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Abstract. The Lewis Glacier on Mt Kenya is one of the best- the glacier surface. The analyses shown here form the basis
studied tropical glaciers, but full understanding of the inter-for future glacier-wide mass and energy balance modeling
action of the glacier mass balance and its climatic drivers haso determine the climate proxy offered by the glaciers of Mt
been hampered by a lack of long-term meteorological dataKenya.

Here we present 2.5 yr of meteorological data collected from
the glacier surface from October 2009 to February 2012. The

location of measurements is in the upper portion of Lewis

Glacier, but this location experiences negative annual masé Introduction

balance, and the conditions are comparable to those experi- ) ) o

enced in the lower ablation zones of South American glaciersifopical glaciers have proven potential to give informa-
in the inner tropics. In the context of other glaciated moun-tion about conditions in the poorly sampled tropical mid-
tains of equatorial East Africa, the summit zone of Mt Kenya troposphere over annual to centennial timescales, provided
shows strong diurnal cycles of convective cloud develop-bOth their interaction with the atmosphere (e.g., Hastenrath,
ment as opposed to the Rwenzoris, where cloud cover perd984; Osmaston, 1989; Kaser and Georges, 1999; Kaser,
sists throughout the diurnal cycle, and Kilimanjaro, where 2001; Kaser and Osmaston, 20026l and Hardy, 2004)
clear skies prevail. Surface energy fluxes were calculated fopnd their relationship to regional and synoptic-scale climate
the meteorological station site usinga physical mass- andlynamics (e.g., Mig et al., 2003a, b, 2006a, 2009a, b; Kaser
energy-balance model driven by measured meteorologicaft al., 2004; Francou et al., 2004; Vuille et al., 2008) are un-
data and additional input parameters that were determined b§ferstood. Such information can serve to help examine ideas
Monte Carlo optimization. Sublimation rate was lower than about recent changes in tropical circulation and their impact
those reported on other tropical glaciers, and melt rate wa§n regional and global climate (e.g., Held and Soden, 2006;
high throughout the year, with the glacier surface reachingtyon and DeWitt, 2012).

the melting point on an almost daily basis. Surface mass bal- Meteorological conditions in equatorial East Africa re-
ance is influenced by both solid precipitation and air tem-Sult from complex interactions between multiple conver-
perature, with radiation providing the greatest net source oe€nce zones and topographic, marine and lacustrine influ-
energy to the surface. Cloud cover typically reduces the negnces (Nicholson, 1996). The annual climate cycle is dom-
radiation balance compared to clear-sky conditions, and thudated by bimodal precipitation seasonality, consisting of the
the frequent formation of convective clouds over the summit 1ong rains” (March to May (MAM)) and the “short rains”

of Mt Kenya and the associated higher rate of snow accu{October to December (OND)) and driven by the passage

mulation are important in limiting the rate of mass loss from ©Of the tropical rainfall belt associated with the Intertropi-
cal Convergence Zone (ITCZ). The western Indian Ocean
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Fig. 1. Location map of the tropical glacier sites referred to in this study, with an inset showing Lewis Glacier in February 2012 (photo credit:
Stephan Galos).

is the dominant moisture source for equatorial East Africa,et al., 2006; Prinz et al., 2011; Kaser and Osmaston, 2002;
supplemented by convergent eastward-traveling convectiv€ullen et al., 2013). The Lewis Glacier (LG) on Mt Kenya
waves crossing the continent (e.g., Whittow, 1960; Sun ethas abundant historical glaciological data and is also the
al., 1999; Mpeta and Just, 2001; Chan et al., 2008) and bynly benchmark tropical glacier outside of South Amer-
incursions of moist air from the Congo Basin (e.g., Sun etica (WGMS, 2008). Thus, despite its small size, LG re-
al., 1999; Pohl and Camberlin, 2006). During the short rainsmains an important glacier to understand in the context
enhanced moisture and precipitation anomalies have been asf both global glacier changes and the climatic changes
sociated with positive phases of both (i) EIfféi Southern  recorded by tropical glaciers. The geodetic mass balance
Oscillation (ENSO), which causes higher sea surface temeof LG spanning 1934-2010 has been determined from field
peratures in the Indian Ocean and consequently enhancedaps (Prinz et al., 2011), and, within this period, 20 yr of
convection and evaporation (Mutai and Ward, 2000), and (ii)detailed annual mass balance data have been compiled for
the Indian Ocean Zonal Mode, which accentuates the Indiathe mass balance years of 1979-1996 (Hastenrath, 2005)
Ocean trade winds and onshore moisture transport to equat@nd 2011-2012 (Prinz et al., 2012). Where concurrent data
rial East Africa (Hastenrath, 2000, Chan et al., 2008|dvet  are available the geodetic and glaciological measurements of
al., 2006a, 2009b). Relationships between interannual variamass balance are within error of each other. Between 1934
tion in the long rains and large-scale climate modes are noaind 2010 Lewis Glacier lost 16.673.82x 10° m® (90 %)
as well established, but decline of the long rains over recendf its 1934 volume and 0.3940.015x 10°m?® (79 %) of
decades has been linked to warming of the tropical Indianits 1934 surface area (Prinz et al., 2011). Mean specific
Ocean and westward extension of the Walker cell that tendsnass balance rate between 1934 and 1974 ranged between
to suppress convective activity over equatorial East Africa—0.224 0.40 and—0.544 0.63mw.e. al, after which mass
(Funk et al., 2008; Williams and Funk, 2011). balance became more negative, and was mostly negative be-
Three glacierized areas remain in equatorial East Africatween 1993 and 2004, when mean specific mass balance
(Fig. 1): Kilimanjaro [304S, 3721 E; 5895m], Mt rate was—2.22+0.44mw.e.al (Prinz et al., 2011), and
Kenya [°09 S, 3718 E; 5199 m] and the Rwenzori Range the most recent glaciological measurements of annual mass
[0°23 N, 2952 E; 5109 m], and all of these regions have balance are-1.40, —1.54 and—1.03mw.e. for the mass
shown strong glacier retreat over the 20th century (Cullenbalance years 2009/10, 2010/11 and 2011/12, respectively
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(Prinz et al., 2011, 2012). Although periods of a few days of these lower elevation glaciers, in contrast to the glaciers
measurements of some meteorological variables exist fronon Kilimanjaro, which show a very weak energy and mass
April 1960, July to August 1975 and February to March balance response to any changes in atmospheric temperature
1978 (Platt, 1966; Davies et al., 1977; Hastenrath and PattMolg et al., 2009a).
naik, 1980; Hastenrath, 1983), no previous meteorological Detailed surface energy balance studies are needed to
or surface energy balance (SEB) measurements over annudetermine what climate signals are potentially reflected in
timescales that would enable full assessment of the climatichanges of equatorial East African glaciers near the regional
drivers of glacier recession have been carried out. freezing level, and how these relate to the climate proxy of-
Past studies have attributed recession of equatorial Easered by glaciers on Kilimanjaro and in tropical South Amer-
African glaciers to various changes in climatic conditions ica. To this end, this paper presents meteorological condi-
(Kaser and Noggler, 1991; Hastenrath and Kruss, 1992tions recorded by an automatic weather station (AWS) in-
Thompson et al., 2002; Mg et al. 2003a, b, 2006a; Kaser et stalled on Lewis Glacier in September 2009 and characteris-
al., 2004; Hastenrath 2010). However, recent process-basetits of the surface energy balance at the site in the context of
assessments have determined the primary driver of retreat @fvailable data from other key tropical glacier sites.
slope glaciers on Kilimanjaro to be decreasing atmospheric
moisture since the end of the late 19th centurybld/et
al., 2009a). On Kilimanjaro, declining atmospheric moisture,2  Data and methodology
which has reduced summit precipitation and hence glacier
accumulation, has been linked to a decrease in the frequenc.1 Measurement sites and meteorological data
of the Indian Ocean Zonal Mode @It et al., 2006a). Con-
cordant decreases in atmospheric longwave and sensible hela¢wis Glacier (0.1 krf) lies ~370 m below the summit of
fluxes to the surface are largely compensated for by increasdglt Kenya ina quasi-cirque location between the true sum-
in absorbed solar radiation, due to reduced cloud cover anahit and a secondary peak (inset Fig. 1). The AWS at 4828 m
lower surface albedo, such that energy-driven mass losses relevation is~40m below the upper limit of the glacier.
main comparable to those in more humid conditions and conData are available from 26 September 2009 to 22 Febru-
sequently retreat in glaciers on Kilimanjaro is driven by the ary 2012. However, there is a gap in the surface height and
precipitation deficit (Mlg et al., 2009a). In contrast to this wind direction records from 25 January to 2 March 2010
energy balance response on Kilimanjaro, studies show thdbecause the mast was rotating, and a gap in all records
on South American tropical glaciers, reduced atmospheridrom 20 July to 29 September 2010 because the AWS mast
moisture reduces accumulation, and ablation can either beroke. Thus, 773 days of complete data in three separate
enhanced, through the albedo feedback in which reduced pregeriods are available for analysis. All instruments on the
cipitation results in decreased albedo and enhanced absorgWS (Table 1) are naturally ventilated and measured ev-
tion of solar radiation, or reduced, as a result of (i) divert- ery 1 min, and half-hourly averages are stored on a Campbell
ing energy from melting to the energetically more expen- Scientific CR3000 datalogger.
sive ablation process of sublimation, and (ii) reducing in- Naturally ventilated air temperature measurements can
coming longwave radiation (Wagnon et al., 1999; Francousuffer from radiative heating when insolation is high and
et al., 2003; Winkler at al., 2009). The mass balance variabil-wind speed is low and the sensor shielding is inadequate
ity of the South American tropical glaciers is influenced by (e.g., Georges and Kaser, 2002), and in the case of com-
ENSO, with ElI Nfio events resulting in more negative mass bined temperature and relative humidity sensors, the mem-
balance: in the inner tropics, higher temperatures during Ebrane that protects the sensors from contamination further
Nifio increase ablation and also mean thata higher proporimpedes natural ventilation. The Met21 radiation shield used
tion of precipitation on the glacier surface is liquid rather at LG combines white outer lamina and black inner louvres
than solid, while in the outer tropics, El i events are as- that prevent direct solar radiation reaching the sensor from
sociated with reduced precipitation as well as higher temperany direction. The manufacturers specification reports that
atures (Wagnon et al., 2001; Favier et al., 2004a; Francowomparative studies between this type of radiation shield and
et al., 2003, Vuille et al., 2008). Evidently, the impact of a an aspirated sensor indicate that at wind speedsns!
changing climate on the surface energy and mass balance efith intense solar radiation, measured air temperature can be
tropical glaciers is strongly dependent on the prevailing cli- 0.5°C above that recorded by an artificially ventilated sensor.
mate conditions and processes at their locations, as well a8t LG, times with low wind speed coincide with overcast
the regionally active climate modes. As glaciers on Mt Kenyaskies, and so in the absence of concurrent ventilated tem-
and the Rwenzoris are much closer to the long-term (1977-perature and humidity measurements required to explicitly
2007) regional freezing level of 4650-4750 m (Bradley evaluate any impact of radiative heating on the sensor, we
et al., 2009) than the slope glaciers of Kilimanjaro (Cullen have assumed that the radiation shielding is adequate. Com-
et al., 2006), heat transfer from the warmer atmosphere iparison of the 2C-binned hourly air temperaturd) from
expected to play a key role in the energy and mass balancthe Vaisala sensor with that of a Campbell Scientific 107
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Table 1. Details of the Lewis Glacier automatic weather station instrumentation and symbols used to refer to meteorological variables.
Secondary air temperature measurements were made with a Campbell Scientific 107 thermistor.

