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ABSTRACT

To determine the physical processes involved in the melting and disappearance of transient snow cover
in nonglacierized tropical areas, the CROCUS snow model, interactions between Soil-Biosphere—
Atmosphere (ISBA) land surface model, and coupled ISBA/CROCUS model have been applied to a full
set of meteorological data recorded at 4795 m MSL on a moraine area in Bolivia (16°17'S, 68°32'W)
between 14 May 2002 and 15 July 2003. The models have been adapted to tropical conditions, in particular
the high level of incident solar radiation throughout the year. As long as a suitable function is included to
represent the mosaic partitioning of the surface between snow cover and bare ground and local fresh snow
grain type (as graupel) is adapted, the ISBA and ISBA/CROCUS models can accurately simulate snow
behavior over nonglacierized natural surfaces in the Tropics. Incident solar radiation is responsible for
efficient melting of the snow surface (favored by fresh snow albedo values usually not exceeding 0.8) and
also for the energy stored in snow-free areas (albedo = 0.18) and transferred horizontally to adjacent snow
patches. These horizontal energy transfers (by conduction within the upper soil layers and by turbulent
advection) explain most of the snowmelt and prevent the snow cover from lasting more than a few days
during the wet season in this high-altitude tropical environment.

1. Introduction mies of the region will have to make tremendous ad-
justments (Barnett et al. 2005; Chevallier et al. 2004).
The shrinkage of tropical glaciers has been well docu-
mented and increasingly observed since the end of the
1970s in the central Andes (e.g., Wagnon et al. 2001;
Kaser and Osmaston 2002; Francou et al. 2003; Favier
et al. 2004; Sicart et al. 2005). However, although the
impact of snow cover on the water supply is nonnegli-
gible, the evolution and variability of snow cover on
nonglacierized areas have not, to our knowledge, been
studied on a local scale in this region.

This present study focuses on the melting of the snow
cover on a moraine site located at 4795 m MSL in the
Charquini area (Bolivia, 16°17’S, 68°32"W) of the tropi-
cal Andes. Snowmelt is calculated by applying the en-

) ) ergy balance to a control volume of snow, using a de-
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Martin d’Heres, France. (Lejeune et al. 2003, 2006). The energy balance of the
E-mail: yves.lejeune@meteo.fr snowpack and the evolution of the snow cover are

In the South American Andes, a large fraction of the
population living west of the mountain range relies on
glacier melt and snowmelt for water supply, irrigation,
and hydropower. At certain high Andean sites, clear
evidence of global warming trends over recent decades
has been found in oxygen isotope values extracted from
ice cores (Thompson et al. 2003). Moreover, global cir-
culation models predict a 2.5°C temperature increase
over the next ~80 yr for this tropical mountain zone
(Bradley et al. 2004). This strong warming will have a
major effect on glacier- and snow-supplied river water
resources, and consequently the population and econo-
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simulated three ways: 1) using the CROCUS model
(Brun et al. 1989, 1992; Durand et al. 1999) and, since
the ground flux at this site is strong and highly variable,
2) using the ground Interactions between Soil-Bio-
sphere—Atmosphere (ISBA) (Noilhan and Planton
1989), and 3) coupled ISBA/CROCUS models. The ob-
jectives of this study are to apply these models to the
particular climatic conditions encountered in the Trop-
ics, in order to assess their performance and provide
insight into the physics and energy budget of a high-alti-
tude tropical snowpack.

The paper is divided into five parts. Section 2 deals
with the experimental setting, including the energy bal-
ance and climatic conditions of this high-altitude site.
Section 3 describes the models and the main adjust-
ments that were made in applying them to this tropical
site. Section 4 presents various simulations correspond-
ing to different events with snow on the ground, with a
step-by-step discussion of further model adjustments
made and their results. A subsection devoted to model
comparison is also included. The paper ends with a
discussion and conclusions (section 5).

2. Experimental setting, energy balance, and
climatic conditions

a. Location

The experimental site is located in Bolivia, in the
Cordillera Real, about 30 km north of the capital La
Paz, at 4795 m MSL (16°17'S, 68°32'W). Figure 1 shows
a map of the region with the location and a photograph
of the automatic weather station (AWS) used in this
study. The Cordillera Real is a natural barrier between
the wet and low Amazon basin and the dry and high
Altiplano. The AWS is located on the northeast flank
of Cerro Charquini (5392 m MSL), on a natural flat
area of an average 15° slope facing the Zongo valley
and the high Amazon basin, and around 100 m lower in
altitude than the snout of Charquini Glacier. The Char-
quini area is located about 5 km immediately southeast
of Huayna Potosi where the Zongo Glacier has been
studied over the last 15 yr (Fig. 1) (e.g., Wagnon et al.
2001; Sicart et al. 2005). The AWS stands on ranker-
type soil, the top 0.50 m containing roughly 70% sand,
20% loam, and 10% clay. The soil is never frozen. The
superficial layer (0.02 m) contains a significant propor-
tion of organic matter (32%). The surface is made of
debris of various sizes (rocks from about 0.10 to 1 m in
diameter) mixed with short, sparse vegetation (mainly
sparse high-altitude grass), covering less than 30% of
the surface.
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b. Experimental setting

Table 1 lists the sensors of the AWS. The meteoro-
logical variables are recorded as half-hourly means with
a 10-s time step, except for wind direction (instanta-
neous values every 30 min) and precipitation (cumula-
tive sum every 10 min).

The precipitation phase (liquid or solid) is evaluated
using air temperature thresholds: if 7;, = —1°C, pre-
cipitation is snow; if T,;, = +3°C, precipitation is rain;
and if —1°C < T,;, < +3°C, an algorithm based on a
number of variables (albedo, ground heat flux, surface
and air temperatures) and their variations between the
beginning and the end of each time step has been de-
veloped and checked against field observations to dis-
tinguish between snow and rain (Lejeune et al. 2006;
L’Hote et al. 2005). Complementary observations
(cloud cover, cloud types, snow depth, density and wa-
ter content, crystal type, etc.) were carried out during
various field trips made throughout the studied period
(45 days in all). Every morning between May 2002 and
July 2003, an observer took pictures of the site to obtain
the fraction of the ground covered by snow.

