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ABSTRACT

Mountain glacier moraine sequences and their chronologies allow us to evalu-
ate the timing and climate conditions that underpin changes in the equilibrium line 
altitudes (ELAs), which can provide valuable information on the paleoclimatology of 
understudied regions such as tropical East Africa. However, moraine sequences are 
inherently discontinuous, and the precise climate conditions that they represent can 
be ambiguous due to the sensitivity of mountain glaciers to temperature, precipita-
tion, and other environmental variables. Here, we used a two-dimensional (2-D) ice-
flow and mass-balance model to simulate glacier extents and ELAs in the Rwenzori 
Mountains in East Africa over the past 31,000 yr (31 k.y.), including the Last Glacial 
Maximum (LGM), late glacial period, and the Holocene Epoch. We drove the glacier 
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INTRODUCTION

A principal aim of glacial geology is to quantify changes in 
climate relative to modern conditions. Moraines from mountain 
glaciers represent past glacier extents and are used to reconstruct 
equilibrium line altitudes (ELAs), which approximate past cli-
mate changes (e.g., Porter, 1975, 2000; Benn et al., 2005; Xu et 
al., 2010; Sagredo et al., 2014). Moraines relating or dating to 
the Last Glacial Maximum (LGM, ca. 26.5–19 ka), late glacial 
(ca. 15–11.7 ka), and Holocene (ca. 11.7–0 calibrated [cal] k.y. 
B.P.; Clark et al., 2009; Walker et al., 2012) times are of par-
ticular interest because they can be identified at most latitudes 
(e.g., Gosse et al., 1995; Thackray et al., 2004; Briner et al., 2005; 
Farber et al., 2005; Marchetti et al., 2005; Schaefer et al., 2006, 
2009; Briner and Kaufman, 2008; Licciardi and Pierce, 2008; 
Zech et al., 2009; Kaplan et al., 2010, 2013; Putnam et al., 2010, 
2013; Bromley et al., 2011; Kelly et al., 2012, 2014; Jomelli et 
al., 2014; Kelley et al., 2014; Stroup et al., 2014; Doughty et 
al., 2015; Bromley et al., 2016; Sagredo et al., 2018), revealing 
large-scale paleoclimate conditions. For example, reconstruc-
tions of glacier extents during the LGM suggest a nearly uniform 
decrease in ELAs of ~900–1000 m across all latitudes (Porter, 
1975; Broecker and Denton, 1990; Porter, 2000). However, the 
estimates of tropical glacier ELAs during the LGM vary by up to 
500 m (Mark et al., 2005), suggesting considerable uncertainty in 
tropical climate conditions.

The variability in tropical ELA estimates may arise from 
a number of sources of uncertainty, including uncertainties in 
moraine ages, local glacier dynamics, and the locally variable 
combinations of temperature, precipitation, and other envi-
ronmental variables that influence glacier mass balance. Many 
tropical ELA reconstructions are derived from moraines with 
little age control, including moraine sequences for which ages 
are assumed rather than measured (Porter, 2000). Moreover, gla-
ciers respond to changes in both temperature and precipitation, 
yet the methods used to reconstruct and interpret ELA changes 

generally assume no change in precipitation. To improve ELA 
interpretations, it is useful to constrain either past temperature 
or precipitation. Unfortunately, there are very few records of 
tropical terrestrial temperatures, especially at high elevation, and 
most tropical precipitation records are qualitative. Thus, recently 
published moraine chronologies together with independent tem-
perature reconstructions from alpine lakes in tropical East Africa 
(i.e., Kelly et al., 2014; Loomis et al., 2012, 2015, 2017) provide 
an excellent opportunity to compare and reconstruct past glacier 
extents, ELAs, and climate during and since the LGM.

Here, we present simulated glacier extents in the Rwenzori 
Mountains, located in Uganda and the Democratic Republic of 
Congo. We used a glacier model and independent temperature 
reconstructions from two high-elevation sites (2350 and 3081 
m above sea level [asl)] on Mount Kenya to simulate a transient 
history of glacier change based on available paleoclimate data 
from East Africa. The independent temperature reconstructions 
are from changes in the relative abundances of branched gly
cerol dialkyl glycerol tetraether (brGDGTs) in lake sediments, 
which provide continuous temperature-change estimates over 
the past 31 k.y. (Loomis et al., 2012, 2017). We chose to model 
glaciers in the Rwenzori Mountains because this is one of the 
few locations in East Africa where moraines have been precisely 
dated, documenting glacier positions during the LGM (Kelly 
et al., 2014). Although moraine chronologies exist on Mount 
Kenya, they are based on 36Cl ages, and the data, particularly for 
the LGM, show significant scatter (Shanahan and Zreda, 2000). 
Moreover, there are numerous undated moraines in the Rwen-
zori Mountains, and so we could use the simulations to estimate 
possible moraine ages.

We use the brGDGT-based temperature reconstructions to 
force six glacier model runs with various estimated temperature 
and precipitation changes, and we compared the transient sim-
ulated glacier extents with the moraine locations. One goal of 
this work was to assess whether the available paleoclimate data 
for East Africa can produce simulated glaciers that match the 

model with two independent, continuous temperature reconstructions to simulate pos-
sible glacier length changes through time. Model input paleoclimate values came from 
branched glycerol dialkyl glycerol tetraether (brGDGT) temperature reconstructions 
from alpine lakes on Mount Kenya for the last ~31 k.y., and precipitation reconstruc-
tions for the LGM came from various East African locations. We then compared the 
simulated fluctuations with the positions and ages (where known) of the Rwenzori 
moraines. The simulated glacier extents reached within 1.1 km of the dated LGM 
moraines in one valley (93% of the full LGM extent) when forced by the brGDGT 
temperature reconstructions (maximum cooling of 6.1 °C) and a decrease in precipi-
tation (-10% than modern amounts). These simulations suggest that the Rwenzori 
glaciers required a cooling of at least 6.1 °C to reach the dated LGM moraines. Based 
on the model output, we predict an age of 12–11 ka for moraines located halfway 
between the LGM and modern glacier extents. We also predict ice-free conditions in 
the Rwenzori Mountains for most of the early to middle Holocene, followed by a late 
Holocene glacier readvance within the last 2000 yr.
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existing moraine chronology. Another goal was to examine the 
extents of Rwenzori glacier advances and retreats between times 
of moraine deposition. Moraine records are inherently discon-
tinuous, and by using a glacier model, we can track changes in 
glacier extent, including ice-free conditions, in response to tem-
perature forcing.

EAST AFRICAN PALEOCLIMATE

Kilimanjaro in Tanzania, Mount Kenya in Kenya, and the 
Rwenzori Mountains in Uganda and the Democratic Republic 
of Congo are the only currently glacierized locations in Africa 
(Fig. 1; Table S31). Equatorial East African alpine temperatures 
and lapse rates among these three locations are relatively similar 
to one another under modern conditions (Loomis et al., 2017), 
and we would expect to see similar magnitudes of temperature 
changes in alpine sites through time. We assumed that the general 
patterns of past precipitation change observed in the lowlands 
would apply to high-elevation sites as well.

