the first
reflection off the bed, and translated this travel time to an ice depth
using a constant radar velocity of 0.168 m ns�1. Based on this



Fig. 5. A: Summer (January) and Winter (June) insolation plotted as percent difference
relative to modern (Berger and Loutre, 1991). B: Tropical Atlantic SST reconstructions
(Rühlemann et al., 1999). C: TCN age distributions from moraines in Queshque valley,
plotted versus elevation (Stansell et al., 2017). D: Stable isotope record from Shatuca
Cave with higher and lower values representing dry and wet intervals (Bustamante
et al., 2016). E: Stable isotope record from Laguna Pumacocha with lower values rep-
resenting periods of stronger SASM (Bird et al., 2011). F: Stable isotope record from
Nevado Huascar�an with lower values representing colder periods (Thompson et al.,
1995). These combined datasets suggest that conditions were colder and wetter at
times of early Holocene moraine development.
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velocity, the one-quarter wavelength resolution of this radar sys-
tem is 4.2 m. We assumed all reflections came from directly below
each trace, and 160 traces were made for a total transect length of
~800 horizontal meters.
3.2. Digital elevation model (DEM) acquisition

In 2008, a (LiDAR) DEM was acquired for the Queshque water-
shed (Fig. 3). The Airborne LiDAR survey over target glaciers in
Cordillera Blanca was conducted within one week during early July
2008 using a Leica ALS60 Airborne Laser Scanner from Leica Geo-
systems, Switzerland. The Leica ALS60 Airborne Laser Scanner
emits and receives 200 kHz max pulse rate of infrared laser light to
record ranges from the aircraft platform to the ground. Simulta-
neously, four GPS base stations (Trimble 5700) were maintained at
20, 40, 80 and 100 km base lengths for post-processed differential
correction of LiDAR positions. All corrected data were
5

georeferenced to the WGS 84 (World Geodetic System, 1984) da-
tum, an Earth fixed global reference frame, including an Earth
model and UTM (Universal Transverse Mercator) projection.

3.3. Climate data

Hourly meteorological data, including temperature, precipita-
tion, relative humidity and wind speed were downloaded from
Servicio Nacional de Meteorología e Hidrología (Senamhi; https://
www.senamhi.gob.pe/servicios/?p¼estaciones). The Pachacoto
station is at the base of the Queshque watershed (9�5108.9100S,
77�24022.0300W; 3733m a.s.l.), and data are currently available from
November 2015 to present. Hourly global radiation, reflected
shortwave radiation, net radiation, longwave incoming radiation
and longwave outgoing radiation data for Queshque are from ERA5
reanalysis products (www.meteoblue.com/historyplus).

3.4. The mass energy balance model

We applied the fully distributed energy balance model (DEBAM)
by Hock and Holmgren (2005), which is available at http://regine.
github.io/meltmodel/. As inputs, we used a climate file with hour-
ly data from A.D. 2015 to 2020, as well as gridded surfaces for the
watershed, glacier and present-day ice cover that were extracted
from the LiDAR data. The model also requires gridded surfaces for
aspect and slope values that were calculated using the spatial an-
alyst tools in ArcGIS 10.4.1. The model ran on the Cygwin64 C
compiler. The details of the mass balance model are in the sup-
plementary materials.

The climate input file requires some pre-processing of climate
data, including the calculation of a precipitation gradient. There is a
negative precipitation gradient across many slopes in the Peruvian
Andes whereby higher elevation sites on the west-facing, leeward
slopes of the Andes experience higher accumulation at elevation
(Seltzer, 1992). Based on station data in the Cordillera Blanca (Vuille
et al., 2008a), precipitation ranges from ~400mm/yr at 3000m a.s.l,
and up to ~900 mm/yr at 5000 m a.s.l. The model offers a choice of
methods by which to apply a precipitation gradient, either a simple
lapse rate or a precipitation change with elevation beyond a certain
point. The simple lapse rate method resulted in unrealistic mass
balance values andwe therefore applied the latter approach.We set
the input file with a precipitation value of 960 mm/yr at the base of
glacier, and held that value constant across the glacier surface. This
near-doubling of precipitation from the elevation of the station to
the base of the glacier is similar to what has been used in other
alpine modeling approaches (e.g., Maussion et al., 2019).