Since the ultrasonic sensor did not work properly for
intervals during the entire period the snow depth was
not always available (only 427 hourly measurements
seem to be acceptable, taken into account during the
10 247 h of the entire period). Surface albedo measure-
ments are therefore used to identify the events with
snow on the ground. For this reason, a dimensionless
parameter, referred to as diffalb (diffalb = hourly mea-
sured albedo — hourly bare soil albedo; where mean
hourly bare soil albedo value = 0.18), has been used
during the daytime. This parameter, varying from 0 to
values close to 0.8, can be used to check whether there
was snow on the ground (when diffalb > 0) or not
(when diffalb = 0), crucial for model validation. The
maximum values as high as 0.8 occur only during snow-
falls, when the incident solar radiation sensor is covered
by snow (in such cases, relating to 2.5% of the diurnal
hours, measured hourly albedo is limited to 1).

c. Energy balance

With such an experimental dataset (based on an
hourly time step over the entire measurement period
extending from 14 May 2002 to 15 July 2003, and made
up of precipitation, air temperature, humidity, wind ve-
locity, and incoming shortwave and longwave radia-
tions), the models are able to accurately determine the
energy budget (EB) of the snowpack or the atmo-
sphere—ground interface (when the soil is snow free)
according to
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Charquini AWS (4795m MSL)

F1G. 1. Location map of the measurement site, showing the Charquini area and the Zongo
Glacier, and a picture of the AWS site with patchy snow cover.

EB=SW,(1—-a) +LW, +LW,, +LE+H+G
+0,(Wm™?), (1)

where SW,,, is the incident solar radiation; « is the snow
(or bare ground) surface albedo; LW;, and LW, are
the incoming and outgoing longwave radiation fluxes,
respectively; LE and H are the turbulent latent and
sensible heat fluxes, respectively; G is the ground heat
flux; and Q,, is the energy flux supplied by precipitation.
Note that fluxes directed toward the snowpack or the
snow-free ground surface are positive by convention. If

the soil is snow free, EB = 0, and if not, EB corre-
sponds to the snowpack energy variation per unit time.
Note that G presented here is not only the geothermal
flux, but also includes the conductive heat flux within
the superficial layers of the soil due to the energy stored
in the ground (produced by atmospheric and geother-
mal fluxes).

d. Climatic conditions

The mean values of the recorded meteorological
variables over the entire measurement period (14 May
200215 July 2003) are displayed in Table 1. Figure 2
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TABLE 1. List of AWS sensors installed at 4795 m MSL and mean values (or total precipitation) of the various meteorological
variables over the entire measurement period (14 May 2002-15 Jul 2003).

Quantity

Sensor type (height)

Mean value

Accuracy (14 May 2002-15 Jul 2003)

Precipitation (kg m~?)

Air temperature (°C)
Relative humidity (%)

Wind speed (ms™')
Wind direction (deg)

Incident and reflected shortwave
radiation (W m™2)

Incoming and outgoing longwave

Géonor T-200B (1.75 m)
Elsyde RO13030A (1.2 m)
Totalizer (1.4 m)

Vaisala HPM45C-aspirated (1.5 m)
Vaisala HPM45C-aspirated (1.5 m)

Young 05103 (2.05 m)
Young 05103 (2.05 m)

Kipp & Zonen CM3 (0.9 m)
0305 <A <28X10°m

Kipp & Zonen CG3 (0.9 m)

+0.1 10" kg m?
+02 102 kg m—2

Snow total: 924 kg m 2
Rain total: 378 kg m~%*

+0.2°C

+2% on (0%-90%)
+3% on (90%-100%)

+03ms !

1.65°C
68.7%

Modulus: 1.3 ms !
+3 deg

Incident: 198 W m 2
Reflected: 42.3 W m 2

+10% on the daily sum

2

+10% on the daily sum Incoming: 276 W m~

radiation (W m~2) 5<A<50x10"%m

Ground temperature (°C)
—0.20 and —0.43 m)

Ground flux (W m™?) Hukseflux HFPO1 (—0.03 m)

Accumulation/ablation* (m)
gauge (1.15 m)

Cu-Cst thermocouples (—0.03, —0.10,

Campbell UDGO1 ultrasonic depth

Outgoing: —**

—0.03 m: 5.2°C
—0.10 m: 5.0°C
—-0.20 m: 5.1°C
-0.43 m: 5.0°C

-1.7Wm?

+0.2°C

60V/(W m~2)!

+1072 m e

* No value for the Totalizer is provided due to irregular measurements during the field campaign.
** There are many gaps in the dataset for outgoing longwave radiation and accumulation/ablation.

shows their daily averages over the period. More details
concerning the meteorological and snow database can
be found in Lejeune et al. (2003, 2006).

The Charquini area is located in the outer Tropics
(Kaser 2001), characterized by homogeneous tempera-
ture conditions and an annual wet and dry season. Fig-
ures 2a and 2b show that daily air temperature varies
only slightly throughout the year, whereas the relative
humidity and precipitation show strong seasonal varia-
tions. The winter dry season (May-August) is produced
by the northward displacement of the mid- and upper-
tropospheric westerlies, which in turn prevent moisture
influx from the east. On the other hand, the wet season
(October-March), during which the most significant
snowfalls occur over the high Andean mountains, is a
result of the seasonal expansion of the equatorial east-
erlies in the upper troposphere, allowing near-surface
moisture influx from the east (Garreaud 2000; Vuille et
al. 2000).

