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Abstract. The High Atlas Mountains are a valuable source of water supply to lowland areas, in the Tensift
watershed around Marrakech and play an important role in the hydrologic processes and water balance. The
solid part of precipitation in these areas is important and forms a seasonal snowpack where water is stored during
winter. Therefore, an accurate assessment of sublimation is essential in the overall hydrological cycle. In this
context, we estimated the sublimation on the Tazaghart plateau located in the High Atlas of Marrakech, using a
dataset measured with the Eddy covariance system (EC) for a period from September 2020 to January 2021. The
temporal variation in measured sublimation illustrated a diurnal cycle with a peak in the early afternoon and the
highest relative snow sublimation fluxes occurred with subzero temperatures and low atmospheric humidity. The
average daily sublimation rate measured was 0.41 mm d−1. Measured sublimation accounted for 42 % and 40 %
of snow ablation, based on the energy and water balance respectively. The estimated percentages are comparable,
which supports reliable measurements and provides important validation of the Eddy covariance method. This
study shows how the Eddy covariance method can be useful for direct measurements of winter water loss due to
the sublimation of snowpacks in rather inaccessible regions where measurements are relatively rare.
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1 Introduction

Mountain areas are often a valuable source of water supply
in semi-arid watersheds and play an important role in the hy-
drologic processes and water balance. Precipitation in high-
altitude areas is important and forms a seasonal snowpack
where water is stored during winter (Hanich et al., 2022).
The High Atlas Mountains in Central Morocco, where a large
part of precipitation falls as snow, are the country’s most vi-
tal water supply and contribute greatly to socioeconomic de-
velopment. Despite the importance of snow in the High At-
las Mountains, the processes controlling snowpack evolution

in this region have not been thoroughly researched. Accord-
ing to a prior study, high altitude circumstances in the High
Atlas, i.e., low air pressure, high wind speed, and dry air,
should favour sublimation, where sublimation is defined as a
loss of water resources from the snowpack to the atmosphere.
However, sublimation rates in the High Atlas are unknown.
Therefore, a better knowledge of snow sublimation’s contri-
bution to the annual water balance of mountain watersheds is
required.

Many studies have been conducted in arid and semi-arid
region to investigate the spatial and temporal variability of
snow sublimation (Liston and Elder, 2006; Ault et al., 2006;
Bosilovich, 2006; Dietz et al., 2015), but few have been
based on point measurements in mountainous terrain. Previ-
ous studies in the High Atlas region have estimated snowmelt
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Figure 1. Geographic situation of the Study area and the location
of Tazaghart’s Eddy covariance station.

and sublimation rates using modelling approaches (Boudhar
et al., 2016; Baba et al., 2018). Therefore, an accurate assess-
ment of sublimation is essential in the overall hydrological
cycle. In this context, an eddy-covariance flux station was
installed on the Tazaghart plateau, a wide flat area located
at 3850 m a.s.l. in the High Atlas Mountain of Morocco, al-
lowing continuous acquisitions between September 2020 and
January 2021, with a timestep of 30 min, in order to estimate
evapotranspiration and sublimation processes.

2 Study area

This research focuses on the Tazaghart plateau, which is lo-
cated in the N’fis watershed of the High Atlas of Marrakech,
as depicted in Fig. 1. The plateau covers roughly 1.3 km3 and
has a mean altitude of 3850 m. It is located at 31°3′40.3′′ N
and of 7°58′1.5′′W. The plateau has a typical continental cli-
mate, with cold, dry weather and high radiation. The Taza-
ghart plateau, with its peculiar climatic conditions and to-
pography, is an ideal place for conducting Eddy covariance
measurements, which are noted for their homogeneity at the
plateau level.

3 Materials and methods

Meteorological data were collected between September 2020
and January 2021 using an automatic weather station (AWS)
located on the Tazaghart plateau (Fig. 2). The eddy co-
variance method is a direct measurement of the turbulent
flux density of a scalar (temperature, momentum, water va-
por concentration) across the wind streamlines (Reba et al.,
2012). The method analyzes high-frequency datasets of wind
and scalar values and produces fluxes of its properties.