We use the freezing-level height offset from observed snowline
elevation to ascribe a temperature bias input for the model. The
freezing-level height is the atmospheric level of the 0 �C isotherm
and provides an important constraint on tropical glacier extent; the
present-day freezing-level height in the Cordillera Blanca is
~4900 m a.s.l. (Schauwecker et al., 2017), with some individual
locations being up to ~5100 m a.s.l. (Rabatel et al., 2013). Here we
estimate the freezing level is approximately ~240 m above the
snowline, based on Schauwecker et al. (2017). In the Queshque
valley, the LiDAR data and Google Earth imagery suggest the
snowline is closer to ~5210 m a.s.l. at the start of the ablation
season, which equals a freezing height of ~5450 m a.s.l. Linear
regression of mean annual air temperatures recorded at regional
weather stations identify a lapse rate of 0.65 �C/100 m (Carey et al.,
2012; and references therein). The average temperature at the
Pachacoto station (3733 m) is 8.7 �C which translates to a freezing
height of ~5070 m a.s.l. using the regional lapse rate, a value that it
too low compared to observed ice limits. This might be the case
because local environmental lapse rates in Andean glacial valleys
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are often less steep than regional lapse rates based on linear
regression (Iba~nez et al., 2021). Regardless, the model allows a
temperature bias input and a 2.5 �C warming was applied to create
a freezing level that is similar to what is observed specifically at
Queshque.

3.5. The flow model

Herewe applied the flowmodel of Plummer and Phillips (2003).
The flow model simulates glacial thickness from the input of the
mass balance grid. While themass balancemodel identifies areas of
ablation and accumulation, the flowmodel predicts the shape, size,
and extent that a glacier assumes for those conditions at steady-
state. In cases like the Queshque valley with slope values less
than 0.2 and multiple cirque basins, a shallow ice approximation
approach should produce reliable results (Le Meur et al., 2004).
Therefore, the model here applies the standard flow law for ice
using the shallow ice approximation while using multiple inter-
polation methods (see Supplementary Materials).

3.6. Validation

Modern glaciers in the Cordillera Blanca are generally consid-
ered to be out of equilibrium with climatic conditions (Hastenrath
and Ames, 1995). This recent transience potentially poses a chal-
lenge for our attempts to evaluate the efficacy of the model.
However, recent ice margin changes in the Cordillera Blanca have
been observed in aerial photographs (Mark and Seltzer, 2005; Huh
et al., 2017, 2018), and along with modern meteorological data
provide a framework for initiating the modeling parameters.
Moreover, the relatively rapid mass balance responses to specific El
Ni~no Southern Oscillation (ENSO) events of a few years or less (e.g.,
Maussion et al., 2015) suggest that the any current disequilibrium
of glaciers in Cordillera Blanca might be minimal for this study. For
modeling purposes, we therefore assume the Queshque glaciers are
at, or near, equilibrium with present-day (A.D. 2008) climate, and
no lag time was applied.

In order to validate our coupled modeling approach, we created
an ice-free DEM to evaluate how well we could simulate the
modern ice conditions with today's climate data using DEBAM. First
we used the Open Global Glacier Model (OGGM) ice thickness
inversion tool (Farinotti et al., 2009) and the Randolph Glacier In-
ventory (RGI) 6.0 database (Pfeffer et al., 2017) to develop a 30-m
resolution gridded surface of modern ice thickness for the main
glacier in the Queshque valley. These thickness estimates (Fig. 3A)
were compared to the GPR profile (Fig. 3B). After resampling the
LiDAR DEM to 30 m-resolution, the thickness values were then
removed from the glacier DEM using the spatial analyst tools in
ArcGIS. There has been an average temperature increase in the
Cordillera Blanca of ~0.13 �C/decade for the last ~30 years
(Schauwecker et al., 2014). We therefore ran DEBAM on the simu-
lated ice-free surface with the A.D. 2018 meteorological data and a
cooling of 0.12� to represent the A.D. 2008 conditions. The output of
the mass balance model was fed into the flow model (Fig. 3C) for
comparison to the GPR transect data (Fig. 3B).

