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Abstract. Meteorological and surface change measurementd Introduction

collected during a 2.5yr period are used to calculate sur-

face mass and energy balances at 5324 ma.s.l. on Gua-

naco Glacier, a cold-based glacier in the semi-arid Andes of" the semi-arid Andes of Chile (26-33), snow- and ice
Chile. Meteorological conditions are marked by extremely melt is thought to be the primary contributor to streamflow,
low vapour pressures (annual mean of 1.1 hPa), strong wind@nd generally acts to alleviate drought problems in other-
(annual mean of 10nT4), shortwave radiation receipt per- wise dry spring and summer seasons (Favier et al., 2009).
sistently close to the theoretical site maximum during cloud-Snowmelt is thought to be the dominant contributor to the
free days (mean annual 295W#) summer hourly max- watershed, however conclusive source comparisons are cur-
imum 1354 WnT2) and low precipitation rates (mean an- rently lacking, largely due to the difficulty of accurately mea-
nual 45 mmw.e.). Snowfall occurs sporadically throughoutsuring and modelling ablation processes in this area (Gas-
the year and is related to frontal events in the winter andcoin et al., 2012). Past studies in the region focusing on
convective storms during the summer months. Net shortcryospheric contributions to streamflow have taken a water-
wave radiation provides the greatest source of energy to th€hed approach to the problem, and have used black-box ap-
glacier surface, and net longwave radiation dominates enbroaches to give first estimations of the relative contributions
ergy losses. The turbulent latent heat flux is always negafrom snowpacks and cold-based glaciers (Favier et al., 2009;
tive, which means that the surface is always losing masd$3ascoin et al., 2011). These studies suggest that snow- and
via sublimation, which is the main form of ablation at the 9lacier melt contribute to the bulk of the runoff, but as the
site. Sublimation rates are most strongly correlated with nefethods used in these studies do not capture the physical
shortwave radiation, incoming shortwave radiation, albedoProcesses of ablation at a sufficiently high temporal or spa-
and vapour pressure. Low glacier surface temperatures rdial resolution, it remains difficult to link ablation processes
strict melting for much of the period, however episodic melt- 2nd melt water production with atmospheric conditions.

ing occurs during the austral summer, when warm, humid, In the semi-arid Andes, ablation consists of both sub-
calm and high pressure conditions restrict sublimation andimation and melting, in contrast to low-humidity, low-
make more energy available for melting. Low accumula- femperature environments such as on the plateau on the East
tion (131 mmw.e. over the period) and relatively high abla- Antarctic Ice Sheet, where only sublimation occurs (Bin-
tion (1435 mmw.e.) means that mass change over the periothja, 1999) and to temperate environments where melt dom-
was negative-{ 1304 mmw.e.), which continued the negative inates, and sublimation is unimportant (e.g. Giesen et al.,

trend recorded in the region over the last few decades. 2008; Gillet and Cullen, 2011). Energy balance modelling
on the cold-based glaciers of the semi-arid Andes there-

fore requires correct treatment of sublimation and subsurface
heat flux in order to correctly partition ablation into melting
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(e.g. Hoffman et al., 2008; Mélg et al., 2008), which can con- 70 W 705w 7000'W
tribute to runoff, and sublimation, which does not.

To date there have been no published energy balance stud
ies on glaciers in the semi-arid Andes of Chile and so here
we focus on understanding ablation processes on glacier sur?
faces, using energy balance modelling and on-site measure
ments to identify the triggers for melt in this extremely dry
environment. In order to do this, we focus on understand-
ing the connections between meteorological conditions and
the surface energy balance on a penitente-free surface on th
Guanaco Glacier, in the upper Huasco Valley in the semi-arid
Andes of Chile. :

2 Site description

Glaciers exist in south-facing, lee slope locations above Hiissca
4500 ma.s.l. (Nicholson et al., 2010), and cover up to 11 % Valley
of the land surface (Gascoin et al., 2011) of the upper Huascc )
catchments (29S, 70 W, > 4000 m above sea level (a.s.l.);
Fig. 1). Glaciers are restricted in size due to low precipita-
tion rates, and high ablation rates caused by high levels of
shortwave radiation receipt and low humidity (Ginot et al.,
2002; Kull et al., 2002; Nicholson et al., 2010; Gascoin et
al., 2012).

Guanaco Glacier (Fig. 1) is a relatively large glacier for
the region (1.8krf) that straddles the Chile-Argentina di-
vide (29.3 S, 70.0 W, 4990-5350 m a.s.l.) (Nicholson et al.,
2010). Between 1955/1956 and 2007 the glacier shrank byig. 1. Ikonos image of the upper Huasco Valley (2005), showing
0.33kn?, which equates to 1 4 %, and measurements of the location of Guanaco Glacier and its automatic weather station
the glacier mass balance since 2003/04 have been consistar). The insets show the location of the Huasco Valley in Chile,
tently negative, which may be at least partially due to low and an oblique photograph of the Guanaco Glacier taken from its
precipitation rates (Rabatel et al., 2011). The glacier is planapouthern-eastern side, looking up the glacier.
in its highest reaches, but is predominantly terraced (n in
height), and penitentes can be found in the south-western re-
gion of the glacier near the discharge outlet. This study cong  pMethods
siders conditions at a point on a planar surface in the upper-
most section of the glacier (star in Fig. 1). Here wind speed
are relatively strong throughout the year (average 8.5ms

during the study period), and hourly mean temperatures Va8 he Guanaco Glacier Automatic Weather Station (G-AWS)
between-25°C in winter to 5°C in summer. Relatively high is located at 29.34S. 70.0W. 5324 mas.l. on a south-

wind speeds coupled with low snow retention experienced on . . .
the upper section of the glacier (Gascoin et al., 2012) are un-eaSt facing surface with a local slope of7(Star in Fig. 1).

