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Abstract: The retreats of the planet’s tropical glaciers are natural indicators of the variation of
precipitation, temperature, and other variables. The glaciers of the Alto Santa sub-basin are sources
of freshwater storage for consumptive and non-consumptive use for different sectors. As a result
of climatic variations, it is essential to analyze the dynamics of the snow cover area (SCA). The
methodology consisted of processing 6578 MODIS Snow Cover MOD10A1 product images and
generating 18-year time series using the Platform Google Earth Engine (GEE). Normalized Difference
Snow Index (NDSI) was used to estimate the extent of snow cover, and to validate the MODIS snow
cover product, we used the same overlapping date of Landsat 5 and 8 Surface Reflectance Tier 1, to
examine the relationships between daily precipitation and temperature. The standardized correlation
results gave good results with stations over 4500 m.a.s.l., such as Artesonraju AP2 (4828 m.a.s.l.)
of −0.84 and −0.74, precipitation, and temperature. These results show coherent behaviors of the
retreat due to the variation of the climatological variables. In some years, there were anomalies in
the conduct of the three variables, but these originated from events of natural weather phenomena.
Regarding the dynamics of the SCA in 18 years, it decreased from 649 km2 to 311.6. km2 between
2000 and 2017, representing a retreat of 41%; we can conclude and confirm that the glacier retreat is
imminent due to the consequences of climate change, which would affect the security of freshwater
from the tropical glaciers of the Peruvian Andes.

Keywords: glacial retreat; climatic data; earth engine; standardized correlation; trend analysis

1. Introduction

Glaciers are one of the essential components of the Earth’s climate system and the most
sensitive to climate change, which significantly impacts ecosystems, the environment, and
social and economic development [1,2]. Glaciers are vital components of the cryosphere,
and they store around 70% of freshwater resources on the entire planet [3].
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Of the entire planet’s tropical glaciers present, approximately 99% are in the Andes
Mountains range of South America, and 71% of these tropical glaciers are in Peru, most of
them in the Cordillera Blanca, belonging to the Santa River basin [4]. The tropical glaciers
of the Peruvian Andes are significant indicators of climate change. These glaciers are
rapidly retreating, indicating that the region is experiencing substantial global warming [5].
Global warming has caused a decrease in precipitation and an increase in temperature
in different parts of the planet, and this means a large amount of reduction in the area
and volume of tropical glaciers, increasing surface runoff in several watersheds, especially
in watersheds with tropical glaciers in Peru [6]. Several tropical glaciers in the Andes of
Peru and Bolivia are buffers that reduce rainfall during dry months. Of the 99% of tropical
glaciers located in the Andes Mountains of the Southern Hemisphere, several countries
extend in the following order Venezuela, Colombia, Ecuador, Peru, Bolivia, Chile, and
Argentina [7].

These glaciers, in general, are very sensitive due to the climate change that is happen-
ing today and are also indicators of the effect of global warming [8,9]. The reduction in the
Tropical Andean Glaciers (TAG) is a significant concern due to its potential economic and
environmental impacts. The decrease in the glacier area may lead to negative consequences
for the use of water resources in the region. This could impact people who live in the
tropical Andes, who depend on these water resources for various purposes, including
human consumption, agriculture, livestock, and electricity generation [10,11].

Some methodologies and techniques are applied to determine the monitoring of the
dynamics of snow cover area and glaciers in the tropical Andes, to understand the rela-
tionships with climatological variables in these and other regions of the world [12,13]. For
this case and other studies, the MODIS product was launched on 18 December 1999, and
the Terra satellite was established, including the moderate-resolution imaging spectrora-
diometer (MODIS). Most of these geophysical products were obtained from MODIS data,
including snow cover area products around the globe. These products have been available
at the National Snow and Ice Data Center (NSIDC) since 13 September 2000 [14]. Many
snow cover maps have been obtained in the last two decades using MODIS products. This
information is essential because it has a very high temporal resolution of (1 day) and a
spatial resolution of (500 m) [15,16]. Therefore, taking advantage of the high temporal
resolution of the MODIS images, it is necessary to know the snow cover area (SCA) of the
Cordillera Blanca on a daily scale to know its dynamics of change and its relationship with
the main climatic forcing, which is different from previous studies that consider mainly
an evaluation of the dynamics of snow cover loss at annual time steps. The layers of
the MODIS product’s snow cover area (SCA) have several advantages that make them
well-suited for use at the hemispheric scale. One of the key advantages is the availability of
information, which has improved over time due to the effective spatial resolution of the
product [14]. The snow cover area acquisition, time series of MODIS, and Landsat 5 Surface
Reflectance Tier 1 and Landsat 8 Surface Reflectance Tier 1 images were used, from 2000
to 2017, these images were processed and classified in the cloud platform Google Earth
Engine [5]. The Google Earth Engine platform was designed to perform geospatial analysis
of data from different sensors on a planetary scale, based on the massive computing capa-
bilities of Google itself, in order to analyze various environmental, social, and economic
problems, such as natural disasters, deforestation, diseases, food security, climate change,
water management, among others [17].