Figure 2. Photo of the Tazaghart Plateau automatic weather station,
including the Eddy covariance system.

3.1 Energy balance

In our study, we aimed to determine the balance between all
the energy processes that affect the snowpack during a spe-
cific time interval. To achieve this, we utilized the following
equation:

Rn−G=H +LE+F, (1)

that incorporates various energy fluxes, including net radi-
ation flux (Rn), soil heat flux (G), sensible heat flux (H ),
latent heat flux bound to sublimation (LE), and energy avail-
able for melting the snow (F ). We focused on a time interval
from 09:00 to 17:00 UTC when the net energy is positive.

3.2 Sublimation measurements

The snow sublimation flux is calculated according to the fol-
lowing equation:

Esubl = LE/Lvi (2)

Where Lvi= 2.838106 J kg−1 at 0 °C is the latent heat of sub-
limation of the ice and LE is the latent heat flux.

3.3 Sublimation rate

The sublimation and melt rates are calculated according to
the relationship:

Sublimation rate (%)= sublimation (mm)/snow ablation · 100 (3)
Snowmelt rate (%)= snowmelt (mm)/snow ablation · 100 (4)

Neglecting the transport of snow by the wind and the refreez-
ing of liquid water in the snowpack, the total ablation of snow
is estimated either from the water balance:

Ablation= precipitation− residue (5)
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Figure 3. Eddy covariance energy balance closure [comparison be-
tween the sum of turbulent fluxes [H +Le] and measured available
energy [Rn−G] for valid complete days measured at Tazaghart sta-
tion during all measure periods.

or from the energy balance:

Ablation= snowmelt+ sublimation (6)

The remaining snow residue (R) calculated from following
equation:

6P =6S+6F +R, (7)

Where P is precipitation, S is sublimation, and F is melting.
The residual is calculated by converting the snow height

into its water equivalent (SWE Snow water Equivalent), ac-
cording to the relation:

Snow depth(mm) ·Average snow density= SWE (mm) (8)

Where the average snow density is estimated to be
300 kg m−3 (for fresh snow), based on Boudhar et al. (2009)
measurements. This value is for fresh snow as the snow does
not stay long and melts.

4 Results and discussions

The verification of the closure of the energy balance is crucial
to ensure the accuracy of turbulent flow measurements. Gen-
erally, we ensure that the sum of these flows closely matches
the available energy (Rn−G). Our analysis, as shown in
Fig. 3, indicates an energy deficit of 5 % with a correlation
coefficient (R) of 0.86, which is considered an adequate clo-
sure term in the application of this method. Overall, our re-
sults provide valuable insights into the energy balance of the
snowpack and highlight the importance of considering all en-
ergy processes when evaluating it.

The daily variations of sublimation and snowmelt over the
Tazaghrat plateau are reported in Fig. 4. The graph shows

Figure 4. Daily variations of sublimation and snowmelt (mm) at
Tazaghart station.

that the average daily rate of sublimation was 0.56 mm d−1,
while the average daily rate of snowmelt was 5.14 mm d−1.
The maximum amplitude of sublimation was observed to
be 2.5 mm d−1, and the maximum amplitude of snowmelt
was 18 mm d−1. These results can be explained by various
factors. The rate of sublimation is influenced by temper-
ature, humidity, and wind speed. Higher temperatures and
lower humidity levels can increase the rate of sublimation,
while stronger winds can enhance the transport of water
vapor away from the snow surface, resulting in increased
sublimation. On the other hand, the rate of snowmelt is
mainly driven by temperature, solar radiation, and precipita-
tion. Warmer temperatures and increased solar radiation can
enhance snowmelt, while precipitation can either increase or
decrease the rate of snowmelt depending on the form (rain or
snow).

During our observation period, we identified three distinct
phases, each with different dominant factors affecting subli-
mation rates. These phases included bare soil in September,
a period dominated by snowmelt in October after the first
snowfall, and finally, after two other snowfall events, a pe-
riod dominated by sublimation in December (Fig. 5).