One special feature of high tropical mountains is the
very intense incident solar radiation SW,, (Fig. 2c) dur-
ing the wet season (austral summer) compared to SW;,
in the Alps during the boreal winter (Lejeune et al.
2006), preventing the snow cover from lasting more

than a few days on moraine areas. In contrast to Alpine
thick seasonal snow cover lasting a number of months,
the snow cover over nonglacierized areas of the tropical
Andes is more transient and the wet season is marked
by few-hour to few-day snow episodes on the ground
alternating with periods of bare ground. During these
periods without snow on the ground, a large part of the
incident solar radiation is absorbed by the low-albedo
surface (~0.18). Figure 2d also displays the daily
ground heat flux (G_5;) measured 0.03 m below the
surface. Hourly G _; values (not shown) are almost con-
stant and equal to 10 W m~? when the surface is cov-
ered by snow (e.g., 30 June-6 July 2002, 28-30 July
2002, and 16-17 October 2002), and are highly variable
the rest of the time, especially when there is snow on
the ground only a few hours a day (50 days out of the
183 days of the wet season), and when snow accumu-
lation and melting are synchronous as it is usual in the
Tropics. Then, G_; oscillates from positive hourly val-
ues at night, reaching 50 W m™2, to negative diurnal
hourly values as low as —200 W m~2 The Charquini
site is very calm with a mean wind velocity of 1.3 ms ™!
over the entire measurement period and a daily mean
maximum not exceeding 4.4 ms~' (Fig. 2d).
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FIG. 2. Variation in the daily mean values of (a) air temperature (7,;,), relative humidity
(RH), (b) daily cumulative solid (gray histograms) and liquid precipitation (black histograms),
(c) incident solar radiation (SW,,), incoming longwave radiation (LW,,), and (d) ground heat
flux at 0.03 m below the ground surface and wind velocity over the measurement period (14

May 2002-15 Jul 2003).

3. Model description

a. The CROCUS model

CROCUS is a one-dimensional multilayer physical
model of the snow cover developed for operational
avalanche forecasting (Brun et al. 1989, 1992). It ex-
plicitly evaluates mass and energy exchanges between
the snowpack and the low-level atmosphere at 15-min
time steps as a function of meteorological conditions,
including turbulent heat and moisture surface trans-
fers, and ground heat flux (which remains low in the
European Alps). The number of layers simulated by

the model varies from 1 to 50. It computes the heat
transfer within the snowpack and also the grain types
(the snow surface albedo is calculated as a function of
snow surface grain types, based on optical diameter),
snow temperature, density, and liquid-water content for
each snow layer. Although the CROCUS model was
initially developed to simulate seasonal snow in the
Alps (e.g., Durand et al. 1999; Etchevers et al. 2003), it
has been successfully applied to glaciers in the Alps
(Gerbaux et al. 2005) and at high latitudes (Dang et al.
1997). It has however never been tested in a tropical
environment.
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b. The ISBA model

The one-dimensional model ISBA describes at 5-min
time steps the exchanges of heat and water between the
low-level atmosphere, soil, snow, and vegetation (Noil-
han and Planton 1989, Noilhan and Mahfouf 1996). As
ISBA is designed for global circulation models it is a
relatively simple scheme; however, it embraces the
most important components of the land surface pro-
cesses. Since its initial development, various applica-
tions have led to new versions. In this paper, we use 1)
the diffusion version for soil and soil freezing param-
eterization (Boone et al. 2000; Bazile 1999), which al-
lowed calculation of the full vertical profile of soil tem-
perature, liquid water, and ice content, and 2) the snow
cover parameterization, which is the multilayer snow
scheme developed and compared to CROCUS at the
Col de Porte site in the French Alps (1320 m MSL,
45°30'N, 5°77'E) by Boone and Etchevers (2001). Al-
though not as accurate as CROCUS in the simulation
of the internal state of snowpack, it appears to provide
a good compromise between accuracy and computa-
tional cost for an application not focused on snow
alone. This version of ISBA has been used for the
Project for the Intercomparison of Land-Surface Pa-
rameterization Schemes Phase 2(e) [PILPS2(e)] test on
a Scandinavian basin (Habets et al. 2003), for the Snow
Models Intercomparison Project (SnowMIP; Etchevers
et al. 2003) and for the whole upper valley of the Zongo
River, where the Charquini AWS is located, in order to
improve water resource management for hydropower
generation (Caballero et al. 2004).

c. The coupled ISBA/CROCUS model

To precisely describe the snow cover and thermal
and water exchanges at the snow-soil interface, the
coupled ISBA/CROCUS model is used in this paper.
This coupled model was originally developed for the
forecasting of snow occurrence on roads, and subse-
quently adapted to our case. This coupling method, de-
scribed in detail in Bouilloud and Martin (2006), makes
it possible to use the detailed CROCUS model for the
snow and the more advanced parameterization of ISBA
for the soil description. It also includes some specific
parameters for capillary rise in the snow under certain
conditions and for the thermal resistance at the inter-
face, depending on the snow and upper soil tempera-
ture, ice, and liquid content. Developed for winter road
maintenance, the ground surface considered by ISBA/
CROCUS is not covered by vegetation and as soon
as there is snow on the roads, the model considers
that snow uniformly covers the ground. The coupled
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model was checked against observations during a com-
prehensive experimental campaign over three winters
at the Col de Porte site (Bouilloud and Martin 2006).
During this campaign, the coupled model proved that it
was able to accurately simulate the rapid heat flux
variations between the snow and the experimental
road.

d. Soil parameters used in ISBA and coupled
ISBA/CROCUS models for the present study