Both temperature and precipitation are thought to have var-
ied dramatically during the past ~31 k.y. in tropical East Africa. 
East African alpine temperature records are relatively rare and 
suggest larger temperature changes than at lower altitudes 
(Loomis et al., 2017). Loomis et al. (2012, 2017) reconstructed 
temperatures using brGDGTs from two remote alpine lakes on 
Mount Kenya (Fig. 1, inset): Sacred Lake (2350 m asl; Loo-
mis et al., 2012) and Lake Rutundu (3081 m asl; Loomis et al., 
2017). Together, these records cover the past ~31 k.y. and show 
generally similar trends in temperature through time (Fig. 2A), 
including LGM temperatures being 5.5–6.1 °C below modern 
temperatures, warming conditions by 15 ka (~2 °C below mod-
ern temperatures), a minor cooling ca. 13–11 ka, and a tempera-
ture maximum in the middle Holocene, at about ca. 6 ka. Aside 
from these general similarities, the records show differences in 
the timing and magnitude of cold events during the LGM and 
late glacial time. For example, the timing of maximum cooling 
in the Sacred Lake record occurs at ca. 24 ka (Fig. 2A, orange 
line), whereas the maximum cooling in the Lake Rutundu record 
occurs at ca. 18 ka (Fig. 2A, red line). In addition, the minor cool-
ing at ca. 13–11 ka appears in both records, but the magnitude of 
cooling is greater in the Lake Rutundu record (4 °C below mod-
ern). Other East African paleoclimate proxy records also sug-
gest temperature changes during late glacial time. For example, 
a TEX

86
 temperature record (where TEX

86 
indicates an index of 

tetraethers consisting of 86 carbon atoms in membrane lipids 
produced by mesophilic marine and lacustrine Thaumarchaeota) 
from Lake Tanganyika suggests a plateau in temperature during 
the Antarctic Cold Reversal, and colder temperatures at ca. 14.7 
and 12.9 cal k.y. B.P. compared to temperature at 11.2 cal k.y. 

B.P. (Tierney et al., 2008). Arid and cool conditions inferred from 
Lake Albert δD and TEX

86
 records (Berke et al., 2014) occurred 

between 13.8 and 11.5 cal k.y. B.P. 
Precipitation reconstructions from East Africa typically are 

from fossil pollen, lake-level changes, and water isotope records 
at relatively low-elevation sites. These records suggest that LGM 
conditions were between 10% and 30% drier than present-day 
values (Bonnefille et al., 1990; Shanahan et al., 2008), as exem-
plified by equatorial East African lake levels (i.e., Lakes Albert, 
Victoria, and Tanganyika), which were substantially lower than 
modern positions (e.g., Talbot and Livingstone, 1989; Beuning et 
al., 1997; Gasse, 2000). Postglacial precipitation estimates from 
δD plant waxes (Schefuß et al., 2005) and diatom assemblages 
(Haberyan and Hecky, 1987; Stager et al., 2011) suggest vari-
able precipitation changes, with relatively wet conditions at 15– 
13 cal k.y. B.P. and during the “African Humid Period” (11– 
5 ka), and dry conditions during Heinrich event 1 (17–16 ka) and 
the Younger Dryas (12.9–11.7 ka; Roberts et al., 1993; Gasse, 
2000; Otto-Bliesner et al., 2014). Lake Albert (Fig. 1, inset) is 
~100 km north of the modern Rwenzori glaciers, and sediment 
records from this lake show at least two mature paleosols that 
formed between ca. 21.7 and 14.8 cal k.y. B.P. (Beuning et al., 
1997), both interpreted as relatively drier conditions. Dry condi-
tions appear at ca. 11.4 cal k.y. B.P. in the palynological data 
(Beuning et al., 1997). The Lake Albert records also suggest a 
shift toward wetter conditions at ca. 14.8 cal k.y. B.P., subsequent 
to the LGM aridity. Lake Edward (Fig. 1, inset) is ~50 km south 
of the modern Rwenzori glaciers, and sediment records from this 
lake indicate a wet early Holocene, the onset of drier conditions 
at 5.2 cal k.y. B.P., which culminated in a late Holocene lowstand 
between 4 and 2 cal k.y. B.P., and a rapid lake-level rise to mod-
ern positions by ca. 1.7 cal k.y. B.P. (Russell et al., 2003).

RWENZORI MOUNTAINS

The Rwenzori Mountains (0°23′N, 29°53′E; Fig. 1) are an 
uplifted horst block in the western arm of the East African Rift, 
and they contain three glacierized areas on Mount Baker, Mount 
Speke, and Mount Stanley (with a peak elevation of 5109 m asl). 
Snowline altitude estimates from CE 1955 range from 4500 to 
4720 m asl, with an average of 4600 m asl, excluding Moore 
Glacier on Mount Baker (Osmaston, 1989). The modern Rwen-
zori glaciers terminate above 4750 m asl on Mount Stanley (Len-
tini et al., 2011), are out of equilibrium with the climate, and are 
predicted to melt away completely in the near future (Taylor et 
al., 2006). The total annual precipitation varies spatially across 
the mountain range, with the highest values (up to 2.6 m yr–1; 
Osmaston, 1989) in the southeast portion of the range (Fig. S1 
[see footnote 1]). Mountain glaciers that receive ample precipita-
tion, such as those in the Rwenzori Mountains, are more sensitive 
to changes in temperature than glaciers in drier settings (Kaser, 
2001; Oerlemans, 2001). This difference is due to a stronger 
albedo feedback on high-precipitation glaciers, the temperature-
dependent partitioning between rain and snow, and an increase in 

1Supplemental Material. Explanation of the modeling methods, climate input 
data, and a comparison between glacierized sites in East Africa. Please visit 
https://doi.org/10.1130/SPE.S.12990986 to access the supplemental material, 
and contact editing@geosociety.org with any questions. 
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ablation because high-precipitation glaciers extend further down 
valley (Oerlemans, 2001, p. 51).

Valleys that radiate from the central Rwenzori peaks contain 
moraines that mark past glacier extents (Fig. 1). Osmaston (1989) 
and Kaser and Osmaston (2002) grouped these moraines into five 
stages based on weathered appearance, boulder abundance, and 
proximity to the modern glaciers. Here, we focused on the three 

most recent stages: the Lake Mahoma stage, the Omurubaho 
stage, and the Lac Gris stage, and we compared the model results 
herein with the detailed map from Kaser and Osmaston (2002).