variable symbol (unit) instrument initial height (m)  stated accuracy

air temperature T (°C) Vaisala HMP45C with 1.50 +0.3°Cat0°C
Met21 radiation shield

relative humidity RH (%) Vaisala HMP45C 1.50 +3% at 20°C

radiation fluxes SWI, SWO, LWI, LWO (Wm?)  Kipp & Zonen CNR-4 1.50 +10% day total

wind speed wind direction vV (ms 1) DIR (°) Young 05103 2,51 +03ms?
anemometer

air pressure P (hPa) Setra 278 +1.5hPa

surface height SFC (m) Campbell Scientific  1.76 +0.01m

SR50a sonic ranger

Radiation fluxes: SWI: shortwave incoming, SWO: shortwave outgoing, LWI: longwave incoming, LWO: longwave outgoing.

thermistor installed within the same radiation shield{lylet for which daily SWI> 75 % of daily TOA. Completely over-

al., 2008) indicates that differences between the two sensorsast conditions during daylight hours were defined as times
exceed the error margins of the sensors in only 0.02 % casesyhen measured SWI was 35 % of the theoretical clear-

so measured temperatures appear unaffected by the senssky SWI (Hastenrath, 1984; dlg et al., 2009c¢), which was
membrane. Reported relative humidity (RH) values havecalculated for mean conditions using the equations given in
been rescaled to give RH with respect to water or ice, deMolg et al. (2009c).

pendent on ambient air temperature, and truncated at 100 % Published data from four other tropical glaciers, plus one
(Anderson, 1994). Vapor pressukg @nd specific humidity  non-glacier station, are used to provide context for the con-
(¢) were computed using Magnus—Tetens formulae (Murray,ditions measured on LG (Fig. 1). These sites are (1) an off-
1967). Nocturnal values of SWI and SWO were set to 0, agglacier station located 50 m below the Elena Glacier (EG)
were all value pairs for which SW& 1 Wm~2. At high ele-  on Mt Stanley in the Rwenzori range of Uganda (Lentini
vation sites such as this, measured SWO can be higher thagt al., 2011); (2) the uppermost reaches of Kersten Glacier
SWI when solar zenith angle is high. Outside of these hourKG) on Kilimanjaro, Tanzania (Klg et al., 2008, 2009a);
SWO=> SWI was taken to indicate snow cover or riming on (3) the ablation zone of Antisana 15 Glacier (AG) in Anti-
the upper sensor and in these cases (0.6 % of the data) mesana, Ecuador (Favier et al., 2004a, b); (4) the ablation zone
sured SWI was replaced with SWO divided by the typical of Artesonraju Glacier (ARG) in the Cordillera Blanca of
snow albedo over the measurement period. Daily albedo valPeru (Juen, 2006); and (5) the ablation zone of Zongo Glacier
ues (rgay) Were computed as the ratio of daily total SWO (ZG) in the Cordillera Real of Bolivia (Favier et al., 2004a;
to daily total SWI for the whole day (Oerlemans and Knap, Sicart et al., 2005). The periods of data assessed in these pub-
1998; Van den Broeke et al., 2008) without any geometri-lications do not coincide, and some consider only one year
cal corrections, as twice yearly visits to the AWS indicated from a longer record (see Table 2), but assessments of their
that the sensors remained level throughout the measuremengpresentativeness for typical conditions are given in the re-
period. Gaps in the wind speetf Y record caused by occa- spective publications. The first three sites are, like LG, all
sional freezing of the anemometer (0.1 % of the data) werédn the inner tropics, while the last two sites, ARG and ZG,
filled by linear interpolation between the hourly values of ad- are located in the outer tropics and are included for broader
jacent days. Daily snow accumulation height was computectontext only.For KG, additional unpublished data are avail-
as positive surface changes between successive midnight suable up to October 2011, which allows comparison of me-
faces, taken as the mean of half-hourly measurements frorteorological conditions at LG and KG over a period of con-
22:00 to 02:00 inclusive, which minimizes noise contamina-current measurements (PCM) spanning 1 October 2009 to
tion of the signal. This approach might under-represent ac419 July 2010.

cumulation if snowfall ina given day is subject to signifi-

cant ablation or compaction within the same day. Mean mid-2.2  Additional climatological data

night surfaces for which the standard deviation was greater

than the 90th percentile were replaced with linear interpola-The representativeness of the measurement period at LG in
tion between adjacent days. Clear-sky days were identifiedhe context of regional precipitation seasonality was assessed
as those with parabolic diurnal cycles of SWI, and compari-in the context of the 1998-2012 monthly mean°0TRMM

son of the total daily SWI on these days with daily total top 3B43.V7 precipitation rate (i) averaged overa domain en-
of atmosphere radiation (TOA) provided threshold levels tocompassing both Mt Kenya and Kilimanjare%.0to 2.5 N,
identify clear-sky days, which were defined at LG as those35 to 40 E), and (ii) at the closest grid point to Mt Kenya

The Cryosphere, 7, 12053225 2013 www.the-cryosphere.net/7/1205/2013/
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Table 2. Comparison of the AWS station locations and daily mean (standard deviation) conditions measured at each site over the respective
period of published data. ARG and ZG are glaciers in the outer tropics.

East African sites South American sites

LG EG KG AG ARG ZG
source this study Lentinietal. (2011) @iy et al. Favier et al. Juen (2006) Favier et al.
(2009a) (2004b) (2004a)
ma.s.l. 4828 4750 5873 4890 4850 5050
coordinates 009 S 0°22 N 3°04'S 0°28 8°57' S 16°15' S
3718 E 29°52 E 37°21E 78°09 W 77.38W 68°10 W
location upper glacier off glacier upper glacier lower glacier lower glacier lower glacier
inner tropics inner tropics inner tropics inner tropics outer tropics outer tropics
sky view 88% - 98 % 95 % 94 %
date range 09/09-07/10 10/06-08/07 02/05-01/08 03/02-03/03 04/04-04/05 08/99-08/00
09/10-02/12 07/08-06/09
[mm/yy] 36 days 8% data no data 16 days
missing missing missing missing
T [°C] —0.9(0.8) —0.35(0.8) —6.8 (1.1) 0.3(0.7) 0.7 (0.8) —0.8 (1.4)
T ice [°C] —-2.9(1.6) - -8.9(2.1) —-1.4(0.7) -3.1(2.1)
RH [%] 75 (19) 90 (9) 56 (26) 81 (11) 71(21)
qlgkg 1] 4.7 (1.3) - 2.6 (1.2) 5.5(0.7) 4.8(5.1) 4.7 (1.5)
Vms 2.8 (1.0) 3.6 (2.3) 4.8 (2.5) 4.8 (3.5) 3.2 (2.8) 2.7(1.2)
SWI [Wm™2] 191 (65) 121 (49) 339 (58) 239 (68) 230 (64) 209 (61)
LWI [Wm 2] 255 (33) - 179 (44) 272 (29) 281 (34) 258 (45)
albedo 0.56 (0.17) - 0.56 (0.13) 0.49 (0.18) 0.54 (0.18) 0.66 (0.18)
snow [mmw.e.dl] 2.94 4.00 1.36% 1.95
P [hPa] 571 (0.9) 581 (0.7) 501 (0.7) - -

2 Computed from daily snow depth accumulation multiplied by the 90th percentile density of fresh snow from all available field measurements which wa%am@ kod

255 gkg L at KG. b |s not solid precipitation accumulation but total precipitation in mmw.e.