Soil properties are derived from sand and clay pro-
portions using the standard ISBA parameterization.
These proportions were roughly estimated in the upper
50 cm during the field campaign and applied to the
whole soil layer (70% sand and 10% clay). The corre-
sponding values of the dry soil density, volumetric po-
rosity, and water-saturated thermal conductivity are
1540 kg m >, 42% (considered to be water saturated),
and 1.9 W m~ ' K™, respectively. The dry heat capacity
is taken to be equal to 733 J kg ! K™! (Peters-Lidard et
al. 1998). The bare soil albedo used in the simulations is
0.18, in agreement with the mean value measured by
the AWS, and ground emissivity is assumed to be 0.95
(Noilhan and Planton 1989). The soil surface roughness
length is assumed to be 0.025 m, as proposed by Liston
and Sturm (1998). Results do not have a very big influ-
ence on this last parameter since wind speed was always
very low and the surface energy balance was mainly
governed by radiative fluxes. Since the vegetation cover
is very sparse at this site, the main ISBA and ISBA/
CROCUS runs were carried out without any vegetation
cover. Nevertheless, an ultimate ISBA test assuming a
proportion of soil covered by 30% vegetation will be
briefly presented in order to check if the sparse vegeta-
tion cover on the site could have any impact on the
results. The impact of the fraction of the ground cov-
ered by snow (Fg) will be discussed in the following
section.

4. Model simulations and statistical evaluation

To simulate the evolution of the snow cover, we pro-
ceed step by step: 1) starting with the CROCUS snow
model as used for conditions prevailing in the Alps, and
then adding adjustments related to the special features
of tropical climate, 2) continuing with the coupled
ISBA/CROCUS model including (or not) a horizontal
snow-ground partitioning factor Fg, and 3) ending with
the ISBA model. The main characteristics of each run
are summarized in Table 2. All the following simula-
tions, presented for an hourly time step, were per-
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TABLE 2. Main characteristics of each run presented in the text.

Fresh snow albedo

Snow—ground % of bare ground

Run number Model parameterization*® partitioning** covered by vegetation
Run 1 CROCUS No No 0
Run 2 CROCUS Yes No 0
Run 3 CROCUS/ISBA Yes Fs pew 0
Run 3 bis CROCUS/ISBA Yes No 0
Run 4 ISBA Yes Fs hew 0
Run 4 bis ISBA Yes Fs ga 0
Run 4 veg ISBA Yes Fs new 30

* This parameterization refers to section 4b.
** This parameterization refers to sections 4c, 4d, and 4e.

formed over the entire measurement period, but for the
sake of clarity, only parts of the entire period are dis-
played on the figures. These selected periods illustrate
the important snow cover events of the whole measure-
ment period for which the greatest number of snow
depth measurements are available and for which the
determination of precipitation phases is the most de-
pendable.

a. Run I: CROCUS model as used in the Alps

Only one adjustment was made to the initial
CROCUS model: instead of using the ground flux
model developed for winter in the Alps, with values
from 0.5 to 2.5 W m~? depending on site elevation
(Brun et al. 1989), the ground flux was increased to a
constant value of 10 W m ™2 This takes into account the
high ground flux (section 2d and Fig. 2) measured on
the site compared to the average daily ground heat
fluxes encountered in Northern Hemisphere regions
that generally fall in the range from 0 to 4.6 W m 2
(Pomeroy et al. 1998). Figures 3b,d show the snow
depths simulated by run 1 for more than one month
during the 2002 dry season (27 June-1 August 2002)
and one-and-a-half months during the 2003 wet season
(16 February—4 April 2003), as well as available mea-
sured snow depths. Daily precipitation and the hourly
diffalb parameter are plotted in Figs. 3a,c. Note that the
model largely overestimates the snow depth for two
reasons: first, some of the snow depth increases are
overestimated and second, the simulated depletion is
too slow—leading to a quasi-permanent snow cover
over both seasons, which is totally different from the
real situation (illustrated by the large number of diffalb
values equal to 0). The overestimation does not come
from errors in density estimations. Indeed, the simu-
lated fresh snow densities (from 130 to 175 kg m
depending on snowfalls) are slightly lower than densi-
ties measured in the field (sometimes as high as 230 kg

m?); however, snow density measurements were per-
formed over impermeable snowboards and thus tend to
overestimate the true density because of the artificially
increased water content of the snow. In some cases, the
precipitation phase was not properly evaluated, as for
example on 17 March 2003 where part of the rain was
interpreted as snow, leading to an excessively thick
simulated initial snow cover. Fortunately such cases are
rare, as demonstrated in the validation of the phase
determination method by Lejeune et al. (2006). A de-
tailed analysis of each snow cover event shows that the
model only simulates snow depth increases during
snowfall, without any concomitant melting. In reality,
as said before, accumulation and melting are synchro-
nous, explaining why the true snow depth is lower than
the values simulated by run 1. The overestimation of
snow depth at the beginning of snow events causes the
simulation to deviate from measurements, a problem
that is reinforced by the fact that simulated melting
after snowfalls is too slow [e.g., the simulated depletion
of the snowpack after the snowfalls of 30 June 2002 and
29-30 July 2002 (Fig. 3b) is much slower than in reality].

b. Run 2: CROCUS model with initial grain-type
parameters adapted to the Tropics

In the Alps, winter snowfalls are mainly due to cold
fronts producing small dendritic crystals, whereas
snowfalls in Bolivia are usually of convective origin,
resulting in bigger round crystals of graupel type. The
CROCUS model (Brun et al. 1992) uses the following
parameter settings to describe this type of crystal: den-
dricity = 0, sphericity = 1, and diameter = 1 mm (as
measured in the field), which means that fresh crystals
are considered to be perfect 1-mm-diameter spheres in
the model. This change in CROCUS settings implies
values of fresh-snow albedo almost never exceeding 0.8
compared to values in the Alps often higher than 0.9.
This low albedo value is consistent with observations

Unauthenticated | Downloaded 03/03/21 09:45 AM UTC



Auagust 2007

LEJEUNE ET AL.