First, this investigation aims to determine and analyze the time series of the snow cover
area from January 2000 to 2017 using images from the MODIS sensor with daily temporal
resolution and 500 m spatial resolution, processed on the Google Earth Engine (GEE)
platform to analyze the dynamics of the glacier area. Second, examining the consistency of
the historical daily series of climatological variables of precipitation and daily temperature
is an essential step in understanding the impacts of climate change on tropical glaciers.
Correlating this information with snow cover area data using the standardization method
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can help to identify the relationship between these variables and the potential impacts on
the glaciers, and finally, the snow cover trend analysis.

2. Materials and Methods
2.1. Study Area

The Alto Santa River sub-basin is part of the basin of the same name. It is located in
the tropical Andes and includes the western flank of the Cordillera Blanca (Figure 1). It is
situated politically between the Ancash and La Libertad regions, belonging to the mountain
range region of Peru [6]. Peru’s tropical glaciers, specifically the Cordillera Blanca, represent
the planet’s highest and most extensive extension [18]. It has approximately 35% of the total
area of glaciers found in the Peruvian Andes [19]. The total area of the Alto Santa sub-basin
is 5334 km2 and has an average altitude of 4087 m.a.s.l. The climate is humid and cold, with
annual maximum temperatures between 18 and 24 ◦C and minimum temperatures between
16 and −4 ◦C. Precipitation increases from west to east, reaching a multiannual average
of 500 mm, and is above 2500 m. The most intense rainfall occurs in the border area of La
Libertad, exceeding 3500 m; its variation is from 400 to more than 900 mm, annually [6].
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Most Alto Santa River basin is supplied by glacial and non-glacial meltwater. The
statement suggests that the resource being referred to is crucial for the population living
in the basin, which has an estimated population of approximately 453,950 inhabitants.
The resource is also used for all economic activities mostly downstream of the Alto Santa
sub-basin [20,21]. One of the main activities found and carried out above 5000 m is tourism
due to the mountains, lakes, glaciers, and mountain ecosystems, which make this sub-basin
attractive. These are found throughout the entire sub-basin and below 2000 m. There are
also dams for hydroelectric and agricultural irrigation purposes [20–22].

2.2. MODIS and Climatic Data Processing Workflow

The data were processed to determine the snow cover area, precipitation, and temper-
ature. The methodology flowchart is shown in (Figure 2).
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2.3. MODIS Snow Cover MOD10A1 Product Processing

The procedure for generating and analyzing time series of snow and ice cover area
was performed using the Moderate-Resolution Imaging Spectroradiometer (MODIS) sensor
images from 2000 to 2017. We processed approximately 6578 images using the Google
Earth Engine (GEE) platform, which is designed for the geospatial analysis of data from
different sensors on a planetary scale. The GEE platform analyzed social, economic, and
environmental problems such as natural disasters, deforestation, diseases, food security,
and climate change. The analysis results showed coherent behaviors of the retreat of snow
and ice cover area due to the variation of climatological variables.
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In some years, there were anomalies in the behavior of the three variables attributed
to natural weather phenomena. The snow and ice cover area dynamics in 18 years have
important implications for water management and other related fields. However, providing
a more detailed response without more specific information about the analysis and results
presented in the original research is challenging [17].

MODIS products have different types of spatial resolutions, and these are between
250 m and 1 km at the nadir [14]. In the case of this research, MODIS images with a spatial
resolution of 500 m have been used. It is possible to map the dynamics of snow cover area
on a global scale, regional, or local scale because the worldwide extent of snow cover has
a 500 m spatial resolution, and the MODIS moderate resolution imaging spectroradiome-
ter [23]. To map the snow cover area with the MODIS product, automated algorithms of
satellite reflectance in bands 4 (0.545–0.565 µm) and band 6 (1.628–1.652 µm) are used to
determine the normalized difference snow index (NDSI). It uses Equation (1) [24].