(37 E, @ N). Time series of the data were generated usingtion Japanese Meteorological Agency Global Spectral Model
the Giovanni online data system, developed by the NASAforecast output.
Goddard Earth Sciences Data and Information Services

Centre fttp://disc.sci.gsfc.nasa.gov/giovannand monthly

anomalies from the mean annual cycle were computed for
the period of measurements at LG AWS. Similarly, the rep_The meteorological data from LG are used to drive a process-
resentativeness of the measurement period in terms of afpased mass and surface energy balance modaig(kt al.,
temperature was assessed on the basis of the European Cé}108, 2009a, 2012) at the AWS location. The model is driven
tre for Medium-Range Weather Forecasts (ECMWF) ERA-by hourly mean AWS inputs of’, SWI, aday, LWI, RH,
Interim reanalysis datah{tp://data-portal.ecmwf.int/data/d/ surface pressure?), V and snow accumulation rate, since
interim_mnth), for which monthly anomalies in 500 hPa both historical (Hastenrath, 1984) and our recent observa-

level air temperature averaged over 36.5 to 38 and—1

2.3 Surface energy and mass balance model

tions suggest all precipitation is solid at LG. Daily snow ac-

to 1° N during the measurement period were computed in re-cumulation height is converted to accumulated mass using a
parameterized value for fresh snow density, and the daily
To ascertain whether Mt Kenya and Kilimanjaro were in- mass accumulation is divided through all hours of the day
fluenced by different air masses during the PCM, monthlyin Which RH>90%. The model solves the SEB at hourly
mean ERA-Interim wind fields, covering the region of the timesteps, including a subsurface module with 14 levels over

lation to the mean annual cycle for 1979-2012.

two mountains (35—-40%E and 6 S-3 N), at 10m above

a depth of 3 m that computes the heat flux and resultant tem-

the model surface and at the 500 hPa level were examined€rature distribution in the glacier body. The energy fluxes

However, since these data represent only mean conditiongnd temperature field are then used to determine mass fluxes
5-day back trajectories were computed for (i) the summit co-0f surface and subsurface melt, sublimation, deposition and
ordinates of Mt Kenya and Kilimanjaro, (ii) the horizontal refreezing in the snow pack at each timestep, resulting in a
coordinates of each summit at the elevation of the model surmodeled surface height change.

face, and (iii) at 200 hPa. The back trajectories were calcu- Following Mdlg et al. (2012), model parameters (Table 3)
lated for the target location at 12:00 UTC (15:00 LT) for all Were optimized using a Monte Carlo approach, in which, for
days in the PCM using the online METEX tool (Zeng et al., €ach of the three periods of available data, 1000 realiza-

2010), with the 0.5-spatial and 6-hourly-temporal resolu- tions of the model were performed with random parameter
values generated to span the physically meaningful range

www.the-cryosphere.net/7/1205/2013/ The Cryosphere, 7, 120225 2013
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Table 3.Mass and energy balance model input parameters that were determined by Monte Carlo optimization, showing the permissible value
range and source of constraining data, and the mass balance response to perturbing individual parameters to the maximum and minimum c
their permissible range.

parameter unit range source and notes mass balance sensitivity
penetration depth of m 0.5+20% Determined through diffusion experi- +20%
daily temperature cycle ment driven with LWO-derived surface
temperature
z0ice m 15x 10 3+5x 1073 Winkler et al. (2009). Value is larger +1%
than that found for melting midlati-
tude ice surfaces as small penitents have
been observed at LG.
20 fresh snow m 0.5%10°3+0.4x 1073  Brock et al. (2006). +1%
z0 old snow m 45 103+35x10°2 Brock et al. (2006). +1%
density of fresh snow gkgt 370460 Field measurements of fresh snow span +12%
330 to 430 kg 3.
bulk density of snow gkg~!l 500+20% Field measurements of aged snow <+1%
pack at beginning of span 430 to 510kgmP. In previous
run mass balance work on LG, bulk snow
density was taken to be 600kgmh
(Hastenrath, 1984).
fraction of refreezing 0.3+20% Molg et al. (2009a). <+1%
meltwater forming su-
perimposed ice
% of SWI penetrating % 20+ 20%/10+ 10 % Bintjana and Van den Broeke (1995), +3%/H4 %
ice/snow Molg et al. (2008).
extinction coefficient of m—1 2.5+20%/17.1+ 20 % Bintjana and Van den Broeke (1995), +2%/<+1%
SWI in ice/show Molg et al. (2008).
bottom boundary con- °C -1+1 The ice was assumed to be near the +8%

dition ice temperature

melting point on the basis of field mea-

surements and findings from Thompson
and Hastenrath (1981).

as measured or previously published (Table 3). A simple,dependent evaluation. This stake was measured at 6-month
single-parameter sensitivity analysis was performed on all ofintervals throughout the modeled period. Field observations
the model input parameters, in which individual model pa- indicate that there is no firn layer, so ice density was taken to
rameters were perturbed to the minimum and maximum ofbe 900 kg n3. Initial surface temperatures were computed
the parameter value ranges given in Table 3, while all othefrom measured LWO at the start of each modeled period, and
parameters were held constant at the central value of theithe initial internal temperature field was set to equal the ini-
respective ranges, and we report the impact of this paramtial surface temperature.

eter perturbation on modeled mass balance. The optimized

parameter set was taken to be that resulting in the mini-

mum root-mean-square difference (RMSD) between mod3 Results

eled and measured surface height and the model output usir@
these optimized input parameters was used to calculate the’

SEB. Because modeled surface height increases are driveg summary of the meteorological conditions measured at
by the accumulation input derived from the measured sur{ g aws is given in Table 4. The meteorological vari-
face height change, only the modeled surface lowering canypes show strong diurnal cycles but weak and inconsistent
be independently validated by the measured surface heighlgasonality (Fig. 2)p variations are small and normally
change. Therefore, the modeled glacier surface temperatur&stributed, and on daily timescales are dominated by the
and the surface temperature computed from measured LWQgmi_giurnal cycle (Dai and Wang, 1999). Periods of persis-
are also compared as an independent measure of model pP§ky high (February—June 2010) and low (December 2010—
formance. In addition, the modeled surface height change ait—'ebruary 2011) daily meaR were recorded, and the vari-
the AWS is compared to that measured ata mass balancgyjy in half-hourly P readings is lower during the period
stake within 5m of the AWS site to provide a second in- May to September than in other months of the y&as nor-

1 Meteorological conditions on Lewis Glacier
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Fig. 2. Summary of daily mean meteorological conditions measured at Lewis Glacier AWS (4828 m Mt Kenya). Incoming shortwave radiation

and specific humidity are shown as isopleth diagrams to highlight the evident afternoon development of cloud cover and peak specific
humidity.

