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Article 

Snow Lapse Rate Changes in the Atlas Mountain in Morocco 
Based on MODIS Time Series during the Period 2000–2016. 

Abstract: The spatio-temporal distribution of snow cover metrics in a mountainous area is mainly 
related to the climatic conditions and as well as to the prevailing morphological conditions. The 
present study aimeds to investigate the altitudinal sensitivity of snow cover metrics using the 
MODIS Terra snow cover product (MOD10A1 v5). Annual sSnow metrics, including start of snow 
season (SOSS), end of snow season (EOSS), and snow cover duration (SCD) weare extracted from 
snow- covered area (SCA) maps, previously which had been pre-processed using a cloud removal 
algorithm;, during the maps were of the Atlas Mountains, taken from the period of 2001–2016 over 
the Atlas Mountains. In addition, a linear regression is was applied to derive an annual altitudinal 
gradient for each snow metric in regardingrelation to various spatial scales in order to analyzses the 
interdependency between snow and topography, and especially to assess the potential temporal 
trend of the snow gradient. Results indicated that elevation wais the principal regulator of snow 
presence where snow wais mostly accumulated above 2500 m. The annual altitudinal gradients for 
EOSS and SCD showeds a marked negative trend since beginning in 2007. However, the SOSS alti-
tudinal gradient wais marked by a positive trend. The mean SCD gradient for the entire Atlas Moun-
tains has decreased from 6 days/100m to 3 days/100m. This is a new and important finding since it 
may indicate the impact of climate change on the dynamics of snow metrics dynamics and provides 
guidance for water managers to better manage the snowmelt water with different terrain features. 

Keywords: MODIS; sSnow; tTopographic; gGradient; Atlas Mountains 
 

1. Introduction 
Meltwater issued from a snow covered area is a significant component of the water 

balance in many of the world’s catchments [1]. The sSnow accumulation during the cold 
season presents a major source of fresh water during the melt period, particularly in a 
mountainous region. Consequently, it also provides water for irrigation, aquifer re-
charges, and contributes to fill dams, which are important for agriculture and also hydro-
power generation [2–4]. 

In Morocco, a place dominated by an arid and semi-arid climate, the mountainous 
regions (e.g., High and Middle Atlas) receive a significant amount of precipitation as 
snowfall during winter. As a result, the runoff regime in the high- elevationed catchments 
is highly dependent on snow cover, and snowmelt contribution is roughly estimated to 
be between 15% to and 50% of the total annual discharge in the Tensift river sub-basins 
[5]. 

Snow cover in the Atlas range is irregularly distributed with respect to both time and 
space, and it is characterized by a strong inter-annual dynamic [6]. Generally, snowpack 
can completely melt within a few days after its deposition [7]. 

Understanding snowpack dynamics and its seasonality through snow metrics map-
ping could constitute thea key indicators of the effects of climate change effect. They have 
been the subject of numerous studies on assessing the impact of climate change impact on 
snow cover evolution, which point to a possible change in the timing and duration of the 
snow season [8,9]. 

Despite its importance, an understanding of snowpack seasonality in the Atlas 
Mountains remains limited due to the absence of comprehensive in -situ snow measure-
ments [10]. To our knowledge, except for the snow measurements provided by the joint 



Remote Sens. 2021, 13, x FOR PEER REVIEW 2 of 13 

 

international laboratory TREMA (a French acronym for ‘Remote Sensing and Water Re-
sources in the Semi-arid Mediterranean’; http://trema.ucam.ac.ma) [3], SUDMED [2], and 
IMPETUS [11] programs, long-term records of snow- related measurements are scarce in 
the Atlas. To fill this void of in -situ observations, optical remote sensing could be an al-
ternative source to for the extraction of snow phenology information. At the present time, 
optical sensors offer different products, from the moderate to the high resolution (from 5 
m to 500 m, depending on the sensor) and an acceptable revisit time (from 1 day to 16 
days). This range of data allows one to monitor the high spatio-temporal variability of the 
snowpack [12]. This time frequency enables to derivethe acquisition of the main snow 
metrics overthroughout each season. 

One of the most important sensors used for in the analysis of snow cover variability 
in several regions of the world is derived from the Moderate Resolution Imaging Spectro-
radiometer (MODIS) observations. The accuracy of thisese products has been proven in 
mountainous regions and over very cloudy areas, based principally on making use of 
space and temporal techniques to correct the cloud effect [6,13]. The absolute accuracy of 
the snow cover product (MOD10A1 v5) is generally reported to be ~93%. The performance 
is lower in forest areas, at the beginning and end of the snow season [1]. 