The comparison between the periods dominated by
snowmelt or sublimation suggests that the sublimation pe-
riod, characterized by strong wind speeds, low air tempera-
tures, and high incident radiation, produced higher rates of
sublimation and total sublimation than the snowmelt period.
The rates of sublimation were 0.72 and 0.43 mm d−1 for the
sublimation-dominated period and snowmelt-dominated pe-
riod, respectively (Fig. 4).

To better understand the influence of meteorological vari-
ables on sublimation rates, we analyzed sublimation mea-
surements in conjunction with different meteorological fac-
tors (Fig. 5). Our findings indicate that the highest relative
snow sublimation fluxes occurred during subzero tempera-
tures, low atmospheric humidity, and high wind speeds. In
order to further investigate the role of wind speed in subli-
mation rates, we included it as a third variable in the scatter
plots of meteorological variables (Fig. 6). Our results show
that low sublimation values were recorded at subzero air
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Figure 5. Sublimation measurements with different meteorological
variables at an hourly time step.

Figure 6. Scatter plots of meteorological variables against sublima-
tion rate, observed at Tazaghart station. The color of the data points
refers to the observed wind.

temperatures and low wind speeds. The highest daily sub-
limation values of approximately 0.3 mm h−1 were obtained
when wind speeds were high (around 11 m s−1) and air tem-
peratures were near zero. However, warm air temperatures
resulted in a decrease in snow sublimation, even with high
wind speeds. Additionally, high humidity levels resulted in
lower vapor pressure gradients near the surface, which sub-
sequently led to lower sublimation rates. Overall, our results
suggest that moderate to high wind speeds are necessary for
significant sublimation to occur. These findings provide valu-

Table 1. Sublimation and melt rates throughout the study period.

Sublimation Melting Ablation
Rate (%) Rate (%) (mm)

From the water balance 40 54 104
From the energy balance 42 58 97

able insights into the complex interplay between meteorolog-
ical variables and sublimation rates in the study area.

Based on the energy and water balance, calculated at a
timestep of 30 min, the measured sublimation accounted for
42 % and 40 % of snow ablation respectively (Table 1). The
estimated percentages are comparable, which supports the
reliable measurements and provides validation of the Eddy
covariance method. Using a modelling method, Chaponnière
et al. (2005) and Boudhar et al. (2009) calculated sublima-
tion in the northern High Atlas and discovered that it ranges
between 16 % and 38 % of the total annual solid precipita-
tion. Using a modelling method, Schulz and de Jong (2004)
calculated that the drier southern slopes of the High Atlas
sublimate around 45 % of the total precipitation.

5 Conclusion

The article describes a study conducted in the Tazaghart
plateau in the High Atlas Mountains of Morocco to estimate
sublimation and evapotranspiration processes. The study uti-
lized an eddy-covariance flux station to estimate the energy
balance and sublimation rates between September 2020 and
January 2021. The preliminary data analyses show a diurnal
sublimation cycle with a peak in the early afternoon and the
highest relative snow sublimation fluxes that occurred with
subzero temperatures, low atmospheric humidity, and high
wind speeds. The study found that the Tazaghart plateau area
is ideal for eddy covariance measurements, and the daily
rate of sublimation was 0.56 mm d−1, while the daily rate
of snowmelt was 5.14 mm d−1. Measured sublimation ac-
counted for 42 % and 40 % of snow ablation, based on the
energy and water balance respectively. The results show the
ability of the Eddy covariance technic to quantify the direct
measurements of winter water loss due to the sublimation
of snowpack, especially in higher areas where measurements
are relatively difficult and rare. It provides valuable insights
into the hydrological processes in mountain areas and high-
lights the importance of accurately assessing sublimation in
the overall hydrological cycle which can help inform wa-
ter management strategies in semi-arid watersheds. Unfor-
tunately, the altitude of the plateau, the very severe climatic
conditions, and the difficulty of access limit the maintenance
of this monitoring system on a permanent basis in these ar-
eas.
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