3.7. Sensitivity analysis

The sensitivity of the model to changes in different climate
parameters was tested by altering one variable at a time relative to
the reference conditions, and observing the resultant changes to
the equilibrium-line altitude (ELA), the lowest elevation of glacier
extent, maximum and average ice thicknesses, and length of the
main glacier (Table 1). Here we define the ELA as the elevation
where the calculated mass balance values shift from positive to
6

negative. For the early Holocene scenarios, we altered temperatures
by± 2 �C, precipitation by±50%, relative humidity by±20%, and the
environmental lapse rate values by ±0.1 �C/100 m of the present
day values. The average present day wind speed recorded at the
Pachacota station was ~2.6 m/s, and we tested sensitivity by
adjusting those values by ±2 m/s. Lastly, we altered cloud cover by
±10%. We also shifted the elevation to apply the precipitation
gradient by ±400 m for the early Holocene scenario. For the
modern glacier sensitivity, we followed a similar approach, but
with much smaller changes for each environmental variable.

4. Results and discussion

4.1. Measured versus modeled glacier thickness along the Queshque
main glacier tongue

The radar profiles indicate that glacier thickness varied from 85
to 115 m along the profile from A to A’ in 2009 (Fig. 3B). The
maximum glacier thickness was found at a distance of ~330 m up-
valley from the terminus along the profile, and the minimum is at
~500m. Themajority of the glacial tongue, however, had consistent
observed ice thicknesses that varied between ~95 and 105 m.

A 0.12 �C cooling relative to the modern station data values
produced amodeled ice extent that is similar towhat is observed in
the 2008 LiDAR data, and the modeled ice thickness results are
comparable with the field-measured values. The modeled ice
thicknesses based on the OGGM ice thickness inversion method
were consistently within ~10 m of the measured values (Fig. 3A).
The ice thickness results after running DEBAM and the flow model
ascribed here (Fig. 3C) resulted in ice thicknesses that were
~10e20 m thinner than the radar profiles (Fig. 3B), which is typical
for alpine glacial studies (Linsbauer et al., 2012). For example,
modeled ice thicknesses in the Alps have an uncertainty of ~30%
compared to GPR measurements (Carturan et al., 2020). While this
produces some uncertainties for ice thicknesses, our study is
focused more on ice positions and mass balance profiles. We
therefore contend that the modeled glacier mass balance and flow
models are producing ice margin reconstructions that are consis-
tent with measured field-based observations.

4.2. Historical (A.D. 1962) reconstruction

Aerial photographs and field observations identify changes in
the lowest limit of the Queshque glaciers since A.D. 1962. Climate
data are also available for this time period, and we used these ob-
servations to test the capabilities of the mass balance model to
simulate the climate conditions of the historical ice margin posi-
tions. For example, aerial photographs from A.D. 1962 indicate that
the main Queshque glacier terminated at ~4690 m a.s.l. (Fig. 4).
Station data from this region of the Andes suggest that tempera-
tures increased ~0.31 �C/decade from the 1960's to the 1990's,
followed by 0.13 �C/decade until 2012 (Schauwecker et al., 2014).
There is also evidence of less windy conditions several decades ago
in the Cordillera Blanca (Schauwecker et al., 2014). Using this evi-
dence, similar ice limits were produced when using a cooling of
1.35 �C, a 0.65 �C/100 m lapse rate and a 2 m/s reduction in wind
speed.