mally distributed with a mean value slightly below©. The  diurnal cycle indicates RH: 70 % from 00:00 to 09:00, and
interquartile range of the 30 min means essentially remaingpeak RH and vapor pressure span 15:00-16:00 and 15:00—
below 0°C, but temperatures above freezing occur on an al-17:00, respectively, 4-5h after peak SWI. Near-saturation
most daily basis, with mean hourly > 0°C between 10:00 conditions at the AWS (defined as RHI5 %) can occur at
and 15:00, peaking at 11:00 (all time data in the text referany time, and are reached:in40 % of the sampled days be-
to local time). Daily mearr” broadly agrees with the periods tween the hours of 14:00 and 19:00, concomitantly witha
of sustained high and low pressure, with a thermal optimumdaily peak in specific humidity (Fig. 2e).
spanning February to June 2010 (Fig. 2a, b). During this op- Hourly LWI shows a bimodal frequency distribution, scat-
timum, some temperatures abové@were even recorded ter plots (not shown) of LWI against both temperature and
during nocturnal hours, while the lowest nocturnal air tem- SWI/TOA during daylight hours indicate that these modes
peratures occurred in January 2011 and 2012. are associated with two dominant clusters of sky conditions
Maximum hourly SWI exceeds the solar constant, whichrepresenting clear and cloudy, and LWI shows temperature
can be explained by multiple reflections of shortwave radi-dependency only within these categories. Days for which
ation between clouds and surface or between snow-coveredocturnal LWI values are high are associated with overcast
surrounding and the measured surface, and the typical dailgky conditions throughout all daylight hours. Examination
cycle shows suppression of SWI in the afternoon compareaf the frequency distribution of LWI by hour shows that
with the clear-sky parabola due to the frequent developmenthe bimodal distribution is replaced by a single negatively
of afternoon cloud cover. SWI is highest during January andskewed peak at 310 W nT2 between 13:00 and 17:00, em-
February, and the only period of sustained clear skies ocphasizing the frequent incidence of afternoon cloud forma-
curred in January 2012 (Fig. 2c). tion. Furthermore, the monthly frequency distributions show
RH is typically > 50 % (Fig. 2d) and is negatively skewed, that during MAM, August and OND the bimodal distri-
witha strong peak near saturation values, emphasizing theution is dominated by the peak at310 W nT2, indicat-
typically moist state of the atmosphere at LG. The averagdng a higher incidence of cloudiness during these months.
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Fig. 3. Upper panel: Monthly TRMM precipitation rates for the study period (open circles) relative to the January 1998—July 2012 mean
(black squares) and monthly standard deviations (gray error bars) for the grid point nearest Mt Kenya. Lower panel: Monthly ERA-Interim
500 hPa air temperature averaged over 36.5 to°BBathd—1 to 1°N for the measurement period (open circles) relative to the range of the
monthly mean temperature for January 1979-July 2012nonthly standard deviation (gray shading).

Thus, the primary cause of bimodality of LWI is the diur- lation during the long rains in 2011 remained below the all-
nal cycle of cloudiness, and the secondary cause isa seanonth mean rate. In contrast, of the three short rains periods
sonal variation between cloudy and clear-sky conditions, al-sampled, at least 2 months of each brought snow accumula-
though the seasonal pattern of LWI is not clearly evidenttion above the all-month mean. Additionally, accumulation
in the daily time series (Fig. 2f). The distribution of hourly was above the all-month mean during the dry season months
LWO shows a strong peak at 316 Whdue to the high fre-  of January 2010 and August and September 2011, when the
quency with which the glacier surface reaches the meltingaccumulated snow depth equaled that of ON 2010. These
point during the daytime. July is the month with the lowest data highlight the high degree of interannual variability in
incidence of the glacier surface reaching the melting point.the duration and intensity of both the rainy and dry seasons
Assuming ice emissivity to be unity, LWO values translate in the summit region. Surface albedo is highly variable in the
intoa mean glacier surface temperature-&.9°C (mini- first part of the record, and, in the second half of the record,
mum—16.6°C). highest albedo coincides with the wet seasons (Fig. 2i).

V is generally low and, on average, wind speed is
~1ms ! faster during the night than during daylight hours, 3.2 Representativeness of the measured period
and declines sharply after sunrise toa late afternoon mini-
mum. MaximumV’ coincides with the prevailing wind di- - TRMM precipitation rate at the grid point nearest Mt Kenya
rection that is from the northeast, partly conditioned by eastys 1 5 times greater than that averaged over the region cov-
erly atmospheric background flow and partly by channelingering Mt Kenya and Kilimanjaro, most likely due to the en-
of this flow between the main and secondary summits of Mtphanced precipitation associated with the mountain, but both
Kenya. Although the daily mean wind speed does not ré-gpatia| scales show the same pattern of seasonal and in-
veal any seasonal variability, the monthly frequency distri- terannual variability. Accumulating precipitation gauges at
bution of V' shows fewer occurrences of high wind speedsthe elevation of Lewis Glacier indicate mean annual pre-
in JAS, during which time the wind direction shows less cipitation of ca. 870mm (standard deviation of 270 mm)
frequ_ent deviation from the prevailing northeasterly airflow fom 1979 to 1995 (Hastenrath, 2005), which compares well
than in other months. with the mean annual value of 855mm for 14 full years

Visual inspection of daily snow depth accumulation rate of TRMM data (1998-2011) at the closest grid cell to Mt
averaged over weekly and monthly intervals shows that onlykenya. The anomalies of total annual precipitation in 2010
May of the 2010 long rains brought the accumulation rateang 2011 were -4 and-17 %, respectively, of the annual
above the all-month mean rate at the AWS, and that accumustandard deviation of TRMM precipitation (269 mm). For
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Table 4. Summary of 30 min meteorological data measured at LG AWS, computed for all 773 available days between 26 September 2009
and 22 February 2012 (missing data between 25 January and 2 March 2010, and between 20 July and 29 September 2010). Every secor
row refers to a single annual cycle, 1 October 2010 to 30 September 2011. These data were used to compute the daily values shown ir
Fig. 2 and Table 2. Abbreviations are given in the text in Sect. 2.1 and values in parentheses for the SWI parameter were computed on
daytime values only.

T RH e q SWI o LWI LWO \% P

°C) (%) (hPa) (gkgl) (Wm?) Wm=2) (wWm2) (ms?l) (hPa)
mean —-0.92 75.6 4.33 469 191(376) 0.56 255 303 2.8 571.10
-1.32 74.3 4.05 4.43 189(372) 0.55 250 300 2.6 570.79
max 6.61 100.0 7.64 8.35 1429 0.89 357 329 11.9 57456
498 105.8 6.80 7.44 1326 0.85 345 328 11.9 573.89
min —7.00 6.0 0.35 0.37 0 0.14 165 246 0.0 567.78
—7.00 6.0 0.5 0.8 0 0.16 165 246 0.0 567.78
25% —-1.85 59.6 3.30 3.54 0(105) 0.46 206 290 1.7 570.35
-2.19 56.3 2.95 3.22 0(100) 0.46 202 287 1.6 570.09
75% 0.01 98.8 5.62 6.10 263(579) 0.69 307 317 3.6 571.87
—0.46 97.6 53 5.85 290(585) 0.65 304 316 3.3 57153
median —0.94 86.2 4.86 5.23 0(291) 0.60 255 307 25 571.13
—1.32 83.6 4.49 4.90 3(284) 0.58 245 303 2.3 570.83
st. dev 1.40 26.9 1.64 1.79 290 (322) 0.17 51 16 1.5 1.10
1.31 27.4 1.58 1.72 295(322) 0.16 50 17 1.4 1.04

the 29 months of the measurement period, seven monthsurface change measured over the period, and deviations in
(December 2009; February, March, and July 2010; and Au-daily surface change are normally distributed around 0 with
gust, October, and November 2011) experienced positive- 90 % within+4 cm of the measured SFC change. The cor-
precipitation anomalies in excess of the standard deviation ofelation between measured and modeled hourly surface tem-
the TRMM monthly mean precipitation rate and one month perature is 0.77. The sensitivity analysis indicates that the im-
(November 2009) showed a negative anomaly (Fig. 3). Negpact of single-parameter perturbation on modeled mass bal-
ative anomalies in monthly mean precipitation within one ance over the expected range of the parameter value is small
monthly standard deviation dominate the measurement pefor all the roughness terms, initial bulk snow density and the
riod from May 2010 to May 2011, and again from December formation of superimposed ice. Percentage changes in mod-
2011 until the end of the record. eled mass balance show most sensitivity to the penetration
The ERA-Interim temperature data indicates that for thedepth of daily temperature cycles, fresh snow density and the
period of available measurements at Lewis Glacier, air tem-ce temperature at the bottom boundary of the model space.
perature tended to be higher than the monthly averagd&herefore is it pertinent to briefly discuss the likely accuracy
through February—June 2010, but only in May 2010 did of these prescribed parameter value ranges, as these exerta
the high temperature anomaly exceed the monthly standardontrol on the possible model solutions. Firstly, the glacier
deviation. Air temperature was anomalously low throughwas assumed to be temperate based on (i) historical field
January—April 2011 and in February 2012, and was genermeasurements (Thompson and Hastenrath, 1981) and (ii) the
ally lower than the monthly average from late 2010 until the absence of any high altitude accumulation area that could im-
end of the measurement period. The mean annual tempergort colder ice to the glacier. As no subsequent field observa-
ture cycle at 500 hPa level in the ERA-Interim data showstions have contradicted these findings, the narrow parameter
that over the period 1979-2012, April and May experiencerange used in the modeling appears to be well justified. The
the highest air temperatures, and July—October the lowespenetration depth range was determined by application of a
Air temperature in February shows the greatest variability inheat diffusion model driven by surface temperatures derived
this dataset. from measured LWO, and the large mass balance response
across the range is partially a result of allowing this penetra-
3.3 Mass and surface energy balance at Lewis Glacier  tion depth to vary over a relatively wide rang&40 %) in
order to reflect the potential influence of non-diffusive pro-
The model reproduces measured surface temperature angésses in the surface layer of the glacier. Modeled mass bal-
measured surface height at both the AWS and at the mass bagnce is sensitive to fresh snow density as this affects both the
ance stake very well (Fig. 4). RMSD between daily measurednass accumulation, which is input to the model as function

glacier surface height (SFC) and that modeled using the optiof the measured surface height change multiplied by the fresh
mized parameter set is alwaysl1 % of the amplitude of the
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Fig. 4. (a) Comparison of measured and modeled surface height showing daily model performance metrics for each of the three periods, and
comparison againsta nearby mass balance stake. Vertical lines indicate the subsampled periods chosen to represent “typical” wet and dr
conditions and warm/wet (w/w) and clear/dry (c/d) extrenflesComparison of measured and modeled daily mean surface temperature.