Lake Mahoma stage moraines can be more than 50 m in 
relief and reach elevations as low as 2070 m asl, ~16 km down 
valley from the modern glaciers. Lake Mahoma stage moraines 
have been dated to ca. 24.9 ± 0.5 and 21.5 ± 0.7 ka (i.e., during 
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Figure 2. Plots showing input temperatures, simulated glacier lengths, and equilibrium line altitudes (ELAs) for simula-
tions SacP-10 and RutP-10. (A) Input temperature sequences based on the branched glycerol dialkyl glycerol tetraether 
(brGDGT) temperature reconstructions from Sacred Lake (SacP-10, orange line) and Lake Rutundu (RutP-10, red line) 
using a nearest-neighbor interpolation between data points. (B) Simulated glacier length in the Mubuku and Bujuku val-
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(C) Fluctuations in the modeled ELA from 31 to 0 ka relative to the ELA estimates for the Lake Mahoma, Omurubaho, 
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the LGM) in the Mubuku valley (Fig. 1; Kelly et al., 2014). 
Osmaston (1989) reconstructed ELAs for the Lake Mahoma 
stage glacier extents using the graphical height and the area-
height-accumulation methods. These reconstructed ELAs var-
ied across the mountain range from ~3600 m asl in the east to  
~4100 m asl in the west (Table S1 [see footnote 1]; Osmaston, 
1989, 2004; Kaser and Osmaston, 2002). Osmaston (1989) 
attributed the east-west ELA gradient to the precipitation gra-
dient (Fig. S1), with wetter conditions in the southeast Rwen-
zori Mountains compared to the northwest portion of the range. 
Osmaston (1989) estimated the ELA of the LGM-dated ice 
extent in the Mubuku valley to be ~3600 m asl, which is a ∆ELA 
of ~1000 m (i.e., the ∆ELA is the difference between the ELA 
at a specified time in the past and the average CE 1955 ELA of 
4600 m asl), or 880 m if accounting for the 120 m decrease in 
global sea level during the LGM (Osmaston, 1989). All further 
discussions of ∆ELAs in this manuscript do not account for the 
120 m decrease in global sea level. Based on the Lake Mahoma 
stage ELA estimates of 4100–3600 m asl (west to east region, 
respectively), Osmaston (1989) estimated ∆ELA values of 
500–1000 m, with smaller ∆ELAs in the western portion of the 
Rwenzori Mountains. This ∆ELA range is similar to that (503–
1387 m) reported by Mark et al. (2005) for the Lake Mahoma 
stage (Osmaston, 1989; Kaser and Osmaston, 2002). Porter 
(2000), however, identified the Rwenzori as an outlier among 
tropical glacier records because he estimated a Lake Mahoma 
stage ∆ELA of 620–670 m in the Rwenzori Mountains, which 
is ~70% of the tropical average LGM ∆ELA of 925 ± 115 m.

Omurubaho stage moraines are ~10–20 m in relief and occur 
between 3600 and 4000 m asl, ~3–7 km down valley from the 
modern glaciers (Kaser and Osmaston, 2002). The Omurubaho 
stage moraines have poor age control. A single minimum-lim-
iting radiocarbon age of 7.7 cal k.y. B.P. for this stage from 
Lake Kitandara (4000 m asl; Fig. 1) places the moraines in the 
early Holocene Epoch or possibly late glacial time (Livingstone, 
1967). The Omurubaho stage ELA estimates in the Bujuku valley 
are ~4390 m asl, which is a ∆ELA of ~210 m (Osmaston, 1989).

Lac Gris stage moraines are ~5–10 m in relief and occur 
above 4000 m asl, within 1–2 km of the modern glaciers. Lac 
Gris stage moraine ages based on the growth of Senecio friesio-

rum and soil development are ca. 0.7–0.1 cal k.y. B.P. (de Heinze-
lin, 1953; Osmaston, 1989). The Lac Gris stage ELA estimates 
in the Bujuku valley are ~4520 m asl, which is a ∆ELA of ~80 m 
(Osmaston, 1989).

METHODS

Glacier Model Setup and Validation

We used a glacier model and East African temperature recon-
structions to simulate transient glacier changes in the Rwenzori 
Mountains from 31 ka to present. The glacier model is a coupled 
two-dimensional (2-D) ice-flow and mass-balance model, which 
includes a spatially distributed energy-balance model (Oer-
lemans, 1992; Anderson et al., 2010; Doughty et al., 2013). The 
2-D (vertically integrated) ice-flow component is based on the 
shallow ice approximation and includes basal sliding (Kessler et 
al., 2006) and internal deformation equations (Plummer and Phil-
lips, 2003). The mass-balance model partitions precipitation into 
rain and snow based on the temperature at each grid cell and a 
snow-rain temperature threshold of 2.5 °C (Mölg et al., 2008). 
The mass-balance output is based on an energy-balance model of 
intermediate complexity (Anderson et al., 2010), and it accounts 
for complex terrain features, such as shading, aspect, slope, and 
elevation. We included day-to-day temperature variability with a 
mean equal to the monthly temperature value (Table 1). The ice-
flow model computes glacier flow on a yearly basis and outputs 
an updated ice thickness for the mass-balance model. The ice-
flow model calls the mass-balance model once every 10 model 
years, which is ideal for transient simulations because the glacier 
configuration is updated as the input climate changes. The glacier 
model produces ice thickness and mass-balance values for the 
entire model domain (central Rwenzori, Fig. 1) and saves these 
values every 50 model years in each simulation.

The model has successfully produced modern and past gla-
cier extents in New Zealand (Anderson et al., 2010; Doughty et 
al., 2013, 2017), and here we applied it to glaciers in the Rwen-
zori Mountains. We did not alter the model itself, but the input 
values, including mountain topography, modern spatially distrib-
uted monthly mean climate, and changes from modern climate, 

TABLE 1. MODERN CLIMATE INPUT DATA AND SOURCES

Variable Values Source

Temperature –0.35 °C at 4750 m above sea level Lentini et al. (2011)

Modern temperature lapse rate 0.0058 °C m–1 Loomis et al. (2017)

Day-to-day temperature variability 1 °C 0.8 °C in Lentini et al. (2011)

Annual precipitation total Spatially variable Osmaston (1989)

Monthly precipitation proportions Supplemental material New et al. (2002)

Relative humidity 90.4% Lentini et al. (2011)

Wind speed 3.58 m s–1 Lentini et al. (2011)

Incoming solar radiation Supplemental material Lentini et al. (2011)

Note: See text footnote 1 for supplemental material.
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are all specific to the Rwenzori Mountains. We tested and vali-
dated the model by simulating modern glacier extents (CE 1955; 
Kaser and Osmaston, 2002) on the three currently glacierized 
peaks in the range at 100 m resolution (supplementary material, 
Fig. S2 [see footnote 1]).

Using a glacier model to reconstruct past ELAs is different 
from other methods, such as the accumulation area ratio method 
or toe-headwall altitude ratio method, in two important ways. 
First, the model can be used to evaluate the impact a change in 
temperature, precipitation, or other environmental variables has 
on glacier mass balance, thickness, and length. Second, the model 
applies the changes in temperature and precipitation to the entire 
mountain range and allows the physics of glacier flow and mass 
balance determine glacier extent. Therefore, using the brGDGT 
temperature reconstructions as model input, we can simulate gla-
cier maxima through time and estimate possible ages of moraines 
near those glacier maxima.

Model Input

We used a 100-m-resolution digital elevation model (DEM; 
SRTM_v4; Jarvis et al., 2008) to represent the land surface. We 
did not remove the modern ice thickness from the land surface 
because the ice thickness has not been measured, and the present-
day glacier area is relatively small (<1 km2; Taylor et al., 2006; 
Worldview 1 imagery, 2006). We did not account for changes in 
the shape or elevation of the mountain range, which has an aver-
age uplift rate of 0.5 mm yr–1 (Kaufmann and Romanov, 2012). 
This uplift should not influence our results.