929

a  27/06/02 04/07/02 11/07/02 18/07/02 25/07/02 01/08/02
0 ST s — 1.0
o=y ” 1 | oo
= | ”! 111 I}
E A h :: e
5 i " o ¢ e
21014 +hé 5 X 05 F
] - g f 1 5
S ¢ * L v %
g . Ty < b :
a H % "e e i
; s
20 < P ) tli 2 . 0.0
b5
5 Run 2 Run1
: A / / A
1)
3 W ¥ ;k
(% A - A i\
J
oLt . MH\ A i ‘ .
27/06/02 04/07/02 11/07/02 18/07/02 25/07/02 01/08/02
¢ 16/02/03 23/02/03 02/03/03 09/03/03 16/08/03 23/03/03 30/03/03
0 1.0
3 1)
E i
= . " a
o - " =
£ 25 S 05 &
- 5 on =
[ . '
& 4 H
50 ot 2=l 00
d 4
_— Run 1
§ Aun2
-~ un
£ /
e 20 1™
3
<]
oL Al A AN, | i e AN
16/02/03 23/02/03 02/03/03 09/03/03 16/03/03 23/03/03 30/03/03

FiG. 3. Simulated snow depth from run 1 (solid thick line) and run 2 (solid thin line)
compared to measured snow depth (solid triangles) for two periods: (b) 27 Jun—-1 Aug 2002
during the dry season and (d) 16 Feb—4 Apr 2003 during the wet season. (a), (¢) Also shown
are the daily cumulative values of solid (white histograms) and liquid precipitation (black
histograms), and the dimensionless parameter diffalb (dotted line with black points)
(diffalb = daily mean albedo — measured bare soil albedo). Run 1 and run 2 are discussed in

text sections 4a and 4b, respectively.

and with previous work carried out on Zongo Glacier
(e.g., Wagnon et al. 2001). Moreover, the albedo of
snow with rounded grains decreases more quickly than
for dendritic snow (diffalb fall is obviously significant in
Figs. 3a,c). Figures 3b,d display a comparison between
run 1 and run 2 over the studied dry- and wet-season
periods. The new settings better reproduce depletion
once the snow cover has been established. This means
that the albedo of the snow cover of the Bolivian Andes
is lower than in the Alps (due to the different type of
fresh crystals) and is responsible for faster melting due
to enhanced absorption of incident solar radiation. This
crucial role of albedo for melting on tropical glaciers
has already been pointed out (e.g., Wagnon et al. 2001;
Favier et al. 2004). In spite of this improvement, the
number of hours with snow on the ground in the day-

time is still overestimated in run 2 (1285 h) compared to
reality (587 h).

¢. Run 3: Snow cover simulations with coupled
ISBA/CROCUS model

To determine if better simulation of the duration of
the snow cover requires better estimation of the energy
input from the ground, we performed a test using the
CROCUS model with settings similar to those of run 2
and a ground heat flux forced to the value measured at
0.03 m below the ground surface. In this test, the dura-
tion of the snow cover and the depletion of the snow-
pack are far better reproduced over the entire measure-
ment period, indicating that accurate simulation of the
ground heat transfers is a crucial issue in this study.
Consequently, the CROCUS snow model was coupled
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with the ISBA ground model to correctly take into ac-
count not only heat exchanges with the snow but also
energy transfers to the ground.

1) SNOW—GROUND PARTITIONING Fg

On natural surfaces with thin snow cover, the surface
usually appears as a mosaic of patches of snow and bare
ground due to surface irregularities such as rocks of
various sizes or vegetation clusters. To compute this
natural snow patching, a fraction of the ground surface
covered by snow (Fy) is included in the ISBA model.
Roesch et al. (2001) or Essery and Pomeroy (2004)
suggest various formulations for the Fs fraction de-
pending on size-scale applications. The standard ISBA
function Fg ., (appropriate for large-scale applications,
such as the GCM use) is based on the water equivalent
of the snowpack and is expressed as (Etchevers 2000;
Boone and Etchevers 2001)

SWE
SWE + SWE_;,’

crit

2)

Fstta =

where SWE (kg m™~?) is the snow water equivalent over
patches covered by snow and SWE_,;, is a calibrated
parameter (equal to 10 kg m~?). In our case, where
vegetation is sparse and snow water equivalent mea-
surements too irregular, a sharper function (more suit-
able for local-scale applications), fraction Fg .., s used
in the coupled ISBA/CROCUS model. This new frac-
tion depends only on snow depth, which is easier to
measure than water equivalent. It is expressed as

F. = MIN| 1 " ) 3
S_new — ) Hcrit ) ( )

where H is the simulated snow height (in meters), and
H_,;, and x are model parameters; H_;, is a critical snow
height (in meters) above which the ground is totally
covered by snow (state never reached with the standard
ISBA function). According to the function suggested
by Brun et al. (1994), the power x was added to better
represent reality, where the fraction of the snow cover
is not a linear function of snow height. To calibrate the
Fs .. parameters H ; and x, a sensitivity test was per-
formed to obtain a best fit for observations of snow
height when available as well as the presence of snow or
not on the ground on an hourly time scale during the
daytime. In this test, the parameters were varied within
a reasonable physical range: 0.05, 0.075, and 0.1 m for
H_; and 5, Y5, 1, 2, and 3 for x. The best set of param-
eters was also chosen to be in good agreement with
field observations: H;, = 0.1 m and x = Y5. To show

crit
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Fi1G. 4. Fraction of the ground surface covered by snow (Fy) as
a function of snow depth (cm). The standard ISBA fraction Fg_,
is plotted for two snow densities: 200 kg m~? (thick black line) and
100 kg m 2 (thick gray line), while the thin black line refers to the
new fraction Fg ..

the difference between the two expressions, Fg , (for
two snow densities: 200 and 100 kg m ™) and Fg ey
(which is independent of snow density), are plotted as a
function of snow depth in Fig. 4. When the snow layer
is 2 cm (5 cm) thick, 60% (79%) of the ground is cov-
ered by snow with Fg ., compared to only 29% (50%)
with Fg , (for a snow density equal to 200 kg m ™) or
17% (33%) (for a snow density equal to 100 kg m ).
The difference between the two expressions is rela-
tively high, especially for small snow densities, but the
Fs .. expression agrees better with field measure-
ments and daily pictures. Although the sensitivity test
performed to obtain the Fg .., fraction is not described
in detail here, the relative impact of the two functions
will be examined in the following section.