We used the Snow Cover MOD10A1 product, to remove the cloud cover from the
MODIS product, and a cloud masking algorithm was applied. The cloud masking algorithm
in the MOD10A1 product uses a combination of spectral and spatial filtering to identify
cloud and cloud-shadow pixels. The algorithm utilizes multiple spectral bands and indices,
including the visible and near-infrared bands, as well as the normalized difference snow
index (NDSI) and the thermal band. The algorithm applies a set of thresholds to these bands
and indices to differentiate between cloud and snow cover, pixels with high values in the
visible and near-infrared bands are likely to be clouds, while pixels with high NDSI values
and low thermal band values are likely to be snow-covered. Once the cloud and cloud-
shadow pixels are identified, they are masked out of the Snow Cover product MOD10A1
(Figure 3).

NDSI = (band 4 − band 6)/(Band 4 + band 6) (1)

Sustainability 2023, 15, x FOR PEER REVIEW 6 of 22 
 

We used the Snow Cover MOD10A1 product, to remove the cloud cover from the 
MODIS product, and a cloud masking algorithm was applied. The cloud masking algo-
rithm in the MOD10A1 product uses a combination of spectral and spatial filtering to 
identify cloud and cloud-shadow pixels. The algorithm utilizes multiple spectral bands 
and indices, including the visible and near-infrared bands, as well as the normalized dif-
ference snow index (NDSI) and the thermal band. The algorithm applies a set of thresh-
olds to these bands and indices to differentiate between cloud and snow cover, pixels with 
high values in the visible and near-infrared bands are likely to be clouds, while pixels with 
high NDSI values and low thermal band values are likely to be snow-covered. Once the 
cloud and cloud-shadow pixels are identified, they are masked out of the Snow Cover 
product MOD10A1 (Figure 3). 

NDSI = (band 4 − band 6)/(Band 4 + band 6) (1) 

 
Figure 3. Snow cover area processing, in Google Earth Engine (GEE) from 2000–2017, was calculated 
by analyzing 6578 MODIS Snow Cover MOD10A1 product images in km2 in the Alto Santa sub-
basin. 

2.4. Historical Climate Data 
Daily climatological data for precipitation and temperatures were obtained from the 

Servicio Nacional de Meteorologia e Hidrologia (SENAMHI) and the Autoridad Nacional 
del Agua–Unidad de Glaciología y Recursos Hídricos (UGRH)–Huaraz, Ancash, the his-
torical information provided corresponds from 2000 to 2017 [6]. 

For the statistical analysis, to complete, extend, and validate daily precipitation and 
daily maximum and minimum temperature data, see Table 1; several steps can be taken 
belonging to the direct and indirect area of the Alto Santa sub-basin. However, for the 
standardized correlation analysis with the snow cover area in (km2), only two climate sta-
tions were used—Artesonraju AP2 and Yanamarey—because their altitude has been con-
sidered because both are above 4500 m.a.s.l., and they are also stations that are very close 
to the glaciers of the area under study. However, those two stations do not have the com-
plete information that is required, namely the information from 2000 to 2017. For such 
reasons, the six climate stations of the direct and indirect area have been used to perform 
the data consistency analysis of data from the two main stations for the study with the 
snow cover area in (km2), according to the procedure established in Section 2.5 and Table 

0

100

200

300

400

500

600

700

1-
Ja

n
9-

Ja
n

17
-Ja

n
25

-Ja
n

2-
Fe

b
10

-F
eb

18
-F

eb
26

-F
eb

6-
M

ar
14

-M
ar

22
-M

ar
30

-M
ar

7-
A

pr
15

-A
pr

23
-A

pr
1-

M
ay

9-
M

ay
17

-M
ay

25
-M

ay
2-

Ju
n

10
-Ju

n
18

-Ju
n

26
-Ju

n
4-

Ju
l

12
-Ju

l
20

-Ju
l

28
-Ju

l
5-

A
ug

13
-A

ug
21

-A
ug

29
-A

ug
6-

Se
p

14
-S

ep
22

-S
ep

30
-S

ep
8-

O
ct

16
-O

ct
24

-O
ct

1-
N

ov
9-

N
ov

17
-N

ov
25

-N
ov

3-
D

ec
11

-D
ec

19
-D

ec
27

-D
ec

Sn
ow

 C
ov

er
 A

re
a 

(k
m

2)