The sensitivity analysis highlights additional model results for
the A.D. 1962 glacier from shifting environmental variables
(Table 1). Here the ELA, lowest ice limit and ice thickness values
only shifted modestly in each model iteration and therefore we
focus on changing glacier length for discussion. For example, using
a 0.6 �C/100 m lapse rate reduces the glacier length by ~345 m
while a value of 0.7 �C/100 m advances the ice margin by ~275 m.
Reducing RH by 10% advances the glacier length by ~195 m while



Table 1
Mass balance model results and sensitivity analyses for the A.D. 1962 and early Holocene ice extents.

A.D. 1962 – Variable ELA Lowest ice limit (m asl) Max. thick (m) Avg. thick (m) Glacier length (m) D Glacier length (m)

baseline conditions �1.4 �C, �2 m/s wind speed 5100 4530 125 18 2750
þ0.2 �C 5120 4540 110 16 2650 �100
�0.2 �C 5100 4520 124 18 2815 65
þ10% precip 5100 4520 132 18 2915 165
�10%precip 5120 4550 107 15 2565 �185
þ2 m/s wind speed 5120 4540 114 16 2685 �65
�2 m/s wind speed 5100 4520 107 15 2755 5
þ10% RH 5140 4655 106 13 2500 �250
�10% RH 5080 4515 136 20 2945 195
Lapse rate: 0.7 �C/100 m 5080 4510 139 20 3025 275
Lapse rate: 0.6 �C/100 m 5140 4660 105 13 2405 �345

Early Holocene – Variable ELA Lowest ice limit (m asl) Max. thick (m) Avg. thick (m) Glacier length (m) D Glacier length (m)

�3 �C 4800 4280 285 55 8340
�5 �C 4720 4270 320 90 10,140 1800
�1 �C 4940 4340 255 35 6910 �1430
þ50% precip 4740 4270 320 80 9690 1350
�50%precip 4920 4300 220 30 7160 �1180
Precip gradient, 2.4x increase @4200 m 4600 4280 340 105 10,670 2330
Precip gradient, 2.4x increase @5000 m 5100 4360 185 20 5380 �2960
Lapse rate: 0.75 �C/100 m 4760 4275 300 65 9010 670
Lapse rate: 0.55 �C/100 m 4860 4290 295 45 7480 �860
þ2 m/s wind speed 4880 4340 270 40 6880 �1460
�2 m/s wind speed 4740 4280 290 60 8910 570
þ20% RH 4860 4300 275 50 7990 �350
�20% RH 4760 4285 295 65 8790 450
�3 �C, þ25% precip, 2.4x increase @4600 m a.s.l. 4760 4290 306 70 9240 900
�2.8 �C, 2.4 increase in gradient @4900 m a.s.l. 4960 4300 235 35 7280 �1060
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increasing RH by the same value shrinks the length by ~250 m.
Increasing precipitation by 10% advances the glacier length by
~165 m, but decreasing by the same amount reduces the length by
~185 m. Decreasing temperature by 0.2 �C caused the glacier length
to increase by ~65 mwhile increasing temperature by that amount
resulted in only a ~100 m decrease. Finally, decreasing wind speed
by 2 m/s advanced the length by ~65 m, but increasing wind speed
by the same amount only changed the length by ~5 m.
4.3. Early Holocene reconstructions

There are at least 2 groups of well-defined early Holocene mo-
raines in the Queshque valley. The older sets of Early Holocene
moraines are situated at ~4280 m a.s.l. and date to ~10.8 ka (Fig. 2).
A younger group of boulders is centered on ~9.4 ka at an elevation
of ~4485 m a.s.l. This ~9.4 ka ice limit is just slightly below the
Neoglacial extent (~30 m in relief), however, there are prominent
weathering posts on the early Holocene moraines that clearly
delineate them from any younger ice advances (Rodbell et al., 2012;
Stansell et al., 2017).