2) SNOW DEPTH SIMULATIONS

In run 3, the snow cover is computed by the coupled
ISBA/CROCUS model including the Fg .., snow-
ground partitioning function and the grain-type param-
eter settings selected for CROCUS run 2 (Table 2).
Figure 5 presents examples of simulations over two pe-
riods: 30 August to 14 September 2002 and 12 October
to 4 November 2002. The plotted hourly snow depth is
the snow depth computed over snow-covered patches
weighted by Fg .. In Figs. 5b,e, for both periods, we
see that the run-3 snow depth noticeably differs from
run-2 simulations. On 11 September 2002 (Fig. 5b) and
31 October 2002 (Fig. Se), run 3 better reproduces the
snow depth increase than run 2. Furthermore, the
depletion and duration of the snowpack are better
simulated in run 3 than in run 2, suggesting that snow-
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F1G. 5. A comparison of snow depth simulations with run 2 (thick gray line), run 3 (thick
black line), and run 4 (thin black line) over the periods (b) 30 Aug-14 Sep 2002 and (e) 12
Oct—4 Nov 2002. (c), (f) Also displayed over the same periods are snow depth simulations with
run 3bis (thick line) and run 4bis (thin line). (b), (c), (e), (f) Also shown are the measured
snow depth (black triangles), the daily cumulative solid (white histograms), and liquid pre-
cipitation (black histograms), and (a), (d) the diffalb parameter (dotted line with black points).

melt is likely to be accelerated when the model takes
into account heat transfers into the ground and a suit-
able snow—ground partitioning.

An additional CROCUS/ISBA run (run 3bis) was
performed without any snow—ground partitioning. The

poor and unrealistic snow depth simulations (Figs. 5¢,f),
marked by overestimated snow accumulation and ex-
cessive snow cover duration, show the importance of
taking into account a patchy snow cover. In conclusion,
the coupled ISBA/CROCUS model is able to accu-
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F1G. 6. (a) Comparison between the ground heat flux measured at 0.03 m below the surface
on an hourly time scale (thin line) and the values computed by ISBA/CROCUS (run 3) in the
layer located between 0.025 and 0.0375 m below the surface (thick line) over the period 25
Oct—4 Nov 2002. (b) Comparison of the measured (thin line) and computed (thick line) hourly
soil temperatures at 0.43 m below the ground surface over the same period. (c) Measured
(filled triangles) and simulated (solid line) snow depths with run 4 as well as the diffalb
parameter over the same period (dashed line with circles).

rately simulate the snow cover under tropical condi-
tions as long as a suitable snow—ground partitioning
function is included.

3) VALIDATION: COMPARISON BETWEEN
RUN-3-SIMULATED AND OBSERVED GROUND
HEAT FLUX, GROUND TEMPERATURE, AND
ALBEDO

It would have been of interest to systematically com-
pare the snow depth measured by the ultrasonic sensor
to the value simulated by CROCUS/ISBA run 3; how-
ever, this was not possible due to sensor breakdowns.
Therefore, observed and run-3-simulated ground heat
flux and temperature have been compared. Figure 6
displays the ground heat flux measured at 0.03 m below
the surface on an hourly time scale and the values com-
puted (ISBA/CROCUS run 3) in the layer located be-
tween 0.0250 and 0.0375 m below the surface over the
period 25 October to 4 November 2002. Also shown are
the measured and computed hourly soil temperatures

at 0.43 m below the ground surface. Over this period
(265 h), as shown in Table 3, the mean measured and
simulated ground heat fluxes at —0.03 m are 1.0 and 4.0
W m 2 respectively (root-mean-square error of 26.1 W
m~?), and the mean measured and simulated ground
temperatures at —0.43 m are 3.8° and 2.9°C respectively
(root-mean-square error of 1.1°C). Moreover, mea-
sured and simulated mean albedos for the same period
(99 h with measurements for which the sensor was not
covered by snow) are 0.26 and 0.30, respectively (root-
mean-square error of 0.12). Table 3 also displays com-
parisons between computed and measured ground heat
fluxes at —0.03 m, ground temperature at —0.43 m, and
surface albedo for three other well-documented snow
events. The good agreement between heat fluxes, soil
temperatures, and albedo shows that the coupled
ISBA/CROCUS model is able to correctly reproduce
not only the snow behavior over natural high-altitude
tropical surfaces but also the physical processes in-
volved in the snowpack and in the superficial soil.
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TABLE 3. Comparison between measured (meas.) and ISBA/CROCUS-run 3 computed (comp.) ground heat fluxes at —0.03 m,
ground temperatures at —0.43 m, and surface ground (snow + bare soil) albedo for four snow events. Mean values (mean) over the

snow events and root-mean-square errors (rmse) are displayed.