Time period (Daily classification)

2000 2001 2002 2003 2004 2005

2006 2007 2008 2009 2010 2011

2012 2013 2014 2015 2016 2017

Average Max. 2001 Min. 2016

Figure 3. Snow cover area processing, in Google Earth Engine (GEE) from 2000–2017, was calculated
by analyzing 6578 MODIS Snow Cover MOD10A1 product images in km2 in the Alto Santa sub-basin.

2.4. Historical Climate Data

Daily climatological data for precipitation and temperatures were obtained from
the Servicio Nacional de Meteorologia e Hidrologia (SENAMHI) and the Autoridad Na-
cional del Agua–Unidad de Glaciología y Recursos Hídricos (UGRH)–Huaraz, Ancash, the
historical information provided corresponds from 2000 to 2017 [6].
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For the statistical analysis, to complete, extend, and validate daily precipitation and
daily maximum and minimum temperature data, see Table 1; several steps can be taken
belonging to the direct and indirect area of the Alto Santa sub-basin. However, for the
standardized correlation analysis with the snow cover area in (km2), only two climate
stations were used—Artesonraju AP2 and Yanamarey—because their altitude has been
considered because both are above 4500 m.a.s.l., and they are also stations that are very
close to the glaciers of the area under study. However, those two stations do not have the
complete information that is required, namely the information from 2000 to 2017. For such
reasons, the six climate stations of the direct and indirect area have been used to perform
the data consistency analysis of data from the two main stations for the study with the
snow cover area in (km2), according to the procedure established in Section 2.5 and Table 1.
The UGRH-Huaraz stations have less historical information, varying from 12 to 18 years,
while the SENAMHI stations mostly have a historical record of 60 years of historical data.

Table 1. Characteristics of the climate station in the Santa River sub-basin.

Name of
Station. Lat. Long. Alt.

(m.a.s.l.)
Time

(Years) Code Dep. Prov. Dist.

Recuay 9◦43′45.1′′ 77◦27′13.15′′ 3431 18 109017 Ancash Recuay Recuay
Yungay 9◦8′30.79′′ 77◦44′59.91′′ 2466 18 109018 Ancash Yungay Yungay

Artesonraju AP2 8◦58′0.86′′ 77◦38′12.69′′ 4824 16 UHG Ancash Huaylas Caraz
Querococha 9◦43′21.32′′ 77◦19′57.18′′ 4013 14 UHG Ancash Recuay Catac
Yanamarey 9◦39′22.3′′ 77◦16′41.32′′ 4606 15 UHG Ancash Recuay Catac
Huaraspaca 9◦52′20.82′′ 77◦11′1.24′′ 5021 12 UHG Ancash Recuay Catac

2.5. Processing Daily Climate Data of Precipitation and Temperature

Using RStudio for statistical analysis of daily climatological variables is an excellent
choice as it is powerful open-source software that is widely used for data analysis and
visualization. The following steps can be taken to utilize the Climdex and Climatol packages
in RStudio. However, these tools only integrate some of the calculations required to detect
and correct anomalies in the series. Therefore, a need arose to incorporate them into a free
access and easy-to-use interface called RClim Tool V. 2.0 [25].

The RMAWGEN package was used to fill in missing data, which, based on model
estimation vectorial autoregressive (VAR), simultaneously uses information from nearby
climatological stations to statistically analyze and complete the missing information at each
station, using Equation (2) [26].

RMAWGEN–multi-site autoregressive weather generator. (VAR (K, p)):

Xt = A1 × Xt−2 + . . . + Ap × Xt-p + C × dt + ut (2)

where Xt is a K-dimensional vector representing the set of endogenous variables at time
t. A1, A2, . . . , Ap are K × K matrices representing the auto-regression coefficients of the
endogenous variables in the previous periods. dt is a K-dimensional vector representing
the set of exogenous variables at time t, which is known and is not subject to prediction
errors. C is a K × K matrix representing the coefficients of the exogenous variables. Ut
is a K-dimensional vector of prediction errors, which are assumed to be white noise and
have zero mean and constant variance. P is the auto-regression order, which indicates the
number of previous periods included in the model.