The existing modern climate data from the Rwenzori Moun-
tains are sufficient to run the glacier model; however, the short 
duration of climate data collection introduces some uncertainty 
in the simulations. Modern climate input data for the model are 
from a range of sources (Table 1; Table S2 [see footnote 1]). 
Monthly mean temperatures are from an automatic weather sta-
tion located on Mount Stanley at 4750 m asl (Fig. 1, green dot), 
which ran from CE 2006 to 2009 (Table S2; Lentini et al., 2011). 
Temperatures decrease with elevation according to the modern 
observed lapse rate of 5.8 °C km–1 (Loomis et al., 2017). Although 
the lapse rate was steeper during the LGM (Loomis et al., 2017), 
we chose to use the modern lapse rate in the simulations because 
the brGDGT-based temperature records from Mount Kenya are 
from relatively high elevations (2350 and 3081 m asl), close to 
the elevations of the LGM glacier ablation area.

Annual precipitation data were based on measurements 
taken from CE 1951–1954 (Osmaston, 1989). The data vary 
spatially and reveal a gradient from wetter conditions in the 
southeastern Rwenzori to drier conditions in the western por-
tion of the range (Fig. S1; Osmaston, 1989). We partitioned 
the annual rainfall into monthly values following Climatic 
Research Unit estimates for the Rwenzori area (New et al., 
2002). The two rainy seasons in March to May and September 
to November are reflected in the monthly values (Table S2). 
The Rwenzori Mountains are notorious for significant cloud 

cover, high humidity, and rainfall up to 2.6 m of precipitation 
annually (Osmaston, 1989).

Transient Simulations

We ran six transient glacier simulations using temperature 
reconstructions from Mount Kenya and estimates of precipitation 
based on prior work. Thus, for all simulations, the input tem-
perature change varied through time, whereas input precipitation 
change was held constant through time.

The input temperature change from modern values (∆T) was 
from two brGDGT-based temperature reconstructions from lakes 
on Mount Kenya (Fig. 2A; Loomis et al., 2012, 2017). The record 
from Sacred Lake (0°05′N, 37°32′E, 2350 m asl; Loomis et al., 
2012) spans the time period of 31–0 ka, has a temperature uncer-
tainty of ±0.8 °C, and has an age uncertainty of 0.5 k.y. (Loomis 
et al., 2012, 2015). The age model for this record was based on 
29 radiocarbon dates calibrated to calendar years using Calib 6.0 
and interpolated using mixed-effect regression (Loomis et al., 
2012). The record from Lake Rutundu (0°03′N, 37°28′E, 3081 
m asl; Loomis et al., 2017) spans the time period 24.3–0 ka, has 
a temperature uncertainty of ±0.6 °C, and has an age uncertainty 
of 0.6 k.y. (Loomis et al., 2017). The age model for this record 
was based on 10 210Pb ages and 19 radiocarbon ages calibrated to 
calendar years using Intcal13 (Loomis et al., 2017). For simplic-
ity, we refer to ages from these records as “ka” and refer to age 
intervals from these records as “k.y.” We connected data points 
in these temperature records using a nearest-neighbor interpola-
tion, which creates abrupt, step changes in ∆T values relative to 
smooth or gradual changes in temperature between sample points. 
One benefit of including step changes is to see how quickly the 
simulated glacier responds to these abrupt temperature changes. 
Input precipitation change from modern values (∆P) was based 
upon estimates of LGM precipitation from East African lakes 
(Gasse, 2000, and references therein). Most precipitation records 
are qualitative, and the majority of the records suggest that the 
LGM was drier than modern conditions in equatorial East Africa. 
Specifically, quantitative estimates suggest ∆P values of -10% to 
-30% (Shanahan et al., 2008) for equatorial East Africa.

To reduce the influences of the temperature uncertainties, 
high sample-to-sample variability, and differences between the 
two temperature records on model simulations, we calculated the 
average of the two temperature reconstructions (Fig. 3, gray line). 
We also calculated a 500 yr running mean of the averaged tem-
perature records to smooth sample-to-sample variability (Fig. 3, 
black line). The “MeanP-10” simulation used an average of the 
interpolated Sacred Lake and Lake Rutundu temperature recon-
structions during the period 23.5–0 ka. The “500yrP-10” simu-
lation used a 500 yr running mean of the average interpolated 
Sacred Lake and Lake Rutundu temperature records for the time 
period 23.5–0 ka (Table 2). These simulations both used a ∆P of 
-10%, which is a conservative estimate, and by simulating drier 
LGM conditions (∆P of -20% to -30%), the model would pro-
duce shorter glaciers under the same temperature regime.
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Figure 3. Plots showing (A) input temperature, (B) simulated glacier lengths, and (C) calculated equilibrium line altitudes 
(ELAs) for simulations MeanP-10 (gray line) and 500yrP-10 (black line). Black asterisks represent the ages and glacier 
lengths associated with the Last Glacial Maximum (LGM) target (Kelly et al., 2014). Dashed lines indicate ice-free con-
ditions where the ELA is above the simulated mountain peak; brGDGT—branched glycerol dialkyl glycerol tetraether; 
asl—above sea level.

TABLE 2. MODEL SIMULATION TEMPERATURE CHANGE AND PRECIPITATION CHANGE 
INPUT FROM MODERN CLIMATE

Simulation Temperature record Precipitation Period

MeanP-10 Averaged –10% 23.5–0 ka

500yrP-10 500 yr running mean –10% 23.5–0 ka

SacP-10 Sacred Lake –10% 31–0 ka

RutP-10 Lake Rutundu –10% 24.3–10 ka

MeanP+30 Averaged +30% 23.5–16 ka

500yrP+30 500 yr running mean +30% 23.5–16 ka
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The second two simulations, “SacP-10” and “RutP-10,” used 
the Sacred Lake temperature record (Loomis et al., 2012) and the 
Lake Rutundu temperature record (Loomis et al., 2017), respec-
tively, without smoothing to explore whether millennial-scale 
temperature variability would produce glacier extents close to the 
moraine positions. Both simulations used a ∆P of -10%. SacP-10 
covered the period 31–0 ka (Fig. 2A, orange line), whereas RutP-10 
covered the period 24.3–10 ka (Fig. 2A, red line; Table 2).