. v The station was originally installed in December 2007,
favourable for the development of penitentes (Corripio and . .
Co o : and has operated continuously since 9 October 2008. Mea-
Purves, 2005). Sublimation is expected to dominate the ab- ) . ) .
surements include incoming and outgoing shortwave and

lation regime, because of the aridity of the atmosphere, higf] S : . .
. . . . ongwave radiation, naturally ventilated, shielded air tem-
wind speeds and low air temperatures (e.g. Bintanja and van . -2 . S
] A perature and relative humidity, wind speed and direction,
den Broeke, 1995; Wagnon et al., 2003; Mdlg and Hardy, : .

i . and surface height change (Table 1). Additionally, baro-
2004; Hoffman et al., 2008), however, melting has been ob- : .
served periodically at the surface during the summer monthsmemc pressure measurements are available from an off-

P y g glacier AWS (29.30S, 70.00 W, 4933 ma.s.l.), which are
elevation-adjusted to G-AWS for use in the mass balance
model. All measurements are sampled every 10s, and are
stored as hourly means on a Campbell Scientific CR1000 dat-
alogger. This study examines data from 1 November 2008—

30 April 2011, which corresponds to 2.5 yr of data covering
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3.1 Meteorological measurements
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Table 1. Details of the instruments and the annual mean conditions at this site (calculated using data between 1 November 2008-31 October
2010). All measurements were at G-AWS on the glacier surface except for air pressure, which is from a station 3 km away at an elevation of
4927 ma.s.l.

Measured Instrument Measurement Nominal Annual
Quantity Range Accuracy Mean
Air temperature Vaisala HMP45C —39.2t0 +60°C 0.2°C (at 20°C) —10°C
0.5°C (at—39.2°C)
Relative humidity Vaisala HMP45C 0.8t0 100% 2% (0 to 90 %) 40%
3% (90 to 100 %) (vapour pressure: 1.1 hPa)
wind speed Young 05103 1 to 60m%s 0.3ms1? 10ms1
Solar radiation Kipp & Zonen CNR1 0 to 2000 WTA 10% for daily sums ~ SWI: 295 W TP
SWO: 139 W n12
Albedo: 0.55

Longwave radiation  Kipp & Zonen CNR1 —250to +250 W2 10 % for daily sums ~ LWI: 172 W m?2
LWOP: 261 W ni2
LWOS: 260 W 2

Surface height Campbell SR50 0.5t010m 0.01mor0.4%

Air pressure Met-One 090D 500-1100 hPa 0.35 hPa (8€20 516 hP&

2 Values are elevation corrected from a land-based station. This represents the mean value at G-AWS.
b Uncorrected values.
€ Values corrected for window heating offset.

three “ablation” seasons (austral summer), and two “accumuments, respectively. The effect of correcting surface temper-
lation” seasons (austral winter). ature on the energy balance is discussed in Sect. 4.3.

Careful quality control of data from stations in harsh envi-  Relative humidity and air temperature measurements were
ronments is mandatory before data use (e.g. van den Broekased to calculate vapour pressure. Water and ice satura-
et al., 2004). The largest errors were expected to be due tton vapour pressure was calculated using the Magnus Teten
riming and solar heating of the instruments. However com-equation over ice (Murray, 1967) for air temperatures less
parison of incoming and outgoing shortwave radiation indi- than 0°C, and the Sonntag equation over water (Sonntag,
cated that the measurements were not adversely affected 990) for temperatures greater that@@ Finally, the surface
snow cover or riming of the upper sensor, as expected fochange measurements were smoothed using a spline function
high-altitude, dry locations (Mdlg et al., 2009), and so no robust to outliers to remove noise from the dataset. From the
corrections were made. Due to power constraints, none ofmoothed surface change measurements, the solid precipita-
the sensors on the G-AWS are artificially ventilated, which tion in the mass balance model were calculated using a fresh
means that the data may be susceptible to errors due to solanow density of 60 kg m® (Cuffey and Paterson, 2010).
heating during periods of high solar radiation and low wind
speeds (Georges and Kaser, 2002). However, as the meah2 Mass balance modelling
wind speed over the period is 9.2 m's and only 3.5% of

the hourly values have wind speeds<o2 ms1, problems ’ i e
due to sensor heating are likely to be minimal. Following this €N¢€ Petween accumulatiar) @nd ablationd) per unit time

rationale, air temperature measurements were not correctedf'd @réa and can be computed at local or glacier scales. The
for artificial heating. However, analysis of the outgoing long- M°de! used in this study calculates the mass balance accord-
wave radiation measurements showed that there were seld t0 Molg etal. (2009):
eral hours when measured glacier surface temperature rose oM QL
above O°C, pointing to a significant window heating offset & = csp+ T + e =+ Cen, (1)
effect (Obleitner and de Wolde, 1999). The manufacturer re- M S
ports a maximum window heating offset of 25 W fper wherecsgp is the sum of solid precipitation; QM is the latent
1000 W 2 of shortwave radiation hitting the pyrgeometer energy flux of melting; QL is the turbulent latent heat flux;
(Kipp & Zonen, 2002). However field performance testing by Ly and Ls are the latent heat of melting and sublimation,
Michel et al. (2008) showed that sensor performance was betrespectively; andp is englacial accumulation by refreez-
ter than stated, and recommended subtracting 15 Wper ing of meltwater in snow or at the interface between ice and
1000 W n12 of shortwave radiation. Corrections were made snow. The input for thegp is calculated from surface change
to both incoming and outgoing longwave radiation measure-measurementd,y and Ls are known values, and QM, QL
andcen are calculated during the energy balance modelling.