Based on the data obtained from the six climate stations, an analysis of precipita-
tion (mm) and the maximum and minimum daily temperature. This analysis involved
examining the data’s patterns, trends, and variations to identify any significant findings
and draw conclusions. The statistical methods that we have applied using Rclimtool in-
clude correlation analysis, trend analysis, time-series analysis, and extreme value analysis.
These methods were used to identify patterns and trends in climate data and assess the
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impact of climate change. Overall, Rclimtool is a useful tool for researchers, analysts, and
decision-makers who are interested in studying climate data and its potential impacts.

The collected information was prepared for insertion into the program RClimTool V.
2.0. Approximately 39,420 data were processed from January 2000 to December 2017. The
information on daily precipitation, and daily maximum and minimum temperature of the
stations with missing data were analyzed, completed, extended, and statistically validated.

To assess the homogeneity of the data, the authors used formal statistical tests. These
tests are commonly used to identify changes in the statistical properties of a data series,
such as the mean or variance, which can indicate changes in the underlying climate system.
Some tests are the Mann–Kendall Test, Man–Whitney U Test, F Test, T-Test, and formal
tests to detect normality [25].

3. Results
3.1. MODIS Snow Cover MOD10A1 Product Variation

The snow cover area analysis was conducted using the Google Earth Engine (GEE)
platform on 18 years of record from 2000 to 2017. The results show two distinct seasonal
patterns in the sub-basin located in the Cordillera Blanca. Specifically, the report indicates
in summer, there is a decrease in snow cover of 1.8%, while during the winter months,
there is a snow accumulation of over 6%. These results apply to the total area of the
sub-basin, which is 5334 km2. The authors note that these results are consistent with the
natural behavior of seasons in the Cordillera Blanca. This type of analysis is essential for
understanding the behavior of snow cover and its response to changes in environmental
conditions. Using remote sensing data and algorithms such as the SCA can provide a
comprehensive view of snow dynamics, which is essential for predicting future changes
and developing effective management strategies.

3.2. MODIS Snow Cover MOD10A1 Product and Landat Snow Cover Validation

Table 2 show the percentage of snow cover area (SCA), products, and the data obtained
from MODIS and Landsat on the same coincident date and different resolutions. The highest
snow cover percentage (6.9%) was reported in 2009, and the lowest was obtained in 2016
(4.6%) from MODIS data. However, for Landsat data, in 2003 and 2008, the maximum value
was presented (6.5%), and the minimum was reached in 2015 (5.1%). Likewise, Figure 4
shows the results of the spatial distribution of the SCA for the years 2003, 2004, 2006, 2008,
2009, 2010, 2011, 2014, 2015, and 2016 for both products [6].

Table 2. MODIS Snow Cover MOD10A1 product and Landsat imagery to estimate the snow coverage
in (%) in the Santa River sub-basin.

Date of Images
Snow Coverage (%)

MODIS (500 m) Landsat (30 m)

18 October 2003 6.1 6.5
13 May 2004 6.8 6.2
9 June 2008 6.3 6.5

15 August 2009 6.9 6.4
18 August 2010 5.4 5.7

17 September 2015 5.7 5.1
23 January 2016 4.8 5.6

22 November 2016 4.6 5.2
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3.3. Statistical Analysis of Climatic Data

Various statistical methods have been used to analyze the consistency of the 06 stations
of 39,420 data points of precipitation, maximum, and minimum daily temperature. The
data were divided into groups of three or four stations according to their geographical
location (Figure 1). The result (Figure 5) displays the result of the Yanamarey station’s
original series with missing and completed data. This figure could show the impact of the
data completion process on the Yanamarey station’s time series data, which is essential
for ensuring the accuracy and reliability of the data used for analysis. It may be helpful to
review the specific results and any associated studies or conclusions to better understand
the significance of this station’s data completion process. Most climatological data are
non-parametric because they do not have a normal distribution.