Several snow parameters were used to monitor the occurrence and presence of snow 
based on snow cover extent (SCE) time -series, determined from remote sensing data. The 
SCE dataset was used to calculate the seasonal snow metrics (SCD, SOSS, EOSS, Probabil-
ity of snow detection, SCE max, date of SCE max, and SCE slope regression). According 
to Brown and Mote [14], SCD was the most climate-sensitive snow variable, with sensi-
tivity varying with climate regime and elevation. 

The heterogeneous distribution of snow cover metrics arises from variations in cli-
matic conditions (temperature and precipitation) [15,16] and topographic characteristics 
(elevation, aspect, and slope) [17–21]. These changes are due to variations in radiation, 
energy balances, and to different accumulation regimes caused by wind and drift effects 
[22]. According Due to the altitude dependency of temperature, which is crucial for the 
snowpack formation by differentiating between the solid and liquid portions of precipi-
tation, the accumulation of snow is also more frequent in high mountain areas [19]. Thus, 
physiographical features control the snowpack evolution since the temperature is a melt-
ing factor [15]. In practice, the temperature lapse rate is often assumed to equal the mean 
environmental lapse rate (MELR) of about − 0.65°C/100m, depending on regional contexts. 
This issue of computing the temperature lapse rate computing was treated by various 
research in Morocco [10,23,24], and which revealed that the mean values is are about 
(−0.56 °C/100m) that and varyies from year to year, and from one season to another. 

The Trends in snow cover metrics trends can also be influenced by elevation [25]. In 
several regions of the world, a decrease in seasonal snow cover with elevation has been 
observed [26]. But until now, the very few investigations on the snow cover variability 
and its trend in the Atlas Mountains did have not reported any significant change [6]. This 
absence of any long-term trend in snow cover duration in the Atlas Mountain provides a 
motivation for the investigation of the possible trends on snow metrics gradient (lapse 
rate). 

Previous snow studies were carried out in Morocco and have been mainly been fo-
cused on: 1) mModelling snow processes at a local scale [11,27,28];. 2) mModelling snow 
processes at large scale [23,29];. 3) mMonitoring snow cover variability at a large scale 
from remotely sensed data [6,7,30,31];. 4) aAssessing snow component contribution 
through hydrological models [5,32];. and 5) lLinkages between climate and snow- covered 
area (SCA) derived from remote sensing observations [33]. Despite all these investiga-
tions, there is has not been any systematic study on the effects of topographic characteris-
tics on snow cover seasonality over the Atlas Mountains. 

The aims of this paper are: (1) to assess the inter-annual variations in snow cover 
parameters (i.e., SOSS, EOSS, and SCD) over the whole Atlas Mountain during the period 
of 2001–2016; (2) to analyze topographic factors, including elevation, aspect, and slope, 
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inon snow cover variability; (3) to estimate the altitudinal gradient using long-term trends 
of the selected snow metrics. 

2. Study site 
TIn this work covers the mountainous region of the northern part of the Moroccan 

Kingdom, stretching from 2° 00’ W to 10°00’ W longitude, and from 30° 00’ N to 35° N 
latitude. In this study, the mountain domain is defined as the area above 1000 m (Figure 
1). The reason for this delimitation is to only account for regularly covered snow areas. 
The study domain covers an area of 121,000 km2 , with 54.42% for of the elevation range 
located between 1000 and 1500 m, 44.58% for of the elevation band lying between 1500 
and 3000 > , and with only 1% of the area is located above 3000 m (Table 1). The study area 
is composed of seven main catchments of in Morocco (Moulouya, Oum Er rbii, Sebou, Ziz 
Rheris, Tensift, Souss, and Draa). 

The climate in this region is governed by the complex influence of the Atlantic Ocean 
to the west, the Mediterranean Sea to the north, and the Sahara Desert to the south. The 
aspect of the study zone is predominantly northerly (29%), while the other exposures 
(West, East, and South) vary between 20% and 27% (Table 2). 

 

Figure 1. Location of the mountainous area upper tohigher than 1000 m in Morocco. 

Table 1. Classification of vertical elevation zones in the study area based on DEM data [34]. 