The specific mass balandg) (©f a glacier refers to the differ-
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Sign convention for mass and energy transfer is positive forpack (Mdlg et al., 2008, 2009). The calculation of QPS uses
surface gains and negative for surface losses. The energy batoefficients from Bintanja and van den Broeke (1995) for
ance at the glacier surface is obtained in the model using the attenuation with depth, and following the energy con-
servation requirement, the flux at the surface is negative.
R+QS+QL+QP+QG=F, 2) The subsurface model in this study uses 14 vertical layers
whereRr is the net radiation; QS is the turbulent sensible heatwith boundaries at: 0.0, 0.09, 0.18, 0.3, 0.4, 0.5, 0.6, 0.8,
flux; QP is the heat flux supplied by precipitation; and QG 1.0, 3.0, 6.0, 9.0, 12.0, and 15.0 m depth. The temperature
is the subsurface heat flux (Mélg et al., 2008). The QG canat 15.0 m depth is fixed at6.5°C, which is a stable temper-
be further separated into the conductive heat flux in the subature taken from five long-line manual temperature measure-
surface (QC), and the energy flux from shortwave radiationments collected at Guanaco Glacier between November 2008
penetrating through the subsurface (QPS) (Bintanja and vaand April 2011. QC is then calculated from the temperature
den Broeke, 1995; Moélg et al., 2009. is the resultant en-  profile.
ergy flux at the surface. If the surface temperature is at the
melting point (O°C), andF is positive on the right-hand side 3.3 Mass balance model evaluation
of Eq. (2), thenF represents the energy available for melt, or
QM. In this study, QP is ignored because all of the precipi- The mass balance results were validated by comparing the
tation falls as snow and precipitation intensity is low, which modelled hourly values of surface height change with mea-
means that heat addition due to precipitation is likely to besurements made by the ultrasonic surface height sensor
negligible. The energy balance model used in this study hagSR50) at the G-AWS using the Nash—Sutcliffe similarity
been described in detail in Molg et al. (2008, 2009), but themeasure (Nash and Sutcliffe, 1970) and root mean square er-
specific application of the model will be outlined here. In this ror calculation (RMSE). Additionally, the results, and partic-
study, the model is run and validated for a point on the glacierularly the partitioning of ablation between melting and sub-
surface at an hourly interval. We note that this study onlylimation, were qualitatively compared with lysimeter mea-
calculates ablation processes operating at the ice surface, netirements.
subsurface melt within ice explicitly, and so the amount of The lysimeters consisted of an upper 10 L container with
potential runoff from the site is likely to be underestimated holes drilled into the floor of the container placed within a
(Hoffman et al., 2008). 20L lower container of the same surface dimensions. The
The netradiation is calculated as four separate componentspper container was filled with snow, and the lysimeter was
directly from measurements. Outgoing longwave radiationdug into the surface, so that the surface of the container was
is used to calculate surface temperature using the Stefanas flush with the glacier surface as practicable. The contain-
Boltzman law, assuming surface emissivity of 1. ers were weighed before and after snow was included, and
The turbulent sensible and latent heat fluxes are calculatethen twice daily where possible. When melt occurred, the
using the ‘bulk’ method outlined in Mélg and Hardy (2004), water was removed from the lower container after weighing.
in which measurements of air and surface temperature, relkysimeter measurements were made on the surface of Gua-
ative humidity, and wind speed are used to estimate condinaco Glacier four times during this study period, however
tions at the glacier surface according to neutral logarithmiconly two of these datasets will be used in this study, as the
gradient profiles, along with surface roughness lengths fomthers have significant errors due to precipitation events dur-
momentum £om) and heat/vapourzgn). A correction term  ing the course of measurement. The two viable measurement
accounts for the stability of the boundary layer based on theperiods were between 9-21 November 2008 and 13-19 April
Richardson number. The valueszfy, andzon vary accord-  2009. The comparison made with these measurements is only
ing to surface type, as outlined in Mélg et al. (2009). We qualitative because there are not enough measurement points
use values ofpn=2.0mm andzon =0.20mm for an ice  to enable a statistical comparison. Accuracy of this method
surface; andom = zon=0.1mm for a fresh snow surface, is estimated to be-10% (Winkler et al., 2009).
which increases linearly t@y m = zon =4 mm for aged snow
(Mdlg et al., 2009). The values @f m andzon foranice sur- 3.4 Meteorological forcing of ablation
face are from unpublished short-term eddy covariance mea-
surements taken 20 m from the G-AWS during March 2010,The meteorological controls on sublimation were investi-
and are in the range of roughness lengths expected in ergated by correlating the daily modelled sublimation with
vironments where sublimation dominates (e.g. Cullen et al. daily averages of the main meteorological variables recorded
2007; Hoffman et al., 2008; MacDonell et al., 2012). As no at the AWS. The Pearson correlation coefficientwas cal-
penitentes have been observed at the G-AWS location, naulated using raw daily sublimation and meteorological data
values for penitentes were included. as well as detrended data, which was obtained by removing
Within the model, the englacial temperature profile is cal- the seasonal cycle using a fitted cosine function robust to out-
culated using the thermodynamic equation, and includes enkers. Detrending is necessary as several meteorological vari-
ergy release from QPS and englacial refreezing in the snowables display strong seasonality (Fig. 2) that dominates the
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relationship with sublimation. As several variables have dis-
tributions that deviate from normality and also exhibit tem-
poral autocorrelation, the statistical significance for correla-
tion was estimated from a Monte Carlo phase permutatior
test. The sublimation time series was scrambled one thou
sand times in frequency space, by first applying the Fourier <C
transform to the data, scrambling the phases, and then aj =
plying the inverse transformation to obtain a surrogate time 2
series with similar statistical properties (Davison and Hink- &
ley, 1997). Since the Fourier transform requires normal data <
a square root transformation was first used to normalize the
raw sublimation data. The null distribution £ 0) was ob-

tained by correlating the surrogate series with each meteorc
logical variable. Since the correlation coefficient measures
the strength of linear relationships, bivariate scatter plots
were inspected to verify that no significant deviation from g %% ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

] . 520 ¥
linearity occurred. Feod N e b T S

o
Since days with melt constitute rare events that are poorly € ¢4 : : :

500

SWI (W m

a(hPa) U(msY) RH (%)
3

suited to correlation analysis, the meteorological control on € ozt Ul L1 ln A uLl 8

H H H H 8 L I PNy ala ! N A I A ol
meltlng was examined by comparing the_mean_ diurnal CY- & N%VOB Feb09 May09 Aug09 Nov09 Febl0 Mayl0 AuglO NovlO Febll
cle of the energy balance and meteorological drivers of melt Month

days to that for summer days without ”_”'e'“”g' and the dif- Fig. 2. Average daily incoming shortwave radiation (SWI), albedo
feren(_:es were ass_essed US'”Q a two-tailed M0|_’1te Carlo Pef&), incoming longwave radiation (LWI), air temperatui@), rela-
mutation test (Davison and Hinkley, 1997). As input to this e humidity (RH), wind speedy(), air pressure (Pa) and snowfall
test, the mean diurnal cycle of the energy balance, modelle¢heasured at the Guanaco AWS from 1 November 2008 to 30 April
surface/subsurface temperatures and associated meteorologp11.

ical variables were calculated for all days with modelled

melt (z =53 days) and were compared with that for sum- )

mer days without melt{ = 310 days). Summer was defined al., 2002; MacDonell et gl., 2_013). Air temperature follows
to include all months during which melt occurred, i.e. De- @ Séasonal pattern that is slightly delayed compared to the
cember to March. The daily cycle was calculated betweenSW! cycle (Fig. 2). Higher temperatures are experienced dur-