The final two simulations, “MeanP+30” and “500yrP+30,” 
tested the sensitivity of the Rwenzori glaciers at their maximum 
extents to changes in precipitation, with both simulations using 

a ∆P of +30%. MeanP+30 focused on the time period 23.5–16 
ka and used the average of the Sacred Lake and Lake Rutundu 
records (Fig. 4A, light blue line). Simulation 500yrP+30 used a 
500 yr running mean of the average of the interpolated Sacred 
Lake and Lake Rutundu temperature records for the period 23.5–
16 ka (Fig. 4A, dark blue line; Table 2). We are not suggesting 
that precipitation increased during the LGM, but we were inter-
ested in these simulations as a way to evaluate the precipitation 
sensitivity of these glaciers. We compared the glacier extents in 
MeanP-10 with MeanP+30 and 500yrP-10 with 500yrP+30 for 
the period 23.5–16 ka.
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Figure 4. Same as Figure 3, except this plot includes (A) input temperature, (B) simulated glacier lengths, and (C) cal-
culated equilibrium line altitudes (ELAs) for simulations MeanP+30 (light blue line) and 500yrP+30 (dark blue line) as 
well; brGDGT—branched glycerol dialkyl glycerol tetraether; asl—above sea level.



180	 Doughty et al.

We calculated glacier length changes in the Bujuku and 
Mubuku valleys (Fig. 1, center flowline along the green dashed 
line) over time from the ice thickness output and compared these 
lengths with the moraines in the Bujuku and Mubuku valleys. 
This flowline begins at the highest glacierized area (Mount Stan-
ley), which is likely to be the last location for glaciers to melt 
away and the first to initiate glacier growth. When the simulated 
glacier length is 0 km in the Bujuku valley, ice-free conditions 
persist throughout the model domain.

We compared the simulated glacier lengths to an inferred 
LGM terminal moraine, referred to here as the “LGM target” 
(Fig. 1, yellow star), which is geomorphically connected to the 
dated LGM moraines in the Mubuku valley (Kelly et al., 2014; 
Fig. 1, yellow dots). The Lake Mahoma stage moraines relate to 
glacier lengths between 7 and 16.6 km, where 16.6 km matches 
the LGM target position. The shorter lengths (i.e., ~7 km) relate 
to moraines in the Bigo Bog area (Fig. 1), which were interpreted 
as Lake Mahoma stage in Kaser and Osmaston (2002) and as 
Omurubaho stage in Osmaston (1989). Because we followed 
Kaser and Osmaston (2002), we treated the Bigo Bog moraines 
as Lake Mahoma stage. The Omurubaho stage moraines relate 
to glacier lengths between 4.5 and 7 km. Last, the Lac Gris stage 
moraines relate to glacier lengths between 0.7 and 1.4 km.

We calculated ELAs by averaging the elevations (DEM 
and modeled ice thickness) in the grid cells on the glacier in the 
Bujuku and Mubuku valleys that had an annual mass balance 
>–0.2 and <0.2 m yr–1. Finally, we compared changes in modeled 
ELAs with previous ELA estimates for the Rwenzori Mountains 
and the tropics (Osmaston, 1989; Porter, 2000; Mark et al., 2005).

RESULTS

We successfully simulated the CE 1955 glacier extents on 
the three currently glacierized peaks in the Rwenzori Mountains 
at 100 m resolution (Fig. S2). In order to model these glacier 

extents, we used a ∆T of -1 °C and a ∆P of 0% and modern val-
ues for the other input climate parameters (Table 1).

All simulations formed glaciers during the LGM that termi-
nated between Bigo Bog in the Bujuku valley and the outermost 
Lake Mahoma stage moraines in the Mubuku valley. One of the 
simulations suggested a glacier readvance during the late glacial 
to early Holocene. The simulations suggested the possibility of 
rapid glacier advance and retreat caused by the fluctuations in the 
brGDGT temperature records (Figs. 2A and 2B; Fig. S3).

Here, we describe the timing of the simulated glacier 
advances and whether the simulated glacier extents reached the 
Lake Mahoma, Omurubaho, and Lac Gris stage moraines. We 
estimated moraine ages based on when the simulated glacier 
extent was 90%–110% of the length needed to reach the most 
down-valley moraine of interest. Glacier lengths that were within 
these bounds for the LGM target, for example, ranged from 14.9 
to 18.3 km. All glacier lengths reported here (Figs. 2B, 3B, and 
4B) were from the simulated glacier that occupied the Bujuku 
valley (Fig. 1, green dashed line), referred to as the Bujuku valley 
glacier.

Simulated Glacier Lengths during the LGM

Output from the MeanP-10 simulation showed the Bujuku 
valley glacier lengths as 11.9 km (72% of the length needed 
to reach the LGM target) at 23.3 ka, and 12.8 km (77% of the 
length needed to reach the LGM target) at 18.6 ka (Fig. 3B, gray 
line; Table 3). The 500yrP-10 simulation output showed the 
maximum Bujuku valley glacier lengths as 9.3 km (56% of the 
length needed to reach the LGM target) at 23 ka (Fig. 5B), and 
8.3 km (50% of the length needed to reach the LGM target) at 
18.4 ka (Fig. 3B, black line; Table 3). The averaged temperature 
curves used in these simulations had a magnitude of cooling (i.e.,  
-5.1 °C to -4.4 °C) large enough to force the simulated glacier 
to between 77% and 50% of the length needed to reach the dated 

TABLE 3. CLIMATE CONDITIONS AND INFERRED TIMING FOR THE MOST EXTENSIVE GLACIER EXTENTS 
IN EACH SIMULATION

Simulation ∆P (%) ∆T (°C) Date 
(ka)

Length 
(km)

Length relative to 
LGM (%)

ELA
(m above 
sea level)

∆ELA (m)

MeanP-10 –10 –5.0 23.3 11.9 72 3950 650

–10 –5.1 18.6 12.8 77 3920 680

500yrP-10 –10 –4.6 23.0 9.3 56 4020 580

–10 –4.4 18.4 8.3 50 4030 570

SacP-10 –10 –6.1 22.8 15.5 93 3720 880

RutP-10 –10 –6.0 18, 16.5 15.5 93 3750 850

MeanP+30 +30 –5.0 23.3 15.0 90 3880 720

+30 –5.1 18.6 15.2 92 3910 690

500yrP+30 +30 –4.6 23.0 13.2 80 3950 650

+30 –4.4 18.4 11.7 70 4010 590

Note: Simulated glacier length relative to the length needed to reach the dated Last Glacial Maximum 
(LGM) moraine in the Mubuku valley is reported as a percentage. ∆P—change in precipitation; ∆T—change in 
temperature; ELA—equilibrium line altitude; ∆ELA—change in equilibrium line altitude.
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LGM target. Neither of these simulations resulted in the glacier 
reaching the moraine.

Output from the SacP-10 simulation showed the maximum 
Bujuku valley glacier length as 15.5 km (93% of the length 
needed to reach the LGM target) at 23.6–22.8 ka (Fig. 5A; Fig. 
2B, orange line; Table 3). The RutP-10 simulation produced a 
maximum Bujuku valley glacier length of 15.5 km at 18 and  
16.5 ka (Fig. 2B, red line; Table 3). Both of these simulations 
showed rapid glacier fluctuations caused by the step changes 
produced by the interpolation scheme and the sample-to-sample 
variability in the temperature records. These rapid glacier length 
changes showed the Bujuku valley glacier advancing close to the 
LGM moraines and then retreating to modern glacier extents sev-
eral times within the LGM.