The sensitivity analysis indicates that multiple paleoclimate
scenarios can explain early Holocene glacial variability. Here we
focus on length of the main glacier and the ELA and as the most
informative values of glacier sensitivity (Table 1). Using a reference
glacier that was modeled by only shifting the temperature value
by�3 �C, the model yielded a glacier length of ~8340 m and an ELA
of ~4800 m a.s.l.. A shallower precipitation gradient reduced the
glacier length by ~2960 m and shifted the ELA by ~þ300 m, but a
steeper gradient increased the length by ~2330 m and shifted the
ELA by ~ -200 m. Decreasing temperature by 2 �C caused the glacier
length to increase by ~1800 m and shifted the ELA by ~ -80 mwhile
increasing temperature by 2 �C resulted in a ~1430 m shorter
glacier and shifts the ELA by ~þ140 m. Increasing precipitation by
50% adds ~1350 m to the glacier length and shifts the ELA by ~ -
60 m, but decreasing by the same amount reduces the length by
~1180 m and shifts the ELA by ~þ120 m. Using a 0.55 �C/100 m
7

lapse rate reduces the glacier length by ~860 m and shifts the ELA
by ~ -40 m, while a value of 0.75 �C/100 m advances the ice margin
by ~670 m and shifts the ELA by ~þ60 m. Reducing RH by 20%
advances the glacier length by ~450m and shifts the ELA by ~ -40m
while increasing RH by the same value shrinks the length by
~350 m and shifts the ELA ~þ60 m. Increasing wind speed by 2 m/s
reduced the length by ~1460 m and shifted the ELA by ~þ80 m, but
decreasing wind speed by the same amount only changed the
length by ~570 m and the ELA by ~ -60 m. Lastly, changes to cloud
cover had negligible impacts on the modeled ELA and ice limits.
4.4. Model limitations and assumptions

There are limitations and assumptions in our methods that need
to be further discussed when considering this model for paleo-
climate reconstructions. Most notably, acquiring reliable meteoro-
logical data from the tropical Andes for climate modeling is
challenging, and data quality needs to be carefully considered.
There is a meteorological station (Pachacota) directly at the foot-
hills of the Queshque valley (Fig. 1) with several continuous years of
hourly temperature, precipitation, wind speed and relative hu-
midity data. However, the short duration of available meteorolog-
ical data allowed us to only simulate several years of mass balance
outputs. For example, these data do not capture a full ENSO-cycle,
which is a major limitation when trying to capture local climate
variability. Likewise, the vertical and east-west gradients in tem-
perature and precipitation need to be better integrated in the
model approach, and a more thorough analysis of mass balance
variability would likely require decades of climate data from mul-
tiple stations in the same valley that are currently unavailable.
Nevertheless, we maintain that these data, combined with rean-
alysis radiation data, provided reasonable results when validating
the model.

The limitations of the energy and mass balance model are
highlighted in detail in Hock and Holmgren (2005), and here we
focus on some of the more notable pitfalls for tropical glaciers. The



N.D. Stansell, B.G. Mark, J.M. Licciardi et al. Quaternary Science Reviews 281 (2022) 107414
model was originally developed for high latitude regions, but has
been modified for tropical high mountain glaciers (i.e., the Bolivian
Zongo glacier) after adjustments were made to the albedo calcu-
lations and pronounced seasonality of radiation dynamics (Sicart
et al., 2011). In these regions, the model tends to overestimate
snow albedo, which is partially compensated by underestimates of
meltwater runoff (Sicart et al., 2011). In addition, the diurnal tem-
perature cycle in the tropics should lead to large subsurface heat
fluxes, which the model does not fully resolve. The influences of
melt processes and meltwater transfers remain poorly constrained,
and the subglacial hydrology in low latitude settings has not been
validated (Sicart et al., 2011). Improving most of these parameters
requires additional field-basedmeasurements that currently do not
exist for the Queshque valley.