20:00 h the previous day to 20:00 h of the current day in or-iNg January and February than at the austral summer sol-
der to examine preconditioning effects during the night prior Stice, and lower temperatures are recorded in July and August

to melting. Summer days: (= 363) were sampled randomly than at the austral winter solstice. Mean temperature over the
without replacementi(= 53) and the difference between the Study period was-9.3°C, and hourly temperatures varied
mean diurnal cycle for sampled days and that of the remainbetween-29.4and 7.6C. Average relative humidity is 40 %
ing days f = 310) was calculated. The procedure was re-and relative humidity fluctuates greatly throughout the year
peated 10 000 times and the significance lewek(0.05) was (standarq deviation 26 %), driven by cloud aqd precipitation
estimated from the 2.5% and 97.5% percentiles of the nullvents (Fig. 2; MacDonell et al., 2013). The wind speed aver-
distribution at each hour of the diurnal cycle. age ¢ standard deviation) is 924.9ms* over the study
period (Fig. 2). Wind speeds are slightly higher during the
winter months than in the summer, however due to a large
standard deviation the pattern is difficult to discern. Wind di-
rection is almost always from the NNW. Finally, precipitation

is episodic throughout the study period (Fig. 2). Snow cover
is not persistent at the AWS and there is no seasonal cycle

Figure 2 shows the daily average meteorological conditions?f Snow depth. The role of wind erosion at the site is un-
experienced at the Guanaco AWS site. General condition&nOWn, so itis possible that some wind scouring diminishes
are dictated by the annual cycle of shortwave radiation rethe snowpack immediately following deposition (Gascoin et

ceipt. SWI shows a marked seasonal cycle (Fig. 2) that il., 2012).
usually in line with the theoretical receipt at the surface

for clear-sky conditions (MacDonell et al., 2013). Daily de-

viations are caused by cloud cover, which is episodic and

largely restricted to convective storm events in the summer,

and frontal precipitation events during the winter (Kull et

4 Results

4.1 Meteorological conditions

www.the-cryosphere.net/7/1513/2013/ The Cryosphere, 7, 151526 2013
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20 \ Table 2. Comparison between lysimeter and modelled ablation re-

Measured vl
, sults (mmw.e. day-).

Date Method Melt  Sub- Net
T 40 limation ablation
& -e0 M 1 2
£ 9-21 November 2008 Mizzlljkrazd o 2 23
o -80
£ . M d 0 3 3
% 10 13-19 April 2009 oo T T N

-120
* Since measured LWO during 9-21 November 2008 did not indicate melting, no

-140 meltwater flux could be modelled.

~160 I I I I I I I I I
Nov08 Feb09 May09 Aug09 Nov09 Febl0 MaylO0 AuglO Novl0 Febll
Date

of energy supply from SWI. The subsurface heat flux was on
Fig. 3. Comparison of measured and modelled surface heightaverage of smaller magnitude than the other fluxes, and fluc-
change between 1 November 2008 and 30 April 2011. The masgyated between positive and negative values throughout the
balance at G-AWS was negative over the period, and the measuregltudy period, which basically reflects the winter and summer
surface change was1.5m. The root mean square error (RMSE) of sa550n respectively. Sublimation was the main cause of ab-
the model is 4.1 cm (which corresponds to a normalized RMSE ofja4i0n and it accounted for 81 % of total mass ablation over
3%), and a Nash-Sutcliffe statistic of 0.99. the study period (Fig. 5; Table 3). The model results indi-
cate that generation of meltwater runoff at the site of G-AWS
is restricted to the high summer period spanning December—
March.

The comparison of modelled and measured surface Iowerzf 3 Model sensitivit
ing results showed that the model satisfactorily reproduced™ y

the net surface height change at this site (Fig. 3). BetweeRe mass balance model results are subject to some level
1 November 2008 to 30 April 2011, net modelled sur- o yncertainty, given errors in the measurement of meteo-
face change was1.45m, compared with measured surface (q|qgical variables, and the selection of model parameters.
change of—1.50m. The RMSE of the modelled result was 1hg model uncertainty was assessed using a single parame-
4.1mm and the Nash-Sutcliffe measure was 99 %, indicatie, sensitivity study whereby the model was re-run using the
ing that model performance was very good. As most ablation, st data and parameters varied one at a time. Model iter-
events following snowfalls are relatively well reproduced, ations included using uncorrected longwave radiation data;
there are no detectable losses caused by wind erosion of thggified input meteorological data spanning the precision of
snowpack. This is inline with Gascoin et al. (2012) who show e respective sensors (Table 1); and modified model param-
that glaciers in the region represent preferential snow depogters spanning their plausible ranges (Table 4). Sublimation,
sition areas, and that glaciers do not lose much mass by winghe|t and net ablation results were compared with the original
transportation. The model underestimated ablation comparef},y4e| to assess uncertainties on mass change, and modelled
to the lysimeter measurements during the two lysimeter meagace lowering was compared with measurements to calcu-
surement periods (Table 2); however, the results are within,ie the RMSE and bias on modelled results.
the margin of error of the measurement technique. Using the uncorrected longwave radiation data in the
The seasonal signal seen in the meteorological datgqge|leads to a large increase in the RMSE and model bias
(Fig. 2) is translated into seasonal fluctuations in the energytaple 4). Surface lowering is dramatically increased, with
balance terms (Fig. 4). Net shortwave radiation provides th§ne total ablation increasing by 40%. This is mainly due
greatest energy input to the surface throughout the year, al, 54 1959 increase in total melt, which is driven by more

though it is significantly higher in the summer than the win- 1,4 ,rs with surface temperatures at the melting point. This
ter, largely due to higher SWI. Albedo does not follow & g that the model is very sensitive to the values of out-

strict seasonal cycle, as variations are generally associate?bmg longwave radiation used, which are used to calculate
with episodic precipitation events (Fig. 2) and the presence ofhe surface temperature, and hence dictate whether or not
clouds (Abermann etal., 2013). Throughout the study period eyt is calculated. The large surface lowering RMSE con-

net longwave radiation was the largest energy loss from theirmg that the uncorrected longwave radiation measurements,
surface, because atmospheric longwave emissions are Col\ich suffer from window heating effects, need to be cor-

sistently very low (Fig. 2; MacDonell et al.,, 2013). The tur- yacted hefore being used to calculate surface temperature in
bulent latent heat flux was always negative (Fig. 4) indicatinginis environment.

that the surface was continually losing mass via sublimation.
At a seasonal scale the latent heat flux followed the pattern

4.2 Mass balance model evaluation and results

The Cryosphere, 7, 15131526 2013 www.the-cryosphere.net/7/1513/2013/
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Table 3. Sum of mass fluxes per season per year (mmw.e.). All single terms are shown as absolute values, but the mass balance result (las

1519

line) considers the sign convention. NB: Summer refers to November—April, winter refers to May—October.