Elevation range 
Average elevation 

(m) 
Areal extent 

(km2) 
Areal proportion 

(%) 
1000–1500 1231 66028 54.6 
1500–2000 1713 35464 29.3 
2000–2500 2213 13128 10.8 
2500–3000 2701 5189 4.3 
3000–3500 3177 1037 0.9 
3500–4200 3644 155 0.1 

Table 2. Classification of aspects and slope gradients in the study area based on DEM data. 

Classification of orientation Classification of slope gradients 

Aspect 
Areal extent 

(km) 
Areal propor-

tion (%) 
Range of 
slope (°) 

Areal extent 
(km2) 

Areal propor-
tion (%) 

North- facing 34656.2 28.6  0–5 52509.7 43.4 
East- facing 28193 23.3 5–15 39816.5 32.9 

South- facing 32783.2 27.1 15–35 24195.7 20.0 
West- facing 25349 20.9 >35 4477.5 3.7 

3. Data and Methods 
3.1. MODIS Daily Fractional Snow Product (MOD10A1) 

We used data derived from the version 5 of MODIS/ Terra Snow Cover with Daily 
data (MOD10A1) at 500 m resolution [35]. The snow mapping technique used by the 
MOD10A1 data is based on an algorithm called SNOWMAP, which determines the occur-
rence of snow based onusing the Normalized Differential Snow Index (NDSI), combined 
with additional criteria [35–37]. 

The MOD10A1 represents the fraction of snow cover (percentage of snow cover of 
the observed pixel). Thise snow cover fraction (percentage of snow cover of the observed 
pixel) is calculated as a function of NDSI using the following equation [37]: 

FSC= − 0.01 + 1.45NDSI (1)

Commented [M1]: Please check if the copyright 
permission is needed for Table 1. If so, please ask 
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The FSC dataset was previously pre-processed using a three-step cloud- correction 
method and evaluated over the Moroccan mMountains by Marchane and others [6]. The 
post-processed dataset showed a drastic reduction in the number of cloud-covered pixels, 
from 22.6% (raw data) to 0.8% (post-filtered data), estimated over for the period between 
2001 and 2013. 

The assessment of these adjusted data products by comparison comparing them to 
the automatic snow depth measurements of 5 stations and to a unique satellite data set 
from the formosat-2 sensor at 8 m resolution showed that the accuracy of this product was 
at 89% [6]. 

The daily MODIS product has shown good capabilities to in produce the production 
of timing characteristics (onset, melt-out dates, and snow cover duration), despite the dif-
ficult detection conditions in the Moroccan mMountains [6]. 

3.2. Extraction of Snow Cover Metrics 
There snow parameters (SOSS, EOSS, SCD) were extracted from the snow cover 

maps for 16 snow seasons (from September 2001 to Juin June 2016). They served to esti-
mate the possible trends on in the snow metrics gradient and to analyze the relationship 
with topographic variables (Error! Reference source not found.). 

The timing of the snow season can be considered hypsometrically by elevation bands, 
spatially by pixel, or globally (study area) [38], which gives multiple metrics.: The start of 
snow season (SOSS) was calculated as the date when a pixel exceeded a threshold of frac-
tional snow cover (FSC). The end of snow season (EOSS) was determined when data re-
mained below the threshold for at least 20 days. In this case, the minimum threshold of 
FSC was set to 50 %, consistent with the approach of [26]. The length of the SCD was 
calculated as the difference in days between the SOSS and the EOSS. A similar approach 
was adopted to detect timing indicators from the SCA at the study area level, apart except 
that the threshold was chosen to be 5% of the maximum snow- covered area. Calculating 
the snow metrics for each hydrological year from 2001 to 2016 also allowed for the calcu-
lation of the coefficient of variation (CV) as follows: 

CV= σ/µ (2)

where σ is the standard deviation of metrics and µ is the mean over the 16 -years. CV is 
used here as an efficient way to calculate the relative dispersion of data on the mean [28]. 

 

Figure 2. Flowchart of the methodology. 

3.3. Topographic Effects 
The extraction of topographic characteristics was completed using the Digital Eleva-

tion Model (DEM), derived from NASA’s Shuttle Radar Topography Mission (SRTM) im-
ages. The SRTM data were used for its proven accuracy in complex terrains, as reported 
by many authors [39,40]. This DEM was resampled at a 500 -m spatial resolution to make 
it consistent with the MODIS data.  