A detailed explanation of the issues relating to the development
of the flow model techniques is provided in Plummer and Phillips
(2003). Most notably, the equations are best suited for plane
strain conditions, which has limitations for valley glaciers like the
main tongue in the Queshque valley. We are assuming that ice
thickness is the primary control by which the glacier interacts with
the topography, and that thicknesses calculated using the plane-
strain flow model are reliable when applying these plane strain
equations to a valley glacier. Furthermore, the shape of the glacier
at steady-state is primarily a function of the plasticity of the ice and
the annual mass balance of the surface. While the shallow ice
approximation method might underestimate the influences of
longitudinal stresses, this approach works well in valleys like
Queshque with multiple cirques and where the slope is < 0.2 (Le
Meur et al., 2004). As noted above, it is no surprise that the simu-
lated ice thicknesses are generally less thanwhat is observed in the
LiDAR and radar data, which is common for alpine flow models.
Nevertheless, the modeled shape and flow patterns match the
observed limits and geological evidence.

The biggest limitation of our approach is that the SEMB requires
hourly input data for multiple environmental variables that are
unknown for paleo-conditions. However, we chose this particular
approach because it captures the diurnal cycle and explicitly re-
solves radiative and turbulent fluxes that are known to be distinct
in the tropics. The model is also able to runwith the environmental
data currently available for our field site. Our goal is not a precise
model of ice thickness, rather the position of the terminus at steady
state that matches geological evidence. We argue that the model
performs well in our validation test and serves as an attempt to
quantify the climatic controls of shifting glacial terminus positions.
Moreover, the modeled ice flow directions are generally consistent
with moraine configurations and inferred paleo-ice positions. We
therefore maintain that this is a valid first-order approach to
evaluate the sensitivity of paleo-glaciers to a range of climatic
variables.

4.5. Model sensitivity to climate variability

The mass balances of glaciers are closely linked to the seasonal
cycle of energy balance, and instrument-based measurements
confirm that tropical glaciers are highly sensitive to sensible and
latent heat fluxes (Wagnon et al., 1999a). Not surprisingly, changes
in bulk temperature and shifting lapse rates both had moderately
strong impacts on the modeled mass balance (Table 1).

Our model results also highlight the sensitivity to a range of
climate variables, in addition to temperature. Varying the precipi-
tation gradient and/or the amount of precipitation had substantial
influences on the modeled ice extent. Here again this is consistent
with known ice dynamics as the amount and type of precipitation
directly influences the proportion of accumulation that is either
converted to snow and ice, versus the amount that is ablated. Our
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model results are also sensitive to humidity changes, with higher
amounts of water vapor promoting a rise in the modeled glacier
length and mass loss. This is to be expected as relative humidity
tends to impact the latent heat flux at the ice surface, with higher
values leading to increased melt rates, and lower values promoting
sublimation (Kaser and Georges, 1999; Wagnon et al., 1999a).

Themodel results presented here indicate that wind speed has a
moderately strong secondary influence on mass balance changes.
Wind speed is closely associated with latent heat flux, and high
rates promote sublimation. We recognize that our wind speed data
are from a single automatic weather station at the base of the
Queshque valley and these values should be improved with future
instrumentation studies. Nevertheless, the model results indicate
that higher wind-speeds result in ice margin retreat and a more
negative mass balance in the valley. This highlights that sublima-
tion may play an important role in driving ice mass changes.

Sensible heat flux is closely linked to albedo changes that vary
greatly throughout the year and interannually in the tropics, as
conditions shift during the dry and wet seasons, which are strongly
moderately in turn by ENSO. The amount of incoming solar radia-
tion does not vary substantially in tropics annually, and therefore
the differences in albedo between slopes are driven largely by
changes diurnal variability (Favier et al., 2004). Previous studies
regarding the radiation budget for the Queshque glaciers similarly
concluded that differences in solar radiation, which is likely related
to altered cloud cover, are not a predominant climatic forcing for ice
margin changes over the historical period, and that temperature
increases provide the required sensible heat transfer needed to
drive the observed ice volume changes (Mark and Seltzer, 2005).
Notably, adjusting global radiation values to account for orbital
forcing during the Early Holocene had only a modest impact on the
modeled ice limits, and substantial changes in precipitation and
temperature were still required.