Variable Summer Winter Summer Winter Summer All
08/09 2009 09/10 2010 10/11
Snowfall 19 21 28 16 27 112
Deposition 4 4 3 5 3 19
Refreezing <1 0 <1 0 <1 <1
Accumulation 23 25 31 21 30 131
Melt 42 0 141 0 88 271
Sublimation 225 192 339 186 223 1164
Ablation 267 192 480 186 311 1435
Mass balance —-244  -167 —-449 -165 —-281 -—-1304

‘ I sublimation [ Melt [ Accumulation

300

[ - v [ L [ QS I QE [1QG I QM|

0
200+ 0 0 |

=
o
=]
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I
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Energy flux density (W m‘z)
o

-100

I
N
o
=]
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-120

—140L . . . . . .
Nov08 Feb09 May09 Aug09 Nov09 FeblO MaylO AuglO NovlO Febll _ I I I I I I | | | |

300
Nov08 Feb08 May09 Aug09 Nov09 Febl0 MaylO AuglO Novl0 Febll
Time (month)

Time (month)

Fig. 4. Monthly totals of melt, sublimation and accumulation _. hi fth delled heat i h
modelled at the G-AWS site for the period 9 October 2008— Fig. 5. Monthly averages of the modelled heat fluxes at the Guanaco

30 April 2011. At the G-AWS, 1164 mmw.e. of sublimation and G\I/z\;\fsigrsurfache for the per(ij(_)dQOct%S_er 200?_30 April20dl_1._(Note:
271 mmw.e. of melt were calculated. SWH* is net shortwave radiation, LWis net longwave radiation,

QS is the sensible heat flux, QL is the latent heat flux, QG is the
subsurface heat flux, and QM is the energy consumed by melt).

All measured meteorological variables were varied ac-

cording to their reported accuracy, and from this analysis.cally the latent heat flux, have been shown to play an impor-
modifying incoming shortwave radiation, albedo, incoming tant role in the surface energy balance on Guanaco Glacier
longwave radiation, air temperature, relative humidity, or (Fig. 4) it is vital that we test the sensitivity to model param-
wind speed does not change the RMSE by more than 0.7 mraters. The model was run using a stability correction based
compared with the standard model run (Table 4). Only in-on the Richardson number (standard run), and without the
creasing the outgoing longwave radiation by 5% causes atability correction (stability — off; Table 4). From this anal-
marked change to the RMSE (RMSE =87.8 mm). Increasingysis it appears that the use of a stability function does not
the outgoing longwave radiation by 5% causes an increaseignificantly alter the modelled result (RMSE 6.8 mm). Ad-
of sublimation of 26 %, but more significantly, it causes an ditionally, the difference in calculated melt between the run
increase in total melt of 377 % compared with the original with and without using the stability function is sma#38 %
model run due to the increase in surface temperature calclichange), as is the impact on sublimation and net ablation
lated from outgoing longwave measurements. These result@8 % and 6 % changes, respectively). This small impact is
further stress the importance of using appropriate parameteiot surprising as it has been shown that meteorological con-
izations of surface temperature on cold glacier surfaces.  ditions in similar environments only cause slight fluctuations

Errors can also be caused by the selection of fixed paramaround near-neutral stability (e.g. Fig. 6 in M6lg and Hardy,
eters within the model, especially in the calculation of the 2004).

turbulent heat fluxes. As the turbulent heat fluxes, specifi-
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Table 4. Sensitivity analysis undertaken for several model variables. The uncorrected longwave radiation is tested; the other variations to the
meteorological input data (i.e. shortwave radiation, longwave radiation, air temperature, relative humidity, wind speed, albedo) are based on
the instrument precision; and the roughness length change is based on standard sensitivity tests run in other glacier energy balance studie
(e.g. Giesen et al., 2008). The RMSE and bias results compare the respective model result with measurements of surface lowering.

Parameter changed Sublimation Melt Net ablation Melt RMSE Bias
fraction of
net ablation

Sum A %A | Sum A %A | Sum A %A (%) (mm)  (mm)

Original 1164 1435 19 4.1 0.6
Uncorrected LW 1208 44 4| 799 528  195| 2007 572 40 40 36.5 325
SWi —5% | 1163 -1 0 242 —29 —11| 1405 -30 -2 17 42 -10
+5% | 1165 1 0| 299 28 10| 1464 29 2 20 4.8 21

Albedo —-5% | 1165 1 0| 298 27 10| 1463 28 2 20 4.8 21
+5% | 1163 -1 0| 244 —-27 -10| 1407 -28 -2 17 42 -09

LWI —5% | 1164 0 0| 259 -12 -4 | 1423 -12 -1 18 41 -0.1
+5% | 1165 1 0| 282 11 4| 1447 12 1 19 43 12

LWO -5% | 1130 -34 -3 | 205 -66 —24| 1335 -100 -7 15 6.8 —46
+5% | 1471 307 26| 1293 1022  377| 2764 1329 93 47 87.8 75.8

Air temperature -0.22 | 1171 7 1{ 270 -1 0| 1441 6 0 19 4.1 0.8
+0.22 | 1157 -7 -1 272 1 0| 1429 -6 0 19 4.1 0.3

Relative humidity —2% | 1185 21 2| 269 -2 —1 | 1454 19 1 19 4.5 2.0
+2% | 1144 -20 -2 273 2 1| 1417 -18 -1 19 44 -0.8

Wind speed —02ms?t | 1161 -3 0| 271 0 0| 1432 -3 0 19 4.1 0.4
+0.2ms?1 | 1196 32 3| 268 -3 —1 | 1464 29 2 18 4.6 22

20h 0.1x | 958 —-206 —18 | 288 17 6| 1246 -189 -13 23 12.7 -10.0
10x | 1494 330 28| 247 -24 -9 | 1741 306 21 14 204 18.0

20m 0.1x 912 -252 -22 291 20 7| 1203 -232 -16 24 15.3 -12.3
10x | 1629 465 40| 237 —-34 13| 1866 431 30 13 28.5 24.6