show density, and the surface energy balance by altering theonditions (Fig. 2) and on the representativeness of the mea-
portion of the model run time for which the surface is snow sured period in comparison to the mean monthly conditions,
covered. Published fresh snow density values from the KGsubsamples from 1 to 20 October 2010 and 1 to 20 July 2011
and ZG sites have been determined by direcblMet al.,  were selected to represent “wet” and “dry” conditions, re-
2008, 2009) and indirect observations (Sicart et al., 2002), aspectively. In addition, 26 April-15 May 2010 (20 days) and
well as estimates derived from combining atmospheric modell9 January—7 February 2010 (20 days) were selected to rep-
output with observations (Mg and Scherer, 2012). These resent extremes of warm/wet and clear/dry conditions and
studies indicate that fresh snow density at low-latitudes iswere chosen on the basis of coinciding with thermal opti-
> 200 kg n3, and at KG and ZG, which are both higher and mum and humidity minimum in the measurements period,
colder than LG, measurements or calculations of maximunrespectively.
fresh snow density are 300 kg m3. Thus the density range Energy and mass fluxes averaged over the whole modeled
used for LG spans and exceeds the upper end of the pulperiod and over these subsamples (highlighted in Fig. 4) are
lished ranges of fresh snow density at KG and ZG, but as LGpresented in Fig. 6. The mean mass balance rate is markedly
is both at a lower elevation and typically has a higher air tem-different between the periods: the wet conditions subsam-
perature than these sites (Table 2), it is not unreasonable tple sustains a balance rate of 2.99 i&day 1, compared
have higher density snowfall at LG as indicated by the fieldto —1.28 kgnfday ! during the dry conditions subsam-
measurements. ple, while mean balance rates during the extreme warm/wet
As was typical for the historical mass balance recordsand clear/dry conditions were larger a9.25 kg nf day*
(Hastenrath, 2005), LG experienceda negative mass baland—4.94 kgnf day 1, respectively, with the highest mass
ance over the measurement period (Prinz et al., 2012), antlirnover occurring during the warm/wet extreme.
at the AWS, total surface lowering was 2.43m (Fig. 4). Turbulence-driven sublimation will be zero only if vapor
The modeled mass balance summed over the three periogsessure in the glacier boundary layer equals or exceeds that
was —1.59 mw.e., which equates toa mean balance rate o0bf the glacier surface, or wind speed is zero, whereas surface
—2.05kgnT2day L. melt is conditional on glacier surface temperature reaching
Monthly mean surface energy balance, mass flux compothe triple point of water and additional energy being sup-
nents and meteorological conditions are shown in Fig. 5. Inplied to fuel melt. Consequently, sublimation occurred in
order to assess how surface energy balance differs betweéfil % of the modeled hourly time steps, while surface melt
the seasons, it would be desirable to be able to identify typ-occurred in only 14 %. Over the modeled period, mean en-
ical wet and dry season conditions. However, this is chal-ergy consumed by sublimation (21.6 W#&) exceeded that
lenging given the short and highly variable meteorological consumed by surface melt (15.0 W#), and sublimation
records. On the basis of the temperature, cloud and humiditgccounts for 59 % of the total energy consumed by ablation
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Fig. 5. (a) Monthly mean energy flux density of net shortwave radiation (net SW), net longwave radiation (net LW), conductive energy
flux (QC), turbulent sensible energy (QS), turbulent latent energy (QL), penetrating shortwave radiation (QPS), energy for melting (QM)
and surface albedo at Lewis Glacier AWS (4828 (b). Monthly mean mass flux rate of refreezing (ref), surface deposition (dep), solid
precipitation (snow), sublimation (subl) internal melt (int.melt), surface melt (sfc.melt) and net mass balance ratés) (iB)jthly means

of air temperatureZ[°C]), vapor pressuregfhPa]) and wind speed/[m s~1]).

over the modeled period, but the higher energy efficiencypositive mean net radiative energy flux of 36.1 WinNet
of melt compared to sublimation means that mean surfaceadiation is reduced during cloud cover compared to clear-
melt rate (3.89 kgm?day 1) was much higher than mean sky conditions. The additional mean surface energy contribu-
sublimation rate (0.66 kg nf day 1), with maximum hourly  tion from sensible heat flux is 8.4 WTR, and mean monthly
modeled surface melt, and sublimation rates of 7.73k§ m sensible heat flux is almost always positive (Fig. 5a). Mean
and 0.49 kgm?, respectively. Generally sublimation rates conductive heat flux in the glacier surface layer is only di-
were low and peak during the short periods of dry condi-rected into the glacier during the afternoon, but, combined
tions during the periods of January—February 2011 and 201&vith the penetrating shortwave radiation, mean energy flux
(Fig. 5). Thus, ablation at LG is dominated by melt, with the within the glacier body is directed into the glacier through-
modeled glacier surface temperature reachin@ 6n 588 of  out all daylight hours. The slightly negative ground heat flux
the 773 modeled days. As ice temperatures throughout that the surface (Q& QPS) indicates that the heat storage is
depth of the modeled column are generally near the freezingncreasing slightly during the modeled period. Mean latent
point, <4 % of the combined surface and subsurface meltheat flux is less negative throughout the daytime and is most
water produced is refrozen. Deposition rates are very lownegative at the beginning of the night. Melt occurred only
and contribute only 2% of the total surface mass accumu-during the daytime, with mean melt energy peaking from
lation. Positive monthly mean mass balance rates generall{t4:00 to 15:00 and correlating most strongly with air tem-
occur when mean monthly solid precipitation rates exceedperature and net shortwave radiation. Positive monthly mean
4kgm2day L. mass balance is only recorded when accumulation is near
Although the warm, moist and often cloudy atmosphere5kgni2day 1, but this rate of accumulation does not guar-
at LG means that LWI exceeds SWI in 75% of the hourly antee positive mass balance (Fig. 5b).
timesteps and that net longwave radiation is positive in 15% Mean energy loss via net longwave flux during wet con-
of the hourly cases, shortwave radiation is the largest netlitions (-25.8 WnT?) is less than half that of dry condi-
energy source to the glacier surface (Fig. 5a). Variations irtions (~73.5Wn12), and mean net shortwave during the
net shortwave radiation flux at the surface are mirrored bywet conditions (49.3W m?) is half that of the dry con-
net longwave losses, but averaged over the whole periodditions (100.8 W m?2). Thus, the contrasts in the compo-
only ~60 % of the net shortwave radiation flux at the sur- nents of the radiative flux show the greatest contrast be-
face is offset by net longwave energy losses, resulting inaween the wet and dry conditions, although the resultant
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Fig. 6. Summary of (columns) (i) mean energy flux density, (i) radiation flux components and (iii) mass fluxes at the AWS site on LG in
(rows) (a) the whole modeled periodh) standard wet conditions (1-20 October 2016) standard dry conditions (1-20 July 201(g) 20
days of warm/wet extreme (26/04/2010—-15/05/2010) @)»&0 days of clear/dry extreme (19/01/2012-7/02/2012).

mean net radiative fluxes are similar at 23.4 and 27.3W,m 0.1°C and 1.£C, respectively. Consequently, mean sensible
respectively (Fig. 6b and c). During wet conditions, the non-heat flux during wet conditions is 1 W m=2.

radiative energy flux exchanges are reduced compared to The mean difference in saturation vapor pressure at the
dry conditions, as the surface-to-air gradients in temperaturglacier surface temperature and the atmospheric vapor pres-
and humidity are smaller. Mean surface temperature duringure in wet conditions was 0.34 hPa compared to 1.28 hPa
the wet (-1.2°C) and dry (-2.9°C) conditions give a mean in dry conditions, while wind speed is only slightly lower in
temperature difference between air and surface conditions ahe wet conditions than it is in dry conditions. Consequently,
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differences in the sublimation rate between wet and dry con4 Discussion

ditions are primarily driven by the contrasting vapor pressure

gradient, rather than by wind speed (Fig. 6b and c). In the4.1 Comparison of mean conditions at LG with other
subsample of wet conditions 34 % of energy available for glaciated tropical sites

surface ablation is consumed to sublimate 3.23 kg of ice ) ) ) ) )

rising to 77 % to sublimate a total of 12.42 kg Aof ice dur- As is typical for Iow-latltudg Ioggtlops, none of the sites show
ing the subsample of dry conditions. During the wet condi- pronounced seasonal variability in air temperature (Kaser

tions, mass turnover is higher than in the dry conditions ang2nd Osmaston, 2002;alg etal., 2009a; Lentini etal., 2011),

combined surface and internal melting was more than dou@nd mean air temperatures over the respective measurement

ble that of the dry conditions. While mean air temperaturePeriods were close toC at all sites except KG, with above-
during the wet and dry conditions differs by only 02, the freezing mean temperatures measured in the ablation zone of

difference in mean latent heat flux between subsamples wetC @nd ARG. At KG both atmospheric and glacier surface

and dry of conditions at LG is 15 W? compared to differ- temperatures are lower, and more variable, than at the other
ences in mean net shortwave and longwave fluxes of 51 ang!t€S: @nd KG also experiences a markedly drier atmosphere.
_48Wnt2. EG is the most humid and cloudy site, with persistently over-