4. Results and discussion 
4.1. Spatial and Temporal Variation of Snow Cover  

Error! Reference source not found. shows the inter-annual variation of snow-cov-
ered areas across the entire Atlas Mountains for altitudes higher than 1000 m. The 10-day 
fractional snow- covered area (fSCA) showed a high seasonal variability, which differs 
greatly by elevation.  
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Figure 3. Box plot of the variations in a 10-day fSCA. Area across the snow seasons between 2001 
and 2016, Atlas Mountains. 

Generally, snow season starts effectively at the beginning of November and finishes 
in early April, except for altitudes superior to 3500 m, where snow can occur from October 
and persists until May (Error! Reference source not found.). As expected, the maximum 
snow cover is registered during the winter months (December, January, and February). 
The evolution of fSCA is elevation- dependent (Error! Reference source not found.), while 
itsthe behavior of fSCA is different. For the 1000–1500 m altitude range, the snow is almost 
absent in winter and the fSCA median values are lower than 0.1%. In the altitude range of 
1500–2000 m, the fSCA maximum median value is around 2%, with a delay in terms of 
snow season start (end of December). From 2000 m, the behavior of fSCA is similar to that 
described for the entire study area, with a maximum median value above 10% and a max-
imum value of fSCA is at 40%. However, the median value in the altitudes above 3000 m 
is more than 50% during the winter season. 

At altitudes between 2000 and 3000 m, the snow season starts at the beginning of 
November, while it becomes starts a little early for altitudes above 3000 m (mid-October). 
The end of the snow season is also variable according to altitude range, with early dates 
for the 1000–1500 m altitude range (end of January) and later dates for altitudes above 
3500 m (end of May). 

 

Figure 4. Boxplot of the variations in the 10-day fSCA for the snow seasons between 2001 and 2016, by elevation band. 

To characterize the spatial distributions of seasonal snow cover, the main snow met-
rics (SCD, SOSS, EOSS) and their coefficient of variation (CV) are averaged during the 16 
years over the Atlas Mountain and its seven river basins (Error! Reference source not 
found.). The SCD map showsed that the occurrence of snow increasesd with altitude and 
tendsed to follow the contours of the terrain, with the highest SCD concentrated on the 
mountain’s top (Error! Reference source not found.a). The highest SCD values of for more 
than 120 days were detected in the Moulouya, Tensift, and Oum'Erbia basins where the 
elevation exceeds 3500 m. 

However, the CV-SCD map (Error! Reference source not found.d) highlights an op-
posite variation to SCD. At the high elevations, CV-SCD was generally less than 30 %. The 
CV-SCD increases significantly at lower altitudes, indicating the relatively short SCD and 
the high inter-annual variability associated with it. Ultimately, the control of elevation on 
the SCD is apparent in the Atlas Mountains. 

Snow seasons start earlier at high altitudes. Meanwhile, first snow at the foothills is 
comes alter later during the snow season (Error! Reference source not found.b). The av-
erage of SOSS over the study area is spread over two2 months, with the earliest starting 
around the first of November. The latest is recorded at low altitudes of less than 2000 m 
around the first of January. 

A distribution map of the CV-SOSS (Error! Reference source not found.e), highlights 
the degree of spatio-temporal variability associated with SOSS, with values ranging from 
18% to 40%. High CV-SOSS values are recorded at low altitudes, which are marked by 
high variability in SOSS dates. In contrast, at high altitudes, CV-SOSS values are relatively 
lower since these areas record less variable SOSS dates. The spatial variation of the aver-
age melt dates over the period of 2001–2016 is shown in Error! Reference source not 
found.c;, the earliest dates are recorded on at lower elevations, while the latest dates oc-
curred on at the highest elevations. Generally, the melting dates vary from the beginning 
of March to the end of May. Concerning CV-EOSS, its relationship with elevation is the 
same result as that mentioned for the relationship between CV-SOSS and elevation, can 
be found here. 
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Figure 5. Mean annual sSnow cover metrics (SCD (a), SOSS (b), and EOSS (c)), and associated coefficient of variation (d, 
e, f), 2001–2016. 