Stability Off | 1253 89 8| 264 -7 -3 | 1517 82 6 17 6.5 4.9

The specification of roughness lengths can be problematicneeds to be undertaken in a well-considered manner. How-
as they can be highly variable over space and time (Broclever, none of the variations in meteorological input variables
et al., 2006). As roughness lengths are difficult to measurepr model parameters change the general ablation characteris-
values are often taken from published literature (e.g. Mdlgtics.
and Hardy, 2004), or are used as tuning parameters to fit the
measured ablation results (e.g. Hoffman et al., 2008). In this
study, the roughness lengths were selected from short-terr8 Discussion
unpublished eddy covariance measurements in the case of ice
surfaces, and from published literature in the case of snowb.1 Comparison of ablation results with other studies
surfaces (Molg et al., 2009). To determine the range of error
involved with modifying the roughness lengths, the valuesThe fraction of net ablation caused by melt is much smaller
for the roughness length of momentum, and the roughnesthan that generally calculated for temperate and maritime
length of heat/vapour were altered by an order of magnitudeglaciers (Table 3; Fig. 5; e.g. Giesen et al., 2008; Gillet and
(each separately) (Table 4). Decreasing the roughness lengfBullen, 2011). However, they are within the range of rates
of momentum by an order of magnitude produced decreasegnd ratios recorded in arid high-altitude or polar environ-
of sublimation and net ablation values larger than 15 % com-ments (e.g. Kull et al., 2002; Mdlg et al., 2008; Hoffman et
pared to the original model results. Comparatively, increas-al., 2008).
ing the roughness length of momentum caused an increase As was previously found for other glaciers in the semi-
of 40 % of sublimation, but decreased melt by 13 %. Increas-arid Andes of Chile (Kull et al., 2002), sublimation is the
ing or decreasing the roughness length of heat/vapour causetpminant ablation process on the upper Guanaco Glacier (Ta-
less than a 10 % change in melt, but larger changes in sublible 3). At Guanaco Glacier, average daily sublimation rates
mation totals. Decreasing (increasing) the roughness lengthalculated across the study period (mean 1.3mmw:é) d
of heat/vapour by an order of magnitude caused an 18 % dewere inline with those estimated in other studies in the re-
crease (28 % increase) in sublimation. These results suggegion (e.g. Ginot et al., 2001). An intensive study at the sum-
that the selection of roughness lengths in this environmentit of Tapado Glacier, a valley glacier to the south of Gua-

naco Glacier (3808 S, 5500 ma.s.l.) found that melt was
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insignificant and that sublimation was the dominant form of 5.2 Meteorological conditions driving sublimation
ablation. Sublimation accounted for losses of 46 % of the processes
total estimated precipitation at the summit for the period
1962-1999 at a rate of 0.9 mmw.ed(Ginot et al., 2006).  Results from the correlation analysis (Table 5) between raw
Rates were also measured and modelled for a six-day pedaily sublimation and meteorological variables, i.e. before
riod during February 1999, and values ranged between 1.3temoving the seasonal cycle, highlights the seasonal nature
1.9mmw.e. d?! (Ginot et al., 2001; Kull and Grosjean, 2000; of the sublimation-driven ablation on upper Guanaco glacier.
Kull et al., 2002). As rates in February are likely to be among The daily sublimation rate is most strongly correlated with
the highest occurring throughout the year, it is likely that the net shortwave radiation- & 0.75), which is mainly driven
mean annual sublimation rate lies between 0.9-1.3 mmw.eby the seasonal cycle of incoming shortwave radiatios (
This means that the rate experienced at Guanaco Glaci€y.61) and partly by the varying albede £ —0.57). The
throughout the year is at the upper limit lower of that cal- albedo shows only a weak seasonal signal, as snow depo-
culated for the upper Tapado Glacier. sition at the AWS s irregular and episodic throughout the
Comparisons of sublimation and melt rates can alsoyear (Fig. 2). A decreasing albedo augments the absorp-
be made with high-altitude glaciers from tropical regions tion of solar radiation at the surface, and it also implies an
(e.g. Wagnon et al., 1999a, b; Sicart et al., 2005; Mdlgincreased roughness length due to snow aging and ice ex-
et al., 2008, 2009). The striking difference between theposition, which further promotes sublimation. Hence on a
energy balance regimes on these glaciers with Guanaceeasonal basis, sublimation increases during summer under
Glacier is the seasonality of signal. In the tropics, tradi- strong incoming solar radiation and tends to decrease during
tional winter-summer patterns are replaced with dry-wet seaepisodic albedo rises throughout the year.
son regimes. This means that ablation behaviour is often dic- The correlation using detrended data reveals sub-seasonal
tated more by albedo changes driven by precipitation and humeteorological forcing of sublimation. Day-to-day changes
midity changes, than by the annual progression of incoming(i.e. detrended series) in vapour pressure-(-0.57) and
shortwave radiation, as experienced in sub-tropical regionsvind speed = 0.39) are significantly correlated with sub-
(e.g. Wagnon et al., 1999a). As on Guanaco Glacier, all studlimation. Hence, as expected, drier and windier weather en-
ied glaciers in the tropics experience sublimation, and ofterhance sublimation. As at the seasonal scale, sublimation is
record intermittent melt. However, the tropical glaciers usu-positively correlated with the net solar radiation= 0.56)
ally experience a higher melt fraction than that calculated forand inversely correlated with albede £ —0.57), while a
Guanaco Glacier (e.g. Mdlg et al., 2008, 2009), and sublimaweaker correlation is found with the incoming solar radiation
tion is less important during the wet season (e.g. Wagnon efr = 0.40). This means than at sub-seasonal timescale, day-
al., 1999a, b; Winkler et al., 2009), whereas the importanceo-day variations in incoming solar radiation are not the main
of sublimation is relatively constant throughout the year atdriver of sublimation. Instead, day-to-day changes in surface
Guanaco Glacier, even though the rate may change (Fig. 5)albedo appear to be more important in driving sublimation at
Continuous sublimation rates, and episodic surface meltthe event scale. The coefficient of variation (CV) for the de-
ing has also been described on glaciers in the McMurdo Drytrended albedo (CV =13.6) is much greater than that of the
Valleys, Antarctica (e.g. Lewis et al., 1998; Hoffman et al., detrended incoming shortwave radiation (CV =2.5), which
2008; MacDonell et al., 2012). Surface energy balance studmeans that at a sub-seasonal scale the albedo is more im-
ies have all shown the dominance of sublimation on ice surportant for driving the net solar radiation than are variations
faces in this region, and have intimated that not only is meltin incoming solar radiation. The episodic albedo rises, when
restricted to approximately two months in the austral sum-associated with a snowfall, also imply a decrease in rough-
mer, but within this period, melting is episodic and spatially ness length and hence of sublimation. The negative corre-
constrained (Lewis et al., 1998; Hoffman et al., 2008). Melt lation found with incoming longwave radiation £ —0.35)
at the surface is often restricted to areas where albedo is lonand cloud cover{= —0.33) reflect, to a lesser extent, the
ered due to the incorporation of sediment (e.g. MacDonellfact that overcast weather enhances incoming longwave ra-
et al., 2012), or to where wind speeds are reduced by topodiation (MacDonell et al., 2013) and occurs with higher rel-
graphic features (e.g. Johnston et al., 2005). Conditions conative humidity, thus increasing vapour pressure and decreas-
ducive to sublimation are the main limiting factors of surface ing sublimation. As clouds have been found to significantly
melt in this environment (Hoffman et al., 2008), and the only augment the albedo at this site (Abermann et al., 2013), and
time when significant melt events on glacier surfaces haveelsewhere (e.g. Jonsell et al., 2003), the negative correlation
been recorded is during prolonged “high” temperature eventdetween albedo and sublimation must partly reflect the effect
(e.g. Doran et al., 2008). of clouds, and the lower correlation between sublimation and
snowfall ¢ = —0.22) tends to confirm this. A negative cor-
relation with the east-west component of the winda(nd,
r = 0.33) implies that sublimation is somewhat enhanced
when the wind originates from a more westerly direction. In
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Table 5. Correlation coefficient {) between daily sublimation (@) sw+ (b) LW
(mmw.e. day 1) and principal meteorological variables recorded at 100 °
the AWS. rgetrendediS the correlation coefficient using detrended _ 1000 -50
data, i.e. after removing the seasonal cycle for each variable ex ‘g ‘ e .
cept the cloud cover and snowfall, which are bounded by zero. The 5% ~100 =5 \ ‘/’*‘
5% significance level determined from the permutation test is in- o 150 i
dicated in parenthesis and significant correlations are indicated ir 2 20220 2 4 6 8101214161820
bold. Variables are ordered from the largest to smakgstended . 0 @ Qs
absolute value. PN
. 50 \’ / N 20 /):+4++++*\_\‘ e
Variable r T'detrended ‘§ o \\\‘\“ J ‘§ . - \ﬁﬁf/
Vapour pressure —0.32(—0.23) —0.57(—0.14) s -
'glvtﬁdo _0877(5_(834213 _00.5576((:)0]._]2% 159022 0 2 4 6 5101214161820 %022 0 2 4 6 8101214161820
. . . . 0 dQ
swi 0.61(0.24) 0.4(0.1) 200 ©e° 100 oo
Wind speed 0.17(0.16) 0.39(0.09) 100| #3424 4 “Z % 2
LWI —0.36(—0.14) —0.35(—0.11) v, Y f{/ z L Na e E
Cloud cover —0.48(—0.15) —-0.32(-0.13) = \‘ ¥ 8 o)t %ﬁ&\ 05 £
Snowfall —0.29(—0.09) —0.22(—0.08) “100 % /}4‘ 8 R\ s 8
Air temperature 0'26(0'23) 0'16(0'1) 72002022 0246 810;2i4161820 7502022 0246 81/0121416\18200
Hour Hour
o § - < - R