Simulated Glacier Lengths during the Late Glacial

The different records simulated different initial timings 
and rates of retreat from the LGM positions. Retreat was ear-
liest in the SacP-10 simulation and began later in the MeanP-
10, 500yrP-10, and RutP-10 simulations. In all simulations, the 
glaciers reached lengths of <1 km by 15 ka (Figs. 2B, 3B, and 
6B). For example, the longest simulated glacier extent between 
15 and 11 ka in MeanP-10 was ~0.6 km and occurred at 11.6 ka 
due to a ∆T of -1.3 °C and a ∆P of -10% (Fig. 6B). The Lake 
Rutundu record, however, includes two late glacial/early Holo-
cene cooling events that produce glacier advances. The RutP-10 
simulation output showed a minor advance of the Bujuku valley 
glacier (reaching a length of 3.3 km) at 12.4 ka, associated with 
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Figure 5. Maps of modeled glacier extents from simulations SacP-10 (A) and 500yrP-10 (B) in grid cells of 100 × 100 m compared with mo-
raines. Panel A shows modeled ice thickness at 22.8 ka, with a change in temperature (∆T) of -6.1 °C and a change in precipitation (∆P) of -10% 
from modern conditions. Panel B shows modeled ice thickness at 18.4 ka with a ∆T of -4.4 °C and a ∆P of -10%. Yellow star in panel A marks 
the position of the Last Glacial Maximum (LGM) target in Mubuku valley. 
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a ∆T of -3.1 °C. This Bujuku valley glacier length is too short 
to reach the mapped Omurubaho Stage moraines, which occur 
~1.2 km farther down valley (Fig. 2B, red line). In the same 
simulation, another advance of the Bujuku valley glacier (reach-
ing a length of 7.4 km) occurred at 11.2 ka and was associated 
with a ∆T of -4 °C. In this case, the Bujuku valley glacier length 
reached some mapped Lake Mahoma stage moraines near Bigo 
Bog (Figs. 1 and 6A).

Simulated Glacier Lengths during the Holocene

Three of the simulations included the entire Holocene Epoch 
(i.e., SacP-10, MeanP-10, and 500yrP-10). We did not extend 
the simulations through the Holocene using the Lake Rutundu 

record because the Lake Rutundu and Sacred Lake records are 
very similar during this time. All three Holocene simulations 
used a ∆P of -10% carried over from the paleoclimate estimates 
for the LGM. Therefore, these simulations did not allow for times 
of increased precipitation relative to modern that occurred during 
the early Holocene African Humid Period in northern and equa-
torial Africa (Gasse, 2000).

All of the simulations that covered the Holocene showed 
Bujuku valley glacier lengths of <0.4 km, which is less than the 
Bujuku valley glacier lengths needed to reach the mapped Lac 
Gris stage moraines (0.7–1.4 km). The MeanP-10 simulation 
output showed ice-free conditions from 9.7 to 1.9 ka, and the 
Bujuku valley glacier at a Holocene maximum extent of 0.4 km  
between 0.3 and 0.1 ka (Fig. 3B, gray line). The 500yrP-10 
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simulation output showed ice-free conditions from 9.4 to 1 ka 
in the Rwenzori Mountains, and the Bujuku valley glacier at 
a Holocene maximum extent of 0.3 km at ~0.4–0 ka (Fig. 3B, 
black line). The Sacred Lake and Lake Rutundu records indi-
cate maximum ∆T values of +2.2 to +2.8 °C during the mid-
dle Holocene. The simulated glaciers existed with ∆T values 
<+0.8 °C, but ∆T greater than +0.9 °C (with a ∆P of -10%) 
could cause ice-free conditions. The SacP-10 simulation output 
showed the Bujuku valley glacier length as 0.4 km at ca. 8.4 
ka, followed by ice-free conditions in the Rwenzori Mountains 
from 8.0 to 3.3 ka due to ∆T of +0.9 °C (Fig. 2C, dashed lines). 
A slight decrease in temperature (∆T of +0.3 °C) at 3.2 ka  
allowed glaciers to form again, and the Bujuku valley glacier 
reached a late Holocene maximum length of ~0.4 km at ca. 1.2, 
0.8, and 0.7 ka. We recognize that the slightly lower elevation of 
the simulated mountain peak (i.e., 5020 m asl as opposed to the 
actual elevation of 5109 m asl) and the ∆P of -10% cause gla-
ciers to melt sooner than they would under modern conditions. 
The Holocene ∆T values of +2.2 to +2.8 °C in the Sacred Lake 
and Lake Rutundu records would generate ice-free conditions 
even with a 5109 m asl elevation and a ∆P of 0%.

Simulated Glacier ELAs

The ∆ELAs were ~680–570 m in the MeanP-10 and 500yrP-
10 simulations, respectively, during the LGM (Fig. 3C). The gla-
cier length associated with a ∆ELA of 680 m is 77% of the length 
needed to reach the LGM target, and, therefore, the ∆ELA must 
have been >680 m for the glacier to advance to the LGM moraine. 
ELAs rose rapidly to near the CE 1955 level by 13 ka. From 9 to 
2 ka, ELAs were above 5000 m asl (Fig. 3C, dashed lines).

The SacP-10 and RutP-10 simulations produced more ELA 
variability, with ∆ELAs of ~880–850 m during the LGM (Fig. 
2C). Because these simulations did not reach the LGM moraines, 
the ∆ELA must have been larger than 880 m during the LGM. 
The late glacial to early Holocene glacier extent simulated in 
RutP-10 is associated with a ∆ELA of 510 m (Fig. 2C, red line). 
Simulated ELAs during the middle Holocene exceeded the 
maximum elevation of the mountains in the model (5020 m asl). 
The SacP-10 simulation produced the lowest Holocene ELA 
(4880 m asl), 280 m above the CE 1955 ELA, at 0.9 ka (Fig. 
2C, orange line).

Glacier Length Sensitivity to Temperature and 
Precipitation

We estimated glacier length sensitivity to temperature and 
precipitation changes (independently) by comparing model 
input parameter values (i.e., temperature or precipitation 
change) and glacier lengths between simulations that shared 
all the same input except for one parameter (Table 3). Glacier 
length sensitivity depends on a number of factors, including cli-
mate and glacier hypsometry, and thus, these sensitivity values 
vary with glacier length. The difference in maximum Bujuku 

valley glacier length during the LGM between the SacP-10 and 
500yrP-10 simulations was 6.2 km due to a difference in ∆T of 
1.5 °C (Fig. 5; Table 3). These values suggest a glacier length 
sensitivity to temperature during the LGM of ~4 km per 1 °C 
temperature change. The difference in maximum glacier length 
between MeanP-10 and MeanP+30 was 2.4 km due to a dif-
ference in ∆P of 40% (Table 3). These values suggest a gla-
cier length sensitivity to precipitation during the LGM of ~0.6 
km per 10% precipitation change. Considering the estimates 
of LGM precipitation change in East Africa (-10% to -30%), 
we estimate that precipitation can account for ~1 km of glacier 
length change during the LGM.