During the wet and warm/wet extreme conditions at LG cast conditions during daylight hours in contrast to the after-

LW! is only slightly elevated in comparison to the mean Lw| 100N development of cloud cover seen at LG and toa lesser
over the whole period; however, enhancement in LWI from €Xt€nt at AG, and the prevailing clear skies at KG.

the clear/dry extreme to the wet and warm/wet conditions At KG, vapor pressure, cloudiness and accumulation show
is 42% and 46 %, respectively, which is between the up-Cl€ar peaks during active wet season(@/et al., 2009a),

per limit of cloud cover LWI enhancement for midlatitudes Whereas at LG the active wet seasons show only very
and the humid season enhancement typical for outer tropica?;"ght increases in vapor pressure and'cloudlness on seasonal
glaciers (Sicart et al., 2005). The sum of the turbulent fluxesimescales, and can only be differentiated from mean con-

during the extreme warm/wet conditions is positive becausdlitions by increased precipitation amounts. At EG, these in-
sublimation is dramatically reduced and accounts for con-raseasonal offsets are not evident at all, although direct com-

sumption of only 14 % of the energy available for ablation parison C,)f published values is hampered by the definiti.o_n
in these conditions, while air temperaturé °C means that of the rainy seasons at EG as MAMJ and SOND (Lentini

the sensible heat flux is positive instead of negative, as it i€t @ 2011). Average long and short rainy season precipita-

during the subsample of wet conditions from October 2010. tion rates, calculated from total seasonal precipitation mea-
During the warm/wet extreme, high accumulation and sured with an accumulating rain gauge near Lewis Glacier

surface melt rates result in the highest mass turnover of€Ween 19f1 and 1990 (Hastenrath, 2005), were 3.4 and
all the analyzed periods, with snow accumulation rates o33 mm d‘f"y , respectively, which are slightly lower than
6.0kgn2day! more than offset by surface ablation of precipitation rates at EG over the four month§ of the Ion_g_and
—12.7kgnr2day ! (Fig. 6d). Thus, although wet condi- the short rains o_f4.1 and 4.6 mm déy_re_sp_ectlyely (Lentini
tions can be a period of mass accumulation for the glacier, i€t @-» 2011). This suggests that precipitation is not only more
they coincide with a period of protracted above-freezing aircontinuous at EG, but also more intense, with peak precipi-

temperatures, vigorous ablation due to high melt rates caf@tion rate occurring in the SOND season. There is no evi-

more than offset the accumulated snowfall. Despite similardeénce of failed rainy seasons in the available data from EG

surface albedo values, net radiation in the clear/dry extrem&S high precipitation rates are sustained year round (Lentini
is 2.5 times that of the typical dry conditions, primarily be- ©tal-, 2011). However, rainy seasons with no appreciable in-
cause fairly frequent cloud cover in typical dry conditions €réase in accumulation compared to the dry season accumu-
reduces the SWI compared to that in the clear/dry extremdalion rate in MAM at LG and in OND at KG (Mg et al.,

(Fig. 6¢ and e), and this drives strongly enhanced surface ab?009@) may indicate differences in the precipitation season-
lation compared to the more typical dry conditions. During ity between the two sites: at KG, the long rains appear to
the extreme clear/dry conditions, 88 % of energy availableP® more reliable and bring the most snow, while the short

for surface ablation is consumed by sublimation and sublima @NS aré more variable, and thus exert a strong control on

tion rate is almost equal to the surface melt rate (Fig. 5e). Thdnterannual glacier mass balanced et al., 2009a); con-
difference in mean latent heat. net shortwave and net |Ong\_/ersely, in the short record available here, the short rains at

wave fluxes between the wet conditions and the clear/dry ex-C appear more reliable than the long rains. In the historical
treme subsample are 71, 113 anf9 W m2, respectively. precipitation records from rain gauge measurements (1978—
In both sets of extreme conditions, the mean mass balanct996). MAM appears to be more variable than OND, with

rate was more negative than during the July subsample of?€an MAM precipitation of 314 mm (st. dev. 139 mm) and
dry conditions. mean OND precipitation of 302 mm (st. dev. 100 mm).
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At KG, the period of JJAS experiences the fewest summitan effect of the leakage of the Amazonian rainfall cycle into
snowfall events, a feature that has been attributed to reducetthe seasonal cycle of the inter-Andean Valley (Vuille et al.,
incident solar radiation as a stronger East African low-level2008). In contrast to LG, where active wet seasons are associ-
jet brings moisture and stratiform cloud to the region, insteadated with marked positive anomalies in monthly snow accu-
of deep convection that brings precipitation to the summitmulation, it appears that over annual timescales the ablation
(Pepin et al., 2010). During the shorter JF dry season on Kil-zone of AG does not experience a pronounced seasonality in
imanjaro, the short rains often extend into January and snowaccumulation, although the occurrence of rainfall instead of
fall at the summit of Kilimanjaro is comparable with that of snowfall is more frequent during the wetter and warmer pe-
the regional wet seasons (Chan et al., 2008). Higher JF accuiod (Favier et al., 2004b). ARG, ZG (Favier et al., 2004a)
mulation here could also be a result of moisture supply fromand KG (Mblg et al., 2008) show clear seasonal offsets in
the northern edges of the tropical rainfall belt in its most net longwave radiation on the order of 50-60 W4nSea-
southerly position, augmented by enhanced Atlantic mois-sonal offsets in net longwave radiation are more muted at
ture transport to East Africa in some austral summers (e.g.AG, where differences are on the order of 20 WimAt LG
Whittow, 1960; McHugh, 2004). In contrast, at LG and EG, the magnitude of monthly mean net longwave radiation is
JF appears to be more consistently arid than the JJAS periodjenerally most negative during the JF season and least neg-
possibly because these sites lie northward of the influencative during ON (Fig. 5a). The range in monthly mean net
of the low-level jet, and additionally because at this latitude longwave is greater at LG than at AG, and approaches that of
some moisture can spill over from the Congo Basin duringthe seasonal offsets at KG, ARG and ZG, although the max-
the JJAS dry season (McGregor and Nieuwolt, 1998). Theimum and minimum net longwave conditions at LG are ex-
aridity of the JF season at EG has been attributed to the influpressed within single months rather than sustained seasons.
ence of dry northerly airflow when the ITCZ is in its south- At LG, the most evident perturbation of LWI occurs during
ernmost position (Whittow, 1960; Lentini et al., 2011), and brief intervals of sustained clear-sky conditions, which indi-
this is also evident in back trajectory analysis for Mt Kenya cates that the typical cloud conditions serve to elevate atmo-
(Henne et al., 2008). However, historical mean monthly pre-spheric longwave emissions by between 14 and 45 % com-
cipitation measured in rain gauges near LG from 1981 topared to that of clear, dry atmospheric conditions, while at
1990 (Hastenrath, 1984) does not reveal the JF season to I#G the presence of clouds during the humid season increases
markedly drier than the JJAS one, so this may be a recentWI by > 50 %.
and/or short-lived characteristic.