4.2. Global Altitudinal Effect on Snow Cover Metrics 
In previous studies, the snow extent in the Atlas Mountains was mainly associated 

with elevation [6,30]. The specific concern here is to quantify the rate of snow metrics 
varia-tions against altitudes during the studied 16 years studied over the whole Atlas 
bands. We also focused also on analyzing the change of the altitudinal gradient of the 
snow metrics regarding in relation to both space and time scales. 

Error! Reference source not found.a shows the average of snow cover metrics as a 
function ofbased on elevations zones, by with an elevation step of 200 m. As we have 
visually noticed from the SCD map, the increase in the duration of the snow cover season 
(SCD) seems to be consistent with the increase in altitude. The control of the elevation on 
the SCD is very clear from altitudes above 2500 m. SCD is positively and linearly corre-
lated with elevation. The main altitudinal gradient of SCD is about 4 days/100 m. How-
ever, SOSS is negatively correlated with elevation, but with strong variability at altitudes 
below 3000 m. 

The EOSS is positively correlated with elevation. Moreover, a significant relationship 
occurrsed in at the elevations above 2500 m. The analysis of the effect of altitude on the 
snow cover metrics at the scale of the watershed (not shown here) shows the same results 
obtained at in the Atlas Mountains.  

 

 

Figure 6. Snow cover metrics as a function ofbased on elevation bands in the Atlas Mountains, 2001–2016. 

For all snow seasons (2001–2016), SCD is less than 54 (days) at altitudes below 2000 
m (Error! Reference source not found.). The values of SCD for the areas located between 
2000 and 3000 m ranged from 12 to 94 days, recorded in 2002 and 2015, respectively. These 
SCD values increase with altitude and can reach more than 150 (days) as in the case of the 
year 2004. The SOSS dates are also highly variable, with generally the earliest dates gen-
erally occurring at high altitudes;, while however, on the piedmont areas, the first snows 
are later. Nevertheless, several differences are visible. The 2007–2008 season had the ear-
liest dates of SOSS during the study period (1st October). The variation of the EOSS fol-
lows the same pattern as that of the SCD, with the latest dates registered at high altitudes. 
Here Once again, we note a high inter-annual variability in EOSS dates, from very excep-
tional years (very late EOSS) to less important years (early EOSS). The 2008–2009 and, 
2010–2011 seasons had the later dates of EOSS throughout the Atlas. 

4.3. Snow Cover Metrics in Relation to Aspect 
The orientation aspect determines the duration of the insolation and the intensity of 

the received radiation [19]. In our study area, this parameter is more contrasted. The re-
duction of solar radiation in the shade areas helps to conserve soil moisture and reduces 
the evaporative power of the air. This parameter has a great influence on the snowmelt 
process and so thus on snow distribution. 

Generally, the south-facing slopes receive more solar radiation;, therefore, the snow 
accumulation and snow duration on south-facing slopes was were more sensitive to tem-
perature increment than that those on north-facing slopes [19,21]. Error! Reference source 
not found. displays the evolution of the annual SCDs of four aspects in each hydrologic 
year, from 2001 to 2016. 

In contrast to previous studies highlighting that snow accumulates more on north-
facing slopes [16,30],. tThe control of the aspect on the SCD—, extracted using the MODIS 
product—, is not clear, either at the scale of the entire Aatlas or at the scale of the basin. 
The results showed that the snow duration on the north and south-facing slopes do not 
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display a significant difference. In some years, we found a maximum SCD in the south-
facing slopes. The variability of snow duration induced by the exposure effect is mainly 
lost and not captured with the MODIS resolution (500 m). 

This result is consistent with a recent study by [24], which indicated that MODIS is 
not able to capture the differences in snow cover due to the contrastinged melt rates be-
tween north and south facing slopes. 

The seasonality of the Atlas climate is also determined essentially by the atmospheric 
conditions [41]. During winter, this region is dominated by polar front perturbations 
whose cold air masses reach the Maghrib from continental and maritime areas, often in 
connection with the Azores anticyclone, or from the Eurasian continent [41]. The North 
Atlantic Oscillation (NAO) is the principal mode of the atmospheric variability of in the 
northern hemisphere [42], including which includes Mediterranean mountainous areas. 
Marchane et al. [33] analyzed the linkages between snow cover and the NAO over the 
Atlas Mountains and suggested that the NAO is likely to strongly govern snowpack dy-
namics in the region. 

 

Figure 7. Evolution of the annual SCDs of four aspects in each hydrologic year, from 2001 to 2016, in the Atlas chain. 