4.6. Paleoclimate implications

There was a millennial-scale trend of increasing summer
(January) insolation through the Holocene that likely drove an
overall pattern of ice retreat, even though there were notable pe-
riods of ice advance (Fig. 5). The Lake Junín sediment record sug-
gests that the regional hydroclimate was generally responding to
this insolation forcing during the Holocene (Seltzer et al., 2000).
Along with these trends, the nearby Huascar�an ice core and
Pumacocha lake sediment stable isotope records also suggest that
conditions were broadly colder and wetter just prior to ~10.8 ka
when glaciers terminated down-valley in the Queshque watershed,
followed by a pronounced shift to drier and likely warmer condi-
tions when glaciers retreated (Fig. 5). Similar ages of early Holocene
glacial variability from nearby Nevado Huaguruncho are also
available (Stansell et al., 2015), indicating this was a regional phe-
nomenon and not just a local signal. Notably, the Lake Pumacocha
record does not capture substantial centennial scale hydroclimate
events during the early Holocene that coincide with the timing of
observed glacial variability in the Queshquewatershed. This is to be
expected, however, because the base of the Pumacocha record
contains banded to massive sediments (Bird et al., 2011), which
would integrate any possible paleoclimate signal of at least decades
to several centuries. On the other hand, the higher resolution
Shatuca speleothem record shows a more variable and pronounced
pattern of hydroclimate variability during the early Holocene with
wetter conditions centered on ~10.6 ka, 10.3 ka and 10.1 ka, around
the time glaciers appear to have stabilized in the Queshque valley
(Fig. 5). There is also a pronounced aridity event recorded in the
Shatuca cave record from ~10.0 to 9.7 ka when there are no
apparent cosmogenic ages on moraines at Queshque, suggesting
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this was a phase of ice retreat when conditions were drier.
Assuming that conditions were indeed wetter and colder at

~10.8 ka based on the proxy evidence, a modeled ice extent for
Queshque was achieved using a 3.0 �C cooling, a 25% increase in
precipitation amounts, and adjusting to a less-steep precipitation
gradient than today (Fig. 6 and Table 1). We chose this amount
because the range of precipitation variability in the monsoon re-
gion of Peru during the Holocene was likely between ~15 and 30%
(van Breukelen et al., 2008). Regional proxy records suggest that
precipitation amounts after ~10.8 ka were then similar to today
while temperatures were colder (Fig. 5). Under this scenario, a
modeled ice limit was achieved with a cooling of ~2.8 �C and no
change in precipitation, which required a slightly steeper precipi-
tation gradient relative to today (Fig. 7 and Table 1). These values
should be viewed tentatively, however, as the results of the sensi-
tivity analysis highlight other variables that could offset some of the
modeled temperature and precipitation values. It should also be
noted that sensitivity here also translates to uncertainty because
these climate variables are poorly constrained in both modern and
paleo-scenarios. For example, the plausible range in environmental
lapse rates remains a topic of debate for both modern
(Schauwecker et al., 2014) and paleo-glacier reconstructions
(Loomis et al., 2017). It is also unknown how the precipitation
gradient, relative humidity and wind speeds might have differed
during the early Holocene. Nevertheless, the model produces
Fig. 6. A e Modeled mass balance ~10.8 ka. B e Modeled ice limits and thicknesses for ~10
This ice limit was driven by a 3.0 �C cooling and a 25% increase in precipitation.

Fig. 7. A e Modeled mass balance for ~9.4 ka. B e Modeled ice limits and thicknesses for ~
(right panel). This modeled ice limit was driven by a 2.8 �C cooling with no change in prec
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reasonable results based on our current knowledge of early Holo-
cene climate conditions, and provides a basis for future work and
discussion as our knowledge of these environmental variables
improves.