Ground heat flux at

Ground temperature

—0.03m (Wm™?) at —0.43 m (°C) Albedo*
Snow events No. of hours meas. comp. meas. comp. meas. comp.
Event 1 27 Jun-16 Jul 2002 457 Mean 5.9 5.7 2.5 2.4 0.37 0.28
Rmse 443 0.4 0.14
Event 2 26 Jul-2 Aug 2002 169 Mean 2.0 3.9 33 32 0.37 0.29
Rmse 51.0 0.4 0.15
Event 3 25 Oct-5 Nov 2002 265 Mean 1.0 4.0 38 2.9 0.26 0.30
Rmse 26.1 1.1 0.12
Event 4 13 Mar-5 Apr 2003 553 Mean 1.0 2.1 4.8 3.1 0.26 0.41
Rmse 33.7 1.9 0.26

* The number of hours for which albedo was measured (albedo < 1) was 173, 61, 99, and 212 h for snow events 1-4, respectively.

d. Run-4 ISBA including Fy ., and Fg .,
snow—-ground fractions

The performance characteristics of the coupled
CROCUS/ISBA model (run 3) and the ISBA model
(run 4) were also compared. The standard version of
ISBA was used, including the snow cover scheme (sim-
pler than CROCUS) developed by Boone and Etchev-
ers (2001) and using the Fg ., fraction instead of the
standard Fy g, fraction (Table 2). Vegetation cover was
neglected here. Moreover, as for the initial grain-type
settings adopted for run 3, the fresh snow albedo was
fixed to 0.8. As seen in Figs. 5b,e, it appears that snow
depth simulations of run 3 and run 4 agree well for the
most significant snow events. This means that ISBA
including the calibrated Fg .., fraction is also a suitable
tool to reproduce Charquini snow cover.

To test the sensitivity of the ISBA model to the
choice of the Fg fraction, a run 4bis simulation corre-

sponding to the ISBA model including the standard
snow—ground fraction Fy , is also presented in Figs.
Scf. The thickness and the duration of the resulting
simulated snow cover are by far underestimated, due an
unrealistic proportion of snow patches (underesti-
mated) and snow-free patches (overestimated). This
test clearly shows that the ISBA model is very sensitive
to the choice of the snow-ground partitioning param-
eters, which thus plays a key role in the duration of the
SNOW cover.

e. A comparative analysis of the performance of
each run using the Rousseau index

The Rousseau index examines the ability of a model
to correctly reproduce reality (Rousseau 1980). This
statistical index is commonly used in meteorology to
compare predicted and observed datasets (e.g., Durand
et al. 1998). The Rousseau index [/ is expressed as

NSO + SNO\2
SO X NSNO — <f>
1= , 4)
NSO + SNO NSO + SNO
SO + ————— ) X [NSNO + ————

where SO is the number of “snow presence on ground”
events simulated and observed, SNO is the number of
events simulated but not observed, NSO is the number
of events not simulated but observed, and NSNO is the
number of events neither simulated nor observed. This
index varies between —1 (nil simulating) and 1 (perfect
simulating). Unlike classical indexes (ratio test, threat
score . . .), its nonlinear formulation makes it more con-
straining and systematically penalizes biased computa-
tions.

Here, to study the performance of each run (summa-
rized in Table 2), we compare the measured and simu-
lated occurrences of snow on the ground during the
day. In the daytime, there is effectively snow on the
ground when diffalb > 0 and no snow on the ground
when diffalb = 0. For the simulations, there is snow on
the ground when the calculated snow depth is strictly
higher than 0 m. This comparison has been done only
for daytime periods with snowfalls (10 snow events of 7
to 31 days, i.e., 1685 h in all), which means that long
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TABLE 4. Comparison of the respective performance of each
run for the occurrence of snow or not on the ground, on an hourly
time scale during the daytime [run number and main character-
istics (model, partitioning . ..) are summarized in Table 2]. The
mean Rousseau indexes are also indicated for each model. Each
Rousseau index in Table 4 is a mean Rousseau index for the 10
snow events weighted by the number of hours for each event.
Snow events are the following: 27 Jun-16 Jul 2002 (184 h); 26
Jul-2 Aug 2002 (71 h); 16 Aug-16 Sep 2002 (330 h); 29 Sep—20 Oct
2002 (221 h); 25 Oct-5 Nov 2002 (121 h); 19 Nov-7 Dec 2002 (193
h); 19-25 Dec 2002 (68 h); 9-19 Jan 2003 (114 h); 3-16 Feb 2003
(147 h); and 13 Mar-5 Apr 2003 (236 h).

Measurements (h)

No Rousseau
Snow SNOW index
Simulations Run 1 Snow 452 651 0.17
(h) No snow 2 580
Run 2 Snow 449 344 0.53
No snow 5 887
Run 3 Snow 367 153 0.64
No snow 87 1078
Run 3 Snow 443 597 0.21
bis  No snow 11 634
Run 4 Snow 320 97 0.62
No snow 134 1134
Run 4 Snow 249 84 0.51
bis  No snow 205 1147
Run 4 Snow 315 94 0.62
veg No snow 139 1137

periods without snowfalls and with bare ground have
been removed. Such periods (mainly for the dry sea-
son) would have artificially improved the performance
of the models. Inversely, the event of 22-31 January
2003 has also been removed because the initial snow
depth on 22 January was incorrect due to an obviously
erroneous determination of the precipitation phase.
Given that our goal in this section is to analyze the
ability of each model to properly simulate snow behav-
ior over natural surfaces and not to examine the ability
of the algorithm to distinguish rain and snow, this case
was not taken into account. Table 4 gives the results of
this comparison for each run as well as the respective
Rousseau indexes. Actually, the Rousseau index in
Table 4 is a mean Rousseau index of the 10 snow events
weighted by the number of hours for each event.
Similar Rousseau indexes higher than 0.6 (0.64 for
CROCUS/ISBA run 3 and 0.62 for ISBA run 4) con-
firm that coupled CROCUS/ISBA and ISBA models
using the Fg .., fraction are able to accurately simulate
snow behavior during the day. Looking at the good
agreement between observed and run-3-simulated
ground heat fluxes and temperatures, and the good
agreement between run 3 and run 4, we can reasonably
assume that models also simulate snow behavior well at
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night. Moreover, the number of hours with erroneous
simulations [simulated snow cover, although the
ground is bare in reality (case SNO) and inversely (case
NSO)] is much more balanced for ISBA/CROCUS run
3 and ISBA run 4 than for CROCUS run 2: 153 or 97 h
(SNO case) and 87 or 134 h (NSO case) for run 3 or run
4, respectively, compared to 344 h (SNO case) and 5 h
(NSO case) for run 2. This means that CROCUS run 2
tends to systematically underestimate melting, which
explains why the snow cover lasts longer than in reality,
which is not the case for run 3 and run 4.