At the pixel scale, the effect of orientation on snow duration is not clear enough. From 
Error! Reference source not found.a, we can see that most of the pixels with SCD> 120 
(days) have a southern aspect, between 120° and 180°, and an elevation above 3500 m. The 
role of the aspect disappears as the elevation increases. These results are also consistent 
with the study of [43], who explained that the control of topography is not important 
when the snow cover is homogeneous (aAt high altitudes). 

The latest dates of SOSS are recorded from the aspect of 300° to 0°, and an altitude 
lower than 2500 m (Error! Reference source not found.b). Regarding snowmelt dates, we 
also notice that the impact of the aspect on the distribution of EOSS dates is not very clear 
(Error! Reference source not found.c). 

Generally, based on the spatial resolution of MODIS (500 m), the aspect control on 
seasonal snow measurements is not clear, neither at the Atlas level nor even by basin. 

 

Figure 8. Mean SCD (a), mean SOSS (b), and mean EOSS (c) as a function ofbased on aspect, 2001–2016. 

4.4. Snow Cover Metrics in Relation to Slope 
The results obtained for the duration of the snow cover confirm that the data obtained 

achieved for SCA, with a maximum duration at slopes >35°. This is due oOn the one hand, 
this is due to the fact that a steeper slope receives less radiation than a flatter surface;, and 
on the other hand, it is  to the fact thatbecause a significant part of the steep slopes is 
located at high altitudes. 

The variation in the SCD as a function ofbased on the slope shows strong inter-annual 
variability (Error! Reference source not found.). The longest period is recorded in the 
hydrological year 2009, while the shortest period of snow cover is recorded in the year 
2016. The An analysis of the slope control on the snow metrics distribution in the Moroc-
can Atlas shows that its effect on SOSS and EOSS is not homogeneous and especially in-
fluenced by the altitude. 

 

Figure 9. Evolution of annual SCDs of the four slopes from 2001 to –2016 in the Atlas chain. 

4.5. Snow Metrics Lapse Rate Change  
The snow metrics variability in mountain regions can serve as a good indicator of 

climate change. In the region of the Atlas Mountains region, an earlier melting could limit 
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water availability in the neighboring plains in the summer. The very few investigations 
on the snow cover variability in the Atlas Mountains did not report any significant trend. 
In order to investigate more precisely the possible change in snow cover metrics more 
precisely, we analyzed the variation of the altitudinal gradient of the selected snow met-
rics over the study period (2001–2016). 

A tTime series of altitudinal sensitivity of snow metrics in the Atlas Mountains are 
plotted in Error! Reference source not found.. Generally, the snow metrics gradient ex-
hibited large inter-annual variability. The results of linear regression analysis indicate that 
the altitudinal sensitivity of SCD and EOSS exhibit a decreasing trend, with slopes of −0.21 
and −0.18, respectively. In 2007, the duration of snow cover increased by an average of 6 
days for each 100 meters. This value was reduced to 3 days in 2016. However, the change 
of SOSS altitudinal gradient is marked by a positive slope of 0.14. The response of the 
SOSS to climate change at different altitudes is similar to that of the SCD. 

A tTrend analysis shows that EOSS gradient increases below 2500 m, but decreases 
between 2500 and 4000 m, indicating that EOSS at high and low altitudes show a con-
trasting response to climate change. The above analysis above further confirms that the 
effect of EOSS dates on the length of the SCD on the Atlas Mountains is greater than that 
of SOSS dates. This decrease in the SCD gradient was largely driven by an earlier snow-
melt and partly by a later snow onset. 

The direct reasons for this change in the snow metric gradient must be linked to the 
long-term change and variability of air temperature and precipitation. The proof of this 
connection can be provided by climate projections over Morocco that agree on robust 
warming and drying trends under greenhouse gas forcing. According to Marchane et al. 
[44], the future projections in the High Atlas indicate an increase in temperature ( + 1.4 °C 
to +2.6 °C) and a decrease in total precipitation (from −22% to −31%), depending on the 
emissions scenario. 

 

Figure 10. The trend of the snow metrics gradient between 2001 and 2016 over the whole Atlas chain and by altitude 
range. 