On climatological timescales, these relationships describel.2 Comparison of conditions at Lewis and Kersten
the impacts of the fairly loose boundaries of the tropical rain- glaciers 1 October 2009-19 July 2010
fall belt on the mountains that, although separated by only a
few degrees in latitude, are sensitively located near the edgeG and KG AWSs are separated by 320 km horizontally and
of the ITCZ at its most northerly and southerly positions — 1054 m vertically. For the< 10 months of the overlapping
the exact locations of which are influenced by multiple air- measurements, variations in daily mean conditions except
flows, convergence zones and conditions in both the Atlantidor SWI are broadly synchronous at the two sites (Fig. 7),
and Indian oceans. and variables are significantly correlated between the two

In the ablation zone of AG, meteorological conditions are sites. Correlation coefficients between ERA-Interim zonal
similar to those of the upper glacier at LG and it is very dif- and meridional wind components at the single grid points
ficult to identify seasonal variations (Favier et al., 2004a). of Kilimanjaro and Mt Kenya at all levels between 650 and
In contrast to the equatorial East African glaciated sites thaB00 hPa are between 0.8 and 0.87. Monthly mean wind fields
show no seasonal variation in wind speed, at AG wind speedhear the ERA-Interim model surface and at the 550 hPa level
shows the most pronounced variation throughout the yeashow that both near-surface and mid-tropospheric air flow are
and has been used to identify two contrasting periods withirrelatively homogenous across the two mountains. Air flow
the year: a windy, moderately cool, and dry period spanningpatterns at the summit locations only differ during JF, when
JJAS, and the rest of the year when both mean wind speethean surface easterly winds diverge slightly across the equa-
is lower and the atmosphere is slightly warmer, moister, andor, and in June, when there are strong longitudinal gradients
more cloudy with resultantly slightly larger LWI (Favier et in mean upper air flow strength and direction. Back trajec-
al., 2004b). Superimposed on this seasonality, cloudiness ifries support this pattern on a daily basis, with the surface
somewhat enhanced during MAM and OND (Francou et al.,and upper level flows showing very similar trajectory distri-
2004). Data from 4650 m spanning 1994—-2003 show thatutions throughout both the long and the short rains. These
precipitation occurs year-round with a multi-month, but vari- lines of evidence both indicate that the weather stations on
able, precipitation maximum between February and June an&G and LG are typically influenced by the same air masses.
another single wetter month generally occurring between Oc- Environmental lapse rates in air temperature, humidity, ra-
tober and December (Favier et al., 2004b; Francou et al.diation, pressure and wind speed unsurprisingly play a de-
2004). This precipitation seasonality has been interpreted asisive role in the contrasting conditions between KG and
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Fig. 7. Comparison of daily mean values (@) vapor pressurghb) wind speed(c) air temperature an¢tl) incoming shortwave radiation
averaged over daylight hours at KG (black line) and LG (gray line). Box plots to the right show the median, interquartile range and outliers
of each meteorological variable measured at LG and LG AWS over the period of common measurement (1 October 2009-19 July 2010).

LG (Fig. 7). The temperature lapse rate between the twamation. Radiation data from the AWSs on LG and KG also
AWS locations during the overlapping measurements isshow a marked difference in the dominant sky conditions at
—5.8°C km™1, compared to a mean annual temperature lapséehe two sites. Clear-sky days occurred for 5 and 45 % of the
rate of —5.5°C km~! determined on Kilimanjaro (Pepin et days of the overlapping measurement period at LG and KG,
al., 2010). Because of the elevation difference, even the minrespectively (Fig. 8). Overcast sky conditions occur only spo-
imum air temperature at LG exceeds the mean temperature aadically at KG but are an almost daily event at LG, where
KG and the interquartile ranges of atmospheric vapor presatmospheric saturation (indicative of conditions suitable for
sures at the two sites do not overlap, with LG typically expe-cloud formation at the elevation of the AWS) occurred in
riencing vapor pressures spanning 3.9-5.9 hPa compared 86 % of the hourly readings compared to 18 % at KG. At
1.5-3.6 hPa at KG, again emphasizing the low temperaturéoth sites, the sonic rangers recorded surface accumulation
and aridity of the conditions at KG compared to LG. During during 20 % of the days sampled, but only 40 % of these ac-
the overlapping measurement period, mean glacier surfaceumulation days were simultaneous at both sites, despite the
temperatures at LG and KG AWS ar€.2 and—7.8°C, re- evidence for common air mass source areas.

spectively. Saturated vapor pressure values with respect to Theoretical considerations (Sioh 2002), measurements
water at these temperatures are 5.20 and 3.40 hPa, whickPepin et al., 2010) and limited-area atmospheric modeling
compared to the mean atmospheric vapor pressure at eaadn Kilimanjaro (Mdlg et al., 2009b; Mlg and Kaser, 2011)
sites, gives surface-to-air offsets of 0.45 and 0.84 hPa. Thahow that, due to their size, the isolated mountains of East
stronger gradient, coupled with higher wind speed at KG,Africa frequently experience a flow-around rather than flow-
indicates that conditions there are more favorable for subli-over regime, such that convective lifting of air is equally or
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Fig. 8. Time series of daily incoming shortwave (SWI) as a percentage of extraterrestrial radiation (TOA) indicates clear-sky periods (above
the horizontal line) when the ratio exceeds the respective limit for Lewis (75 %) and Kersten (85 %) glaciers. Panels above show a concurrent
hourly time series of overcast sky conditions (vertical bars) and hours when atmospheric humidity reaches condensation conditions (red dots)
at the AWS site. The gray bars in the center highlight the OND and MAM regional rainy seasons.

more important than topographic lifting in terms of summit of convective clouds over the summit of Mt Kenya compared
cloud formation and precipitation. This is reinforced by (i) to the summit of Kilimanjaro.

the afternoon development of cloud cover developmentat LG The majority of positive daily surface height changes at
and (ii) the decisive linkage of snowfall events at the Kili- LG are<5 cm, as was previously determined for the KG site
manjaro summit to low wind speed and high humidity con- (Mdlg et al., 2009b). The snow depth accumulation rate over
ditions in the lower atmosphere that favor deep convectiorthe PCM at LG (mean of 0.87 cm da¥; 98 events) was 35 %
(Chan et al., 2008; cf. Klg et al., 2009b; Mlg and Kaser, greater than at KG (mean of 0.64cmday 118 events).
2011). In the dry season, idealized modeling indicates thatConverting to water equivalent values using the 90th per-
stable or near-neutral conditions in the 850-600 hPa layecentile of measured fresh snow densities from field measure-
can prevent uplift of moist air above 5500 m (Mblg et al. ments (LG=420kgnT3 KG =255 kg nT3), there is more
2009b), a height that is above the glaciers of Mt Kenya butthan twice as much mass accumulation at LG than at KG
below most of the ice on Kilimanjaro. This finding was reaf- over the same period, with KG mass accumulation being
firmed recently by atmospheric modeling performed witha82 and 36 % of that at LG in MAM and OND, respec-
realistic setup, showing that intraseasonal variability in sum-tively. These ratios are partly affected by the strength of the
mit precipitation on Kilimanjaro can be explained by near- wet season at each site: at KG, the OND 2009 rainy sea-
stable layer formation at 635 hPa in the mornings (8Mg son brought accumulation only slightly elevated above the
and Kaser, 2011). An earlier concept proposed that mounall-month mean, and at LG, the MAM 2010 season was
tain geometry could also modify radiatively driven convec- relatively poorly expressed, with accumulation concentrated
tive cloud formation on Kilimanjaro and Mt Kenya, such in May. Furthermore, on the basis of the different snow
that the concave upper slopes of Mt Kenya allow for cloud densities measured at each site, the snow density is likely
convergence over the summit, while the convex upper slopeto show temperature-dependent variation, which is not ac-
of Kilimanjaro inhibit clouds from closing over the sum- counted for in this analysis.