Changes in glacier mass balance in the tropical Andes are
dynamically linked to regional and synoptic-scale changes in both
temperature and hydroclimate (Vuille et al., 2008a). Warming is
considered the predominant factor in driving ice mass loss on
multi-decadal time-scales in the Cordillera Blanca, at least over the
historical period (Mark and Seltzer, 2005). It has also been sug-
gested that there is a strong and significant relationship on inter-
annual time-scales between sea-surface temperature (SST) varia-
tions and glacier mass-balance in the Cordillera Blanca (Vuille et al.,
2008b). Our results suggest that the temperature difference in the
tropical Andes during the early Holocene relative to today (~3 �C) is
similar to what has been identified in the available tropical SST
reconstructions (~2 �C) (Fig. 5). As the freezing-level height in the
tropical atmosphere is strongly correlated with SSTs (Bradley et al.,
2009), ocean temperature forcing provides a plausible explanation
for atmospheric temperature changes that occurred in the Cordil-
lera Blanca during the early Holocene.

It also appears that therewere rapid changes in the SASM during
the early Holocene that helped drive glacial variability (Fig. 5),
although the mechanism for multi-centennial-scale changes is
unclear. Both the northern and southern high latitudes were
.8 ka. The locations of moraine boulders used for dating are shown with purple circles.

9.4 ka. The locations of moraine boulders used for dating are shown with green circles
ipitation relative to today.
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experiencing warming during the early Holocene, starting at ~11
ka, possibly associated with changes in thermohaline circulation
(Blunier et al., 1997). Cooling in the Northern Hemisphere is
generally associated with a latitudinal southerly displacement of
the ITCZ, a stronger SASM and wetter conditions in the southern
tropical Andes (Vuille et al., 2012). As deglaciation ended, North
Atlantic circulation may have then advected heat from the high
southern latitudes, leading to overall warming in the Northern
Hemisphere (Masson et al., 2000) and possibly drier conditions in
the central Peruvian Andes. Brief periods of Early Holocene cooling
have been documented in scattered Northern Hemisphere terres-
trial records, mostly from Scandinavia (Sepp€a and Birks, 2001;
Heikkil€a and Sepp€a, 2003; Larocque and Hall, 2004), that are
coincident with the timing of glacial stillstands in our records.
These brief cold periods might provide a mechanism for cooling
and increased precipitation in the southern tropical Andes. This is
highly speculative, however, as the timing and structure of these
Holocene cooling events are poorly resolved (Wanner et al., 2011).
Nevertheless, we propose that changes in both southern tropical
temperatures and the SASM, possibly connected to shifts in
Northern Hemisphere temperature and thermohaline circulation,
drove the observed pattern of early Holocene glacial variability in
the tropical Peruvian Andes.

5. Conclusions

We have modified and validated a glacier energy mass balance
and flow model approach that can be used to evaluate a range of
possible climatic conditions associated with past glacial advances
for the Queshque valley in the Cordillera Blanca, Peru. The model is
sensitive to a range of climatic variables, in addition to topographic
influences that control differential amounts of radiation at the ice
surface. There are a number of model iterations that are capable of
reproducing early Holocene glacial extents in the Queshque region,
and better developed independent proxy records from the region
will help to refine these methods in order to characterize and
isolate the causes of glacial mass balance changes in the Central
Andes on a range of time-scales. Nevertheless, these results high-
light that glaciers in the Cordillera Blanca are highly sensitive to
both temperature and hydrologic controls (precipitation and hu-
midity). Glaciers were likely advanced down valley from their
present ice limits at ~10.8 ka under wetter and colder conditions,
and then retreated up-valley by ~9.4 ka when the climate was
relatively drier and warmer. The results presented here provide
further evidence that pronounced changes in the hydrologic cycle,
combined with moderate temperature changes, may have driven
the early Holocene pattern of glacial variability in the Cordillera
Blanca.
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