The table 3 shows the difference between the average of the snow metrics lapse rate 
over two periods of 8 years each. This comparison also shows that the SCD and EOSS 
gradients decreased by 0.67 day and 0.35 day, respectively, between the two periods. In 
contrast, the SOSS gradient shows a positive change signal of about 0.5 day. 

Table 3. Change on the mean of snow metrics lapse rate over two time periods (8 years each). 

Snow metrics First time periods 
(2001–2008) 

Second time periods 
(2009–2016) 

Change 

SOSS −2.38 −1.93 0.46 
EOSS 3.11 2.76 −0.35 
SCD 4.67 3.99 −0.67 

Snow metricsThe gradient variability of the snow metrics was analyzed by water-
shed for two reasons:, firstly, because it is the scale of decision making for water managers, 
and secondly, in order to compare it with the results found at the Atlas scale. Error! Ref-
erence source not found. presents the variability of the altitudinal gradient of the snow 
metrics for the seven watersheds covering the Moroccan Atlas, for the period of 2001–
2016. The results highlight the strong inter-annual variability of the altitudinal gradient 
related in relation to the strong spatio-temporal variability of snowfall for all the studied 
basins. From 2007 to 2016, we notice a decreasinge trend in the altitudinal gradient of the 
SCD. 

For the Oum-ER Bia watershed, which is the most important in terms of snow surface 
among of the seven studied basins, the SCD gradient has decreased from 7 days/100 m to 
3 days/100 m. For the Tensift, Moulouya, Sebou, Souss, and Ziz basins, the SCD gradient 
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varieds from 6 days/100 m to less than 3 days/100 m. However, the Draa watershed has 
the maximum altitudinal gradient, at around 9 days/100 m, recorded in 2010–2011. In gen-
eral, the variation of the SCD gradient at the watershed level is identical to that found at 
the Atlas scale from 2007 to 2016, with some differences in terms of the magnitude of the 
trend. 

The variation of the EOSS gradient across watersheds is not consistent. For the period 
2007–2016, there are only four basins (Oum-Er Bia, Draa, Souss, and slightly Tensift) that 
show a decreasing trend in the EOSS gradient (as seen in the Atlas). The results of a linear 
regression analysis for the basins Sebou, Ziz, and Moulouya shows no clear trend during 
the period 2007–2016. 

Regarding SOSS, the gradient variation results for all the basins examined are close 
to the Atlas findings, with an increasing trend. The greatest variation in the SOSS gradient 
is recorded in the southern watersheds, which are characterized by low snow surfaces and 
high variability in snow season starts. 

Figure 11. Snow metrics lapse rate (day/100 m) between 2001 and 2016 over the seven river basins. 

5. Conclusions. 
The study highlights the topographic controls on the snow- covered area in of the 

Atlas Mountains based on snow cover estimation during the 2001–2016 period., Tthe fol-
lowing conclusions are drawn: 
 The snow cover is mainly affected by elevation, inducing a remarkable snow lapse 

rate. The quantity and timing (onset and melt-out dates and duration) of snow cover 
share the same pattern in their vertical distribution across the Atlas Mountains.  

 The altitudinal gradient of the SCD shows a decreasing trend. Since 2007, the SCD 
gradient in the Atlas Mountains has decreased from 6 days/100 m to 3 days/100 m. 
However, the change in the altitudinal gradient of SOSS is marked by a positive 
trend. 

 The altitudinal gradient of EOSS presents a potential contrasting response to climate 
change, with an increasing trend for elevations below 2500 m and a decreasinged 
trend for altitudes between 2500 and 4000 m. The controls of orientation on snow 
cover metrics are not clear enough at the Atlas scale and even by basin, and thatwhich 
can be related to the coarse spatial resolution of MODIS images that does not take 
into account the aspect control. The snowpack homogeneity can be considered as an 
important factor for spatial snow distribution associated to with other topographic 
features. Both SCA and SCD increase with the slope. This can be explained by the 
fact that a significant part of the steep slopes is located at high altitudes, and steeper 
slopes receive less radiation than flatter surfaces. 
The findings in this study represents an important advance towards the understand-

ing of snow dynamics over the Atlas chain in Morocco and will contribute to improvinge 
our knowledge on the availability of water resources availability regarding in relation to 
the potential future climate change impacts. The analysis of sSnow lapse rate changes ap-
proach, as analyzed performed in this paper, will constitute a novel approach information 
to that may be considered when producing a future scenario for water management pur-
pose at the river basin scale.  
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