summary, the correlation analysis shows that on a season&ig. 6. Mean diurnal cycle of the surface energy fluxes) (on
scale, sublimation is driven by the energy available at thethe upper Guanaco glacier during summer for days with melting
surface, which is dominated by the seasonal cycle in incom{coloured lines) and days without melting (black line&)) Net

ing solar radiation and by more episodic changes in albedoshortwave radiation flux(b) ne_t longwave radiation flux(c) tur-

At the event scale, i.e., after removing the seasonal cycle jpulent latent heat flux(d) sensible heat fluxe) total ground heat
the data, variations in the net solar radiation, predominantly!uX: () difference between melt and non-melt days (colour lines,
driven by episodic albedo variations. as well as air humid-lef.t axis), and mean hourly melting rate (black dotted line, right
. . y P . . L . axis).

ity variability, mainly drive the sublimation rates. Dry, windy

and clear weather conditions are the most favourable for high

sublimation rates. ) ) S
convective clouds, typical of summer in this area, and as

5.3 Meteorological processes controlling surface measured by an effective cloud cover inde MacDonell
melting et al., 2013). A correlation of = —0.98 between the SWI
difference and the cloud cover index difference between melt
Surface melting is rare on upper Guanaco glacier, and asnd non-melt days corroborates this conclusion. However the
such, modelled melt follows an extreme value distributionlow cloud cover for both melt and non-melt daysf <
that is poorly suited to linear correlation analysis as was0.15) reflect the predominant clear skies during summer and
used for sublimation. Moreover, because Guanaco is a col@s the difference between melt and non-melt cloud cover is
glacier, the triggering of surface melting may also depend omot statistically significant, the exact cause for increased SWiI
preconditioning. The AWS on the high and exposed upperand SW remains uncertain. Latent heat loss (QL) by turbu-
Guanaco glacier probably samples amongst the most extrenlence is appreciably lower on melt days compared to non-
meteorological conditions found in the area, which makesmelt days, mostly from the morning to mid-afternoon when
it interesting to understand when, and how, melting occursdifferences are statistically significant (Fig. 6¢). The diurnal
here. sensible heat flux is smaller compared to non-melt summer
The mean diurnal energy balance cycle for days with mod-days and also remains positive throughout the day, with most
elled melt shows increased daytime contribution of net solathours showing a significant difference (Fig. 6d). The atten-
radiation (SW, Fig. 6a) while the net longwave radiation uation occurs in part because the fixed temperature of the
diurnal cycle remains essentially unchanged (Fig. 6b). How-melting surface s = 273.15 K) reduces temperature gradi-
ever, daytime differences in SWare only significant from  ents between the surface and the atmosphere. The total sub-
13:00 onward, i.e. shortly after solar noon. Closer inspec-surface heat flux (QG), consisting of the sum of QC and QPS,
tion revealed that higher afternoon incoming solar radiationis reduced throughout the whole diurnal cycle (Fig. 6e). The
(SWI1) is responsible for the higher S\Mwhile the albedo  mean relative contribution of the individual energy fluxes to
does not show clear differences. Differences in*Sfipear  melting is shown Fig. 6f. The enhanced energy gain during
to be driven by a slightly decreased incidence of afternoondaytime is due, in order of relative importance, to increased
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net solar radiation (SW, decreased QL loss (reduced subli- (a) Melt