DISCUSSION

One of the strengths of using glacier modeling is the ability 
to explore many possible scenarios of past climate and to iden-
tify the similarities and differences between moraine records and 
independent temperature records, such as the brGDGT records. 
By forcing the glacier model with independent, brGDGT-based 
temperature records, we can observe transient evolutions of 
Rwenzori glaciers and examine whether the simulated glacier 
fluctuations agree with the moraine record. Below, we explore 
glacier fluctuations between times of moraine deposition, and we 
estimate possible ages and climate conditions under which these 
moraines formed.

Glacier Extents and ELAs during the LGM

It is likely that the Rwenzori glaciers responded to a similar 
magnitude change in temperature across the mountain range dur-
ing the LGM. The majority of the discussion focuses on glacier 
extents in the Bujuku and Mubuku valleys, which drain toward 
the east, but Osmaston (1989) mapped moraines in multiple val-
leys, including the Lamya and Nyamugasani valleys, which drain 
the highlands (Fig. 1). Figure 5A displays simulated glaciers in 
the Lamya and Nyamugasani valleys reaching the outermost 
Lake Mahoma stage moraines when the model was forced by a 
∆T of -6 °C and ∆P of -10%. These outermost Lake Mahoma 
stage moraines may also date to the LGM, and future cosmo-
genic dating would help to inform these speculations.

The results from the SacP-10 and RutP-10 transient simula-
tions indicate that ~6 °C of cooling occurred at high elevations 
in equatorial East Africa during the LGM. Average LGM condi-
tions (i.e., MeanP-10 and 500yrP-10) did not produce glacier 
extents near the dated moraines, but simulations that included 
centennial-scale, high-amplitude temperature changes (i.e., 
SacP-10 and RutP-10) produced glacier extents close to the dated 
moraines (Fig. 5A). High-amplitude temperature variability, and 
particularly cold pulses, would be required if the average cooling 
at high elevations was ~4.6 °C, as suggested by the average of 
the two brGDGT temperature reconstructions. The centennial-
scale temperature fluctuations in the brGDGT records are gener-
ally related to sample-to-sample variability, which some studies 
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suggest represents “noise” (e.g., Loomis et al., 2017); however, 
the model results suggest that such centennial-scale variability 
may be necessary to produce the moraine records if these large 
temperature fluctuations (as opposed to average LGM tempera-
ture conditions) were forcing glacier advances. The simulated 
glacier length and ELA fluctuations between times of moraine 
deposition show the potential for rapid glacier advances and 
retreats. There is no definitive geomorphic evidence for rapid 
deglaciations in the Bujuku valley during the LGM, but the tem-
perature-sensitive glaciers in the Rwenzori Mountains appear 
to be capable of rapid changes in these simulations. The large 
ELA and glacier-length changes during the LGM suggest that 
the glaciers could have advanced to near their LGM extents and 
then retreated up-valley of their late glacial extents several times 
between 31 and 18 ka (Fig. 2).

We also explored the sensitivity of the glaciers to an increase 
in precipitation during the LGM in two simulations with a ∆P of 
+30%. Considering the LGM precipitation change in East Africa 
(-10% to -30%; Shanahan et al., 2008), we estimate that precipi-
tation can account for ~1 km of glacier length change during the 
LGM, and the remaining ~15.6 km change in length was due to 
temperature. A steeper lapse rate in the tropics during the LGM 
would amplify the amount of cooling at high elevations (Porter, 
2000; Loomis et al., 2017). We did not alter the lapse rate in these 
simulations, but future simulations should compare the impact of 
a change in lapse rate on glacier extent.

The SacP-10 and RutP-10 simulated glaciers approached 
the locations of undated moraines in multiple valleys during 
the LGM. The simulated glaciers terminated within the Lake 
Mahoma stage moraines in the Mubuku valley at 28.5–27.4, 
24.5–24.2, and 18.5–15.5 ka (Figs. 2B and 5A). The many 
undated moraine ridges in the Mubuku valley could correlate to 
some of these ages, and further dating efforts could reveal a more 
complete glacial history in this valley.

The simulated LGM ELAs for the Bujuku valley gla-
cier (3720–3750 m asl) were slightly higher than Osmaston’s 
(1989) estimates (3600 m asl) for the same locations (Table 
S1). This offset is expected because the simulations did not 
reach the LGM moraines, so the LGM ELA must have been 
<3720 m asl. The simulated LGM ∆ELAs of ~880–850 m are 
within uncertainty of the tropical average LGM ∆ELA of 925 
± 115 m (not accounting for the 120 m decrease in global sea 
level; Porter, 2000). One possible explanation for the relatively 
small LGM ∆ELA in the Rwenzori Mountains (<650 m) is that 
Porter (2000) calculated the Lake Mahoma stage ∆ELA val-
ues using a CE 1955 ELA estimate of 4270 m asl on the east 
side of the mountain range instead of 4600 m asl as reported 
by Osmaston (1989). Another possible explanation is that pre-
vious studies used ELA estimates from the higher-elevation, 
undated moraines that were categorized as Lake Mahoma stage 
(Osmaston, 1989; Porter, 2000; Kaser and Osmaston, 2002; 
Mark et al., 2005) but appear to be associated with cooling 
during the late glacial to early Holocene based on the simula-
tions here (Fig. 6A).

Glacier Extents during the Late Glacial

The RutP-10 simulation showed a glacier advance to the 
high-elevation Lake Mahoma stage moraines at 11.2 ± 0.8 ka 
(Fig. 6A). It is possible that the high-elevation Lake Mahoma 
stage moraines near Bigo Bog may be late glacial or early Holo-
cene in age, based on the Lake Rutundu temperature reconstruc-
tion and the RutP-10 simulation. This age would imply that the 
Lake Mahoma stage as mapped by Kaser and Osmaston (2002) 
might include LGM, late glacial, and Holocene-age moraines, or 
that these moraines fall within the Omurubaho stage as suggested 
earlier by Osmaston (1989). The remainder of the Omurubaho 
stage moraines, which represent glaciers between 4.5 and 7 km 
in length, are stratigraphically younger than the Lake Mahoma 
stage moraines, and by inference, should be younger than  
12 ka (Fig. 1; Kaser and Osmaston, 2002). Dating these moraines 
would help clarify the time period and moraine stage to which 
they belong.

The Sacred Lake and Lake Rutundu records register tem-
peratures that are different from each other during the late gla-
cial period (Loomis et al., 2012, 2017). It is possible that some 
of this difference is due to the 730 m difference in elevation 
between the lakes. As discussed above, both the SacP-10 and 
RutP-10 simulations used a uniform ∆P and, therefore, do not 
account for arid-humid transitions registered by East African 
paleoclimate proxy records at 15–14.5 cal k.y. B.P. and 11.5 cal 
k.y. B.P. (e.g., Roberts et al., 1993; Gasse, 2000) and relatively 
dry conditions from ca. 13.3 to 11.5 cal k.y. B.P. (e.g., Beun-
ing et al., 1997). While the Rwenzori glaciers are sensitive to 
changes in temperature, a 20% increase in precipitation could 
also have contributed toward a glacier advance of ~1 km during 
the late glacial, based on the simulations.