mit (Kaser and Osmaston, 2002). The data over the PCM at

LG and KG support differences in moisture transport to the

mountain summits that result in more frequent convergence
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4.3 Comparison of Lewis Glacier SEB with other ance sensitivity is dominated by precipitation aloned{iyl
tropical glaciers and Hardy, 2004; Nlg et al., 2009a). At LG, both histor-
ical (Hastenrath, 1984) and recent observations suggest all
As the point energy balances of the glaciers were computedhe precipitation is solid, and even periods of high tempera-
over different periods, come from different locations on the tures such as April/May 2010 still bring significant snow ac-
glacier surface, and were computed using different modelscumulation, suggesting that liquid precipitation is rare or ab-
they are not directly comparable. Therefore, this discussiorsent, even during positive temperature anomalies. Field mea-
focusses on the general factors controlling variability of en-surements of fresh snow fall events in September 2010 show
ergy and mass balance at the sites, and how these influendbat the depth of snow accumulated is almost constant across
the interpretation of tropical glaciers as climate proxies. the surface area of this very small glacier. These observa-
At many glacier sites, LWI exceeds SWI on daily and tions suggest that neither the amount nor the phase of pre-
longer timescales, and this has been proposed as an explaipitation varies significantly over the surface of LG, and it
nation for the success of degree day models in determinthus appears unlikely that the glacier-wide mass balance will
ing glacier ablation (Ohmura, 2001). However,LWI is poorly show sensitivity to temperature due to patrtitioning between
correlated to melt energy because melting occurs primarilysolid and liquid precipitation as at AG. It is, however, evident
in daylight hours, while a significant amount of the LWI is that during warm temperature anomalies, accumulated snow
delivered during the night. Sicart et al. (2008) demonstratedmass at LG is rapidly removed by vigorous surface melt.
that, at high latitudes, temperature is well correlated with Melting can only occur if the other components of the en-
melt energy via the turbulent energy fluxes; however, at midergy balance are such that additional energy remains for the
and especially at low latitudes, SWI controls the variability passive process of melting. Because sublimation consumes
of melt energy. Consequently, the temperature sensitivity of8 times more energy than melting, high sublimation rates
glacier surface energy balance in these latitudes is limitedhave been proposed as a key mechanism facilitating the sur-
which agrees well with previous studies across the range ofival of high-elevation low-latitude glaciers by consuming
latitudes (Braithwaite, 1981; Ohmura 20019/ and Hardy,  ablation energy that would otherwise be available for melting
2004). At all sites in this study, shortwave radiation is the (Wagnon et al., 1999; Kaser and Osmaston, 2002). Melting
most variable and largest net source of energy to the sureccurs even in the subfreezing air temperatures of KGIgV
face, with longwave radiation being the greatest net energyet al., 2008), but only on clear-sky days during short-term
loss (Favier et al., 2004a; &g et al., 2008; Juen, 2006). The hygric optima with relative humidity- 90 % and mean wind
dominance of net surface shortwave radiation as a source afpeed< 2.5ms 1, which both serve to inhibit energy and
energy to the glacier surface means that at diurnal timescalesass losses through sublimation, thereby diverting energy to
all these glaciers are very sensitive to albedo and less sensinelting. For the rest of the time, sublimation is the dominant
tive to temperature than lower elevation mid- to high-latitude mode of ablation at the KG AWS and previous studies found
glaciers (Favier et al., 2004a, b;dlg et al., 2006b, 2008, sublimation to be responsible for two-thirds of mass loss and
2009a), and this can be expected to be particularly true foconsumption of almost all the energy available for ablation
KG, where mean SWI exceeds LWI (Table 2/ et al.,  at this site in the uppermost glacier zonedl et al., 2008).
2008). At AG, melt rates throughout the annual cycle areThis pattern of ablation and ablation energy partitioning is
inversely related to surface albedo, which is primarily gov- not observed at LG even during exceptionally clear/dry con-
erned by solid precipitation. Similarly, at LG, daily melt en- ditions that can occur in JF when sublimation rates are high-
ergy shows significant negative correlation with albedo andest. Aside from these conditions, sublimation rates at LG are
positive correlation with SWI, but also weaker significant low, and melting, which usually occurs during periods of pos-
correlations with temperature wind speed and vapor pressurétive air temperatures, is responsible for 85 % of the surface
At both LG and AG, ablation is only effectively inhibited by ablation. As conditions at EG are more similar to those at LG
solid precipitation through its combined effect on mass accu-than at KG, it can be expected that ablation of the glaciers in
mulation and the shortwave radiation balance. the Rwenzoris is also dominated by melt rather than subli-
Over annual timescales, air temperature at low latitudesmation. In addition, the lack of any marked dry season will
is better correlated with mass balance, as it captures varifurther limit the importance of sublimation in the Rwenzoris.
ations in both ablation processes and accumulation driverAll the South American AWS sites are situated in the glacier
by phase of precipitation (Favier, et al., 2004b; Sicart et al.,ablation zones, where melting is responsible for 96, 98, and
2008). At glacier sites where liquid precipitation is possible 84 % of surface ablation at AG, ARG, and ZG, respectively
(such as AG), glacier-wide mass balance variability is sensi{Favier et al., 2004a; Juen, 2006). The partitioning of abla-
tive to temperature variations through its control on the phasdion energy consumed by sublimation between the warm/wet
of precipitation that dictates the proportion of the glacier sur-(14 %) and clear/dry (88 %) extreme conditions at LG AWS
face that will experience solid or liquid precipitation (Favier is comparable to that found for the typical wet (10-15 %) and
etal., 2004b; Francou et al., 2004). At higher elevations (suchdry (60-90 %) seasons in the ablation zone of ARG (Win-
as KG), where all precipitation is solid, glacier mass bal- kler et al., 2009). Turbulent energy fluxes at ZG are primarily
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controlled by wind speed and tend to balance each other ouhermore, concurrent data from Lewis and Kersten glaciers
while at ARG, and the inner-tropical glaciers, QL is not fully demonstrate more frequent convergence of convective clouds
offset by QS. over the summit of Mt Kenya compared to the summit of

In the outer tropics of South America, seasonal changes irKilimanjaro. Differences in the amount of solid precipitation
melt energy are driven by net longwave radiation (Sicart etand the mean density of fresh snow indicate that up to twice
al., 2005), which is strongly negative during the dry seasonas much snow accumulation can be expected at the summit
and reduces the available ablation energy. At the same timegf Mt Kenya as at the summit of Kilimanjaro. This, and the
atmospheric aridity drives high rates of sublimation, which effect of more frequent cloud cover, which serves to reduce
leaves little energy for melting; thus, although energy con-the net radiation flux at LG, provides a possible explanation
sumed by ablation is large, mass fluxes remain small (Juerfor glaciers remaining on Mt Kenya at a lower elevation than
2006; Sicart et al., 2005). At ARG, sublimation during dry on Kilimanjaro.
conditions increases surface ice albedo (Juen, 2006), thus In contrast to both the outer tropics and altitudes
further reducing the energy flux to the surface by limiting net > 5500 m a.s.l. in the inner tropics, total ablation rates at LG
shortwave radiation flux in the ablation zone during periodsremain high even during exceptionally clear and dry condi-
when potential SWI is high in clear-sky conditions. At LG, tions, when a marked increase in sublimation does not pre-
although the net longwave does vary throughout the year, thisent high rates of surface melting. Although wet seasons are
is more than compensated for by concurrent changes in thgypically periods of positive mass balance at LG, this is not
net shortwave, and the correlation analysis indicates that melteliable as (i) wet seasons can fail, and (ii) during anoma-
energy is more influenced by the shortwave than the long{ously warm conditions, as occurred in the warm/wet extreme
wave component of the radiation fluxes. The seasonal varistudied here, even significant mass accumulation cannot off-
ation in sublimation rate is a feature common to all sites,set the efficient removal of mass through high rates of sur-
and even slight shifts in humidity between seasons are conface melting. While the mass balance of KG on Kilimanjaro
sequently amplified in the surface energy flux partitioning. is only sensitive to solid precipitation, on Mt Kenya, corre-
At AG, sublimation is essentially limited to the drier and lation of melt energy with other atmospheric variables at LG
windier JJAS period, while at LG, although sublimation oc- indicates that mass balance variability is not driven by accu-
curs year round, itis most enhanced during the dry months ofmulation alone. Nevertheless, precipitation exerts the great-
JF. Sublimation may serve to reduce surface mass loss duringst control on surface energy balance by controlling the net
these months, but nevertheless surface melting remains higshortwave receipts via the surface albedo, and months with
during these times, and the feedback effect of sublimatiorpositive mass balances generally only occur when total snow
rate on ice albedo (Juen, 2006) was not evident at LG. accumulation approaches 5 kgfday 1. In contrast to KG,

At ZG, the timing of the onset of the wet season can beat LG ablation is always dominated by melting and the en-
important in determining the annual mass balance (Favier eergy balance conditions in the upper portion of LG are more
al., 2004a), since prior to the wet season high SWI and lowclosely comparable to those measured in the ablation zones
albedo following the dry season result in high melt energyof South American tropical glaciers. Under current condi-
potential. Comparable patterns are likely to exist at innertions, summit precipitation levels are insufficient to sustain
tropical glaciers, where the timing and duration of the rainy a glacier on Mt Kenya, and LG underwent strongly negative
seasons are critical to maintaining mass during the season ohass balance even in the upper reaches of the glacier during

potential maximum solar radiation. the measurement period, when precipitation anomalies were
more frequently negative than positive in the context of the
last decade.

5 Conclusions Investigation of the clearly different convective cloud for-

mation regimes on Mt Kenya and Kilimanjaro using limited-
The AWS on LG provides unique information of detailed me- area atmospheric modeling is required to resolve the influ-
teorological conditions high on Mt Kenya in the equatorial ence of atmospheric stability and dynamical processes on
mid-troposphere. Meteorological conditions at LG show lit- limiting the vertical extent of convection and the convergence
tle variability on an annual timescale that would be in ac- of clouds over the summit at Mt Kenya, and contrasts in hu-
cordance with the established regional hygric seasonalitymidity seasonality between the two summits. Existing high-
The available data suggest contrasts in the pattern of hyresolution atmospheric modeling (g et al., 2009b; Mg
gric seasonality at the summit of Mt Kenya and Kilimanjaro, and Kaser, 2011) indicates that at least the former is crucial
whereby JF (JJAS) is the more arid of the two dry season®n Kilimanjaro. The climatic proxy offered by KG was de-
and OND (MAM) is the more reliable of the two wet seasons termined by distributed mass balance modeling to be dom-
at Mt Kenya (Kilimanjaro). Specific meteorological condi- inated by variability in the short rains @fg et al., 2009a),
tions experienced on equatorial East African glaciers deviatevhich is in turn an effective proxy for Indian Ocean circula-
significantly in terms of elevation-dependent offsets in radia-tion. At LG it appears unlikely that a single parameter or sea-
tive fluxes, air temperature, humidity and wind speed. Fur-son will dominate the mass balance variability, and this will
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be explored in forthcoming distributed mass balance model- Res.-Atmospheres, 109, D18105, d6i:1029/2003jd004359

ing of LG in order to evaluate the glacier wide mass balance 2004b.

sensitivity to climate conditions at this site. Francou, B., Vuille, M., Wagnon, P., Mendoza, J., and Sicart,
J. E.: Tropical climate change recorded by a glacier in the
central Andes during the last decades of the twentieth cen-
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