mation), and a slight increase in the sensible heat flux (QS). 0
On the other hand, a slight decrease in QG and QS is ob-
served on nights prior to melting days. The higher energy &

input during melting days is used to melt the surface with = 05
a mean maximum rate of 1.6 mmh (Fig. 6f, right axis).
The mean modelled subsurface temperature profile (Fig. 7)©
shows that nighttime cooling is less pronounced during melt

days than during non-melt days. During melt days the glacier 1 22 0 2 4 6 8 10 12 14 16 18 20 266.5

ept

surface layers heat up rapidly, quickly removing the night- 265.5
. . . (b) No-melt 265
time cold wave and allowing the surface to reach the melting 0 264.5

point typically at midday. The difference in subsurface tem-
peratures shows an upward warming trend during melt days.—
(Fig. 7c), which indicates a smoother near-surface tempera-—
ture gradient and reduced upward heat conduction (QC) alg
night, and a steeper gradient and increased downward hee&
conduction during daytime (Fig. 6e). Increased penetration
of solar radiation during the day (QPS, not shown), due to
the higher SW on melt days, also explains part of the more

-

0.5

22 0 2 4 6 8 10 12 14 16 18 20

negative glacier heat flux (QG) between 12:00 and 16:00 (c) melt-nomelt dT(°K)
(Fig. 6e). Calculating melt rates can also be challenging due 0 3
to the prevalence of melt below the surface caused by radia- _ 25
tive heating (Brandt and Warren, 1993; Hoffman et al., 2008). £ 2
Unless absorbed shortwave radiation is removed quickly via £ 05 15
conduction into the ice body, the subsurface ice may begin 2 1
to melt, even if the surface temperature is below freezing. 8'5
The modelled subsurface temperature occasionally reaches 1

the melting point within the first metre, which suggests that 22 0 2 4 6 8101214 16 18 20
subsurface melting may occur at the site, and so that total Hour

runoff from the AWS site may be underestimated. . .
- . Fig. 7. Mean diurnal cycles of surface and subsurface temperatures
The surface energy balance represents the direct link be-

. ... for (a) days with melting;(b) summer days without meltin
tween the weather and the glacier mass-balance. Prevaﬂmg]eli n)winu)é non-melt da)?s(. ) Y 2
meteorological conditions recorded at the AWS during days

with melting show on average abouf@ higher tempera-

tures (Fig. 8a), with air temperatures reachiF!g abov€ 0 motes sublimation losses. High-pressure systems in summer
from 11:00h to 17:00h. This allows for a positive sensible pring occasional breaks to these extreme conditions, allow-
heat flux to the glacier surface during this time, as the surface;ng the glacier surface to warm and melt for a few hours in
is near orat6C. The vapour pressure (Fig. 8b) is also notice- the afternoon. The clear weather associated with the higher
ably higher, while the wind speed is much reduced (Fig. 8d),jr pressure increases the incoming solar radiation, which is
during days with melting, which explains the reduced subli- {he main energy source for warming the glacier surface in
mation rates (or for hours when the surface melts, reducege morning and melting in the afternoon. However, the low
evaporati_on) and the excess energy available for wgrming,vind speed and higher vapour pressure, by reducing subli-
and melting the surface. These warmer, more humid angnation, is also instrumental in making more energy available
calm weather conditions occur under high-pressure systemg,r syrface melting, as is the day time air temperature above

(Fig. 8c). The wind direction, (Fig. 8e) shows a slight deflec- goc, which drive a positive sensible heat flux to the melting
tion south of the predominant northwest flow in the morning, g rface.

but overall there is not a strong directional discrepancy of air
flow between days with and without melting.

In conclusion, the prevailing cold, dry and windy weather 6 Conclusions
conditions on the upper Guanaco glacier promote large sub-
limation losses which dominate ablation. The high solar ra-This study represents the first energy balance calculation
diation, low vapour pressure and the strong winds, which in-made in the Norte Chico region of Chile, which constitutes
crease turbulence and drive upward moisture transport, botan environment that is both high (5324 ma.s.l.) and very dry
favour sublimation. The frequently exposed ice surface, by(vapour pressure annual average of 1.1 hPa). The extreme
augmenting the aerodynamic roughness, also further proaridity of the location mean that the energy balance most
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(a) Air temperature . (b) Vapor pressure ture, using measurements and for understanding possible fu-
ture changes in the surface energy balance at this site.

0 2 Accurately determining roughness lengths is especially
9 \/\ g important when considering distributed modelling of energy

-5 L balance processes over glaciers in this region as surfaces
10 . are generally heterogeneous, with penitente coverage vary-
2022 0 2 4 6 8101214161820 2022 0 2 4 6 8101214161820 ing both in space and time. As penitentes form in the lower
oo (c) Air pressure » (d) Wind speed reaches of the Guanaco Glacier, the energy balance calcu-

lated here is unlikely to be representative of the glacier as a

522 s /\/\ whole, but is likely to well-represent the upper reaches where
<€ 520 Tg j penitentes are not found, and melt is rarely observed.
518 ) This study is a first step in understanding glacier contribu-
o1 . tion to streamflow in the semi-arid Andes of Chile. Further
2022 0 2 4 6 8101214161820 2022 0 2 4 6 8101214161820 distributed modelling is needed to assess glacier contribu-
- (e) Wind direction 0.5, Efiective cloud cover ndex tion to _runoff for whole catchments, which requires accurate
modelling of planar and penitente-covered surfaces. How-
g a0 e 015 ever, in order to achieve this aim, an understanding of the
2 5 o1 / effect of penitentes on surface roughness is required. Addi-
S 240 0.05 tionally, as glaciers represent only one source of water to the
160 . catchment, more detailed models of snow processes such as
202202 4 6 8101214161820 202202 4 6 8101214161820 that by Gascoin et al. (2012) are also recommended.

Fig. 8. Mean diurnal cycle in meteorological conditions for days
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