An interesting question is whether any of the Lake Mahoma 
stage moraines were deposited during large-scale late glacial cli-
mate events, such as the Antarctic Cold Reversal (14.8–12 ka) 
and/or Younger Dryas (12.7–11.7 ka). The Sacred Lake and Lake 
Rutundu records do not show cooling during the Antarctic Cold 
Reversal, but the Lake Rutundu record shows cooling at ca. 12.4 
ka, during the Younger Dryas. As mentioned above, the RutP-10 
simulation output showed an advance of the Bujuku valley gla-
cier at 11.2 ka reaching a length of 7.4 km due to a ∆T of -4 °C. In 
this case, the Bujuku valley glacier length reached some mapped 
Lake Mahoma stage moraines in the upper part of the Bujuku 
valley. Moraines dating to the Antarctic Cold Reversal are pres-
ent in the tropical Andes (Jomelli et al., 2014). Further work dat-
ing Rwenzori moraines is needed to determine whether there are 
deposits associated with these late glacial climate events.

Glacier Extents during the Holocene

All Holocene simulations suggested that the Rwenzori gla-
ciers disappeared completely during the early to middle Holo-
cene (Figs. 2 and 3). The simulated glaciers existed with ∆T val-
ues <+0.8 °C, but ∆T greater than +0.9 °C (relative to modern 
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temperatures) mostly caused ice-free conditions. One implica-
tion of this result is that the modern Rwenzori glaciers are on 
the verge of disappearing with even a minor increase (~1 °C) 
in temperature from modern conditions. Ages from ice cores on 
Kilimanjaro suggest that ice persisted at 5893 m asl over the past 
11.7 k.y. (Thompson et al., 2002). However, these results are at 
odds with glaciological studies on Kibo (Kilimanjaro’s highest 
peak), which suggest a shorter, discontinuous glacial history dur-
ing the Holocene (Kaser et al., 2010).

The simulations suggest that the peaks in the Rwenzori 
Mountains became glacierized within the last 2000 yr. Vegetation 
and soil development on the Lac Gris stage moraines have been 
used to infer a deposition age of 0.7–0.1 ka (de Heinzelin, 1953; 
Osmaston, 1989). The largest late Holocene glacier advances in 
the simulations occurred at 1.2, 0.8, and 0.7 ka in SacP-10. The 
times of these advances overlap in age with estimates for the 
Lac Gris stage moraines (de Heinzelin, 1953; Osmaston, 1989). 
However, the SacP-10–simulated Bujuku valley glacier extent 
was ~300 m short of the Lac Gris Stage moraines, suggesting that 
the climate conditions were slightly cooler. The simulated glacier 
may have extended farther with a ∆P of 0%, but it is unlikely that 
regional conditions were much wetter than modern conditions for 
the past ~1.2 cal k.y. B.P. based on low-elevation records from 
Lake Edward (Russell et al., 2003).

Tropical Temperatures since the LGM

The Sacred Lake and Lake Rutundu records show a larger 
LGM cooling than that estimated using general circulation mod-
els (Loomis et al., 2017). Rind and Peteet (1985) used a general 
circulation model and boundary conditions based on CLIMAP 
LGM temperature estimates and found that, by reducing all CLI-
MAP sea-surface temperatures by 2 °C, tropical regions expe-
rienced dry and cool conditions (5–6 °C colder than at present) 
with a corresponding LGM ∆ELA of 1000 m (not accounting for 
a decrease in global sea level). The transient climate simulation, 
TraCE-21ka, used a synchronously coupled atmosphere-ocean 
general circulation model in the NCAR-CCSM3 (He, 2011), and 
the output for East Africa indicated a maximum cooling at 500 
hPa (~5500 m asl) of ~5 °C with a slight change in lapse rate. 
The simulations here (e.g., RutP-10) showed that 6 °C cooling 
and -10% precipitation change result in a Bujuku valley glacier 
extent that is ~1.5 km up valley of the LGM target. Based on the 
glacier model outputs reported here, we suggest that the TraCE-
21 simulations underestimate high-elevation temperature change 
over equatorial East Africa.

East African alpine temperatures respond to global radia-
tive forcing (Chiang, 2009; Loomis et al., 2015) and lapse rate 
changes (Loomis et al., 2017). Future glacier simulations should 
include the effects of a steeper lapse rate, which amplified the 
cooling with elevation in tropical and extratropical locations dur-
ing the LGM (Farrera et al., 1999; Porter, 2000; Kageyama et 
al., 2005; Loomis et al., 2017). Lapse rate changes are linked 
to changes in the tropical hydrological cycle, which, in the East 

Africa region, is controlled by moisture transport from the Indian 
Ocean as well as global atmospheric and oceanic circulation 
reorganizations, such as changes in the Atlantic Meridional Over-
turning Circulation (Schefuß et al., 2005; Verschuren et al., 2009; 
Park and Latif, 2012). For these reasons, we would expect the 
Rwenzori glaciers and their ELAs to respond to a global climate 
signal, amplified by a steeper lapse rate during the LGM.

We have shown that the Rwenzori Mountains likely experi-
enced a similar LGM ∆ELA as the rest of the tropics and middle 
latitudes (e.g., Broecker and Denton, 1990; Porter, 2000). This 
global shift in climate could have been due to changes in land-ice 
and sea-ice albedo, water vapor, and cloudiness (Rind and Peteet, 
1985) in response to orbital cycles and CO

2
, transferred to the 

tropics through changes in atmospheric and oceanic circulation 
(Chiang, 2009; Park and Latif, 2012; Loomis et al., 2015).

CONCLUSIONS

Our six transient simulations of glaciers in the Rwenzori 
Mountains were driven by brGDGT-based temperature recon-
structions from alpine lakes on Mount Kenya over the last 31 
k.y. In the results, we see a general agreement between the 
magnitudes of temperature change from modern conditions in 
the Mount Kenya records and the magnitude of temperature 
changes needed to grow the Rwenzori glaciers to near the LGM 
target (at ~2000 m asl; Osmaston, 1989; Kelly et al., 2014), 
with the glaciers requiring slightly cooler temperatures (~0.5 °C 
cooler) to reach the moraines. East African paleoclimate proxy 
records indicate a reduction in precipitation during the LGM, 
and, under these conditions, the simulations indicate that tem-
perature changes at high-elevation sites needed to cool by more 
than 6 °C relative to modern temperatures for the simulated gla-
ciers to reach the LGM target. The simulations suggest LGM 
ELAs of 3720 m asl and a LGM ∆ELA of ~880 m, which is 
within uncertainty of the tropical average (LGM ∆ELA 925 ± 
115 m; Porter, 2000).

One simulation (RutP-10) suggests that some of the 
moraines at ~3500 m asl in the Bujuku valley could have been 
deposited during the late glacial or early Holocene ca. 11.2 ka. 
The simulations show ice-free conditions during the majority 
of the early and middle Holocene, and ice-free conditions could 
occur in the near future in the Rwenzori with a warming of ~1 °C  
from modern temperatures. The simulations indicate that the 
Rwenzori peaks became glacierized within the last 2000 yr. 
Increased efforts in cosmogenic dating in the future will help to 
inform these simulated predictions.
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