In addition, a final run (run 4-veg) was performed
with ISBA including Fy .., snow-ground partitioning
and a proportion of soil covered by 30% of vegetation
with a leaf area index of 0.5. The corresponding Rous-
seau index of 0.62 (Table 4), equal to run-4 Rousseau
index, shows that the vegetation can easily be neglected
for the Charquini site.

Finally, low Rousseau indexes for run 3bis and run
4bis (0.21 and 0.51, respectively) confirm the conclusion
stated in sections 4c and 4d concerning the necessity of
including a snow—ground partitioning function in these
models.

5. Discussion and conclusions

Before moving on to further discussions, the snow
sublimation contribution to snow cover evolution
should first be specified, as this is an important mass-
and energy-loss process on tropical glacier surfaces
(snow or ice) (e.g., Wagnon et al. 2001; Molg and Hardy
2004). In fact, during the entire experimental period,
sublimation mass loss is close to 1% of the snowmelt
(~0.1% and ~5% in wet and dry seasons, respectively),
and sublimation energy loss is close to 6% of the posi-
tive energy budget allowing the snowmelt (~1% and
~15% in wet and dry seasons, respectively). Such con-
clusions show that over the Charquini moraine areas,
where wind speed is quite low and air humidity during
the wet season (the preferential period of snow cover
constitution) is high, sublimation effects on snow cover
evolution are of minor importance compared with net
solar radiation or ground flux contributions.

This study shows that the coupled ISBA/CROCUS
and ISBA models, including a suitable snow—ground
partitioning function and adapted to natural soils and
Bolivian conditions, are powerful tools to simulate
snow behavior over nonglacierized natural surfaces in
the Tropics. The comparisons between run 3, run 3bis,
run 4, and run 4bis show that models are very sensitive
to the snow-ground partitioning parameterization.
These physical models have been successfully checked
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against independent measurements such as ground heat
flux at 0.03 m below the ground surface or 0.43-m-deep
soil temperature. Although these models are one-
dimensional, the addition of a horizontal snow—ground
partitioning function virtually adds a second dimension,
making it possible to take into account horizontal sur-
face heterogeneities of mass and energy fluxes. Conse-
quently, the special features of these models can pro-
vide insight into the energy budget of a high-altitude
tropical snowpack and the physical processes involved
in its melting.

Some of the important adjustments for the models
are the initial settings for fresh snow crystals, here con-
sidered to be 1-mm-diameter spheres. This graupel-
type fresh snow is consistent with the convective pre-
cipitation observed in Bolivia. The main effects of these
settings are to reduce the fresh snow albedo from val-
ues higher than 0.9 in colder environments such as the
Alps in winter to a maximum value of approximately
0.8 here, and to accelerate snow grain metamorphism.
In this high-altitude tropical climate, where incident so-
lar radiation is almost twice as high in winter or at the
beginning of spring as in the Alps, albedo is a crucial
parameter responsible for more efficient absorption of
solar radiation and thus enhanced melting.

In addition, melting of the snowpack occurs not only
at the surface but also at its bottom due to a strong
ground heat flux, as supported by the accurate ISBA/
CROCUS (run 3) and ISBA (run 4) simulations. It is
therefore fundamental to take horizontal heterogene-
ities into account in mass and energy fluxes. Indeed, in
high-altitude tropical nonglacierized areas, when there
are snow events, the ground remains partly covered by
wet snow most of the time. In such cases, at daytime,
low-albedo surfaces of bare patches favor the absorp-
tion of the intense solar radiation, the temperature of
the upper ground layers free of snow increases consid-
erably, and so does the temperature of the air in the
vicinity of the surface. Meanwhile, over snow patches,
snow and near-interface ground temperatures are close
to the melting point (0°C), implying a large horizontal
temperature gradient not only in the top layers of the
soil but also in the air immediately above the snow-
covered and bare patches. Consequently, we can as-
sume that horizontal energy transfers (not computed by
the one-dimensional models used in this study), con-
duction in the soil, and advection in the air (partly ac-
counted for as the measured air temperature will be
influenced by warming over bare ground) are probably
very strong during the daytime, and therefore respon-
sible for the main part of snowmelt (through the ground
heat flux at the base and the sensible heat flux on the
surface of the peripheral snow cover). This process is
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inhibited as soon as snowfalls are sufficiently intense to
deposit a layer thick enough (around 0.10 m) to totally
cover the ground. Investigations such as those by
Takahara and Higuchi (1985) and Granger et al. (2006)
provide insight into the thermal modification of the air
over melting patchy snow, and Essery et al. (2006)
present a simple model for advection of heat over snow
and soil patches.

In conclusion, in high-altitude nonglacierized tropical
areas, intense incident solar radiation is responsible for
both efficient melting at the snow surface (favored by
moderate values of fresh snow albedo) and an impor-
tant energy intake on bare surfaces (albedo = 0.18),
transferred horizontally by conduction in the soil or by
heat advection in the air. Although these processes are
not directly simulated by models, they are very efficient
and prevent lasting snow cover in these regions. Indeed,
the snow cover over nonglacierized areas of the tropical
Andes is transient and the wet season is marked by
few-hour to few-day snow-on-the-ground events alter-
nating with periods of snow-free ground. To better
document the horizontal energy transfers between
snow and bare ground, and to quantify the energy
fluxes, detailed meteorological experiments conducted
simultaneously over snow and bare patches are neces-
sary (e.g., Granger et al. 2006).

Over the high Andean mountains, a seasonal snow
cover can exist only on glaciers where the snow bottom
flux and horizontal energy transfers (except on the
edges) are low. To better understand the difference in
snow cover evolution over bare ground (moraine) and
glacier, further research work could measure, simulate,
and compare the snowpack of both of these environ-
ments.
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