3.4. Monthly Climate Data Variation Analysis

The Cordillera Blanca, the highest mountain range in the tropics, is located on the
eastern flank of the Santa River basin and is dominated by the perpetual snow climate
of taller mountains, from 4800 m above sea level. The Cordillera Blanca to the east and
the Cordillera Negra to the west encase an Interandean Valley, also known as Callejón
de Huaylas or the Santa River valley, and the climate is predominantly dry in the fall,
winter, and spring, and temperate and humid in the summer. In the Yungay Valley area at
2496 masl, maximum temperatures are higher than 24 ◦C, the same as in the lower parts of
the basin. Meanwhile, the Huaraz and Recuay are located in the south of the sub-basin; the
maximum temperature averages from 9 ◦C to 16 ◦C and from 4000 m above sea level. The
average temperature ranges from 0.52 ◦C to 6 ◦C.

In comparison, the multiannual average minimum temperature varies between 14–
16 ◦C in the lower part of the basin, adjacent to the sea. Based on the results, we can
make the following observations about the climatological variables in the study area: the
minimum temperature in the valley ranges between 4–14 ◦C. At the same time, in the
headwaters of the Santa River and the glacial regions, it is less than 4 ◦C. This suggests
that the temperature decreases as the elevation increases. This is a common phenomenon
known as the altitude effect. The precipitation increases from west to east, with places
above 2500 masl, such as Yungay, Recuay, and Huaraz, receiving more than 500 mm of
rainfall annually. This could be due to the orographic effect, where moist air is forced to
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rise as it encounters mountain ranges, resulting in increased precipitation on the windward
side of the mountains.
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The most intense precipitation occurs in the northern border zone and above 3500 masl.
Rainfall accumulates less than 400 mm per year to the southwest of the basin, while to the
east of the exact location of Milpo, accumulated rainfall is between 1000 and 1200 mm per
year. (Figures 6 and 7).

3.5. Standardized Correlation Analysis between Precipitation, Temperature, and SCA

In such systems, the interactions between different components can be highly nonlinear
and complex, and it can be difficult to distinguish cause-and-effect relationships from other
types of correlations or associations such as the Earth system [27].

Table 3 summarizes the results of a standardized correlation analysis between precipi-
tation, temperature, and snow cover area using three methods: detrended cross-correlation
analysis (DCCA) [28] and Kendall and Spearman [29]. The investigation used 18 years of
data and involved six other weather stations inside and outside the study area. DCCA
method provided the research question’s most meaningful and valuable correlations. In the
correlation analysis, the Artesonraju AP2 stations with −84 R2 and −72 R2, and Yanamarey
with −62 R2 and 64 R2 for both variables. These two stations were used because they are
above 4500 m.a.s.l. In contrast, the results in the other stations are unreliable and have a
low correlation. The DCCA methodology applies the method of cross-correlation between
non-stationary time series [28]. Precipitation and temperature were analyzed as the main
climatic forcing factors of SCA loss.
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Figure 8 presents the time series of the snow cover area and the climatic variables
precipitation and temperature registered at the Artesonraju AP2 station. The existence of a
significant inverse relationship between the SCA and precipitation is observed, a smaller
SCA is observed in the rainy season and vice versa in the dry season. Similarly, a strong
inverse relationship between the average temperature and the SCA is observed, since in
the winter (June–September) when temperatures reach negative values, the highest values
of SCA are evident. This behavior is repetitive for the period between 2000 and 2017.
Figure 9 shows the time series of the SCA, precipitation, and temperature, the latter two
corresponding to the Yanamarey station, the existence of an important inverse relationship
between the SCA and precipitation is observed, registering the lowest SCA values in the
rainy season and the highest SCA values in the dry season. Likewise, the existence of a
median direct relationship between the SCA and the average temperature is observed,
a behavior that is repeated for the entire period of analysis. These results suggest that
precipitation is the main force for SCA changes, while temperature is a modulator of SCA
changes.
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Table 3. Monthly correlation coefficients between snow cover area, precipitation, and temperature
(2000–2017) with a significance level of p < 0.05.

Climate Stations
Snow Cover Area (SCA)

Correlation Methods

Monthly Precipitation DCCA Kendall Spearman

Recuay −0.51 −0.28 −0.38
Yungay −0.49 −0.29 −0.38

Querococha 0.80 −0.20 −0.28
Yanamarey −0.62 −0.24 −0.34

Artesonraju AP2 −0.84 −0.28 −0.40
Huarapasca 0.76 −0.12 −0.17

Monthly Temperature

Recuay −0.32 −0.20 −0.30
Yungay 0.74 −0.03 −0.05

Querococha −0.45 −0.06 −0.08
Yanamarey 0.64 0.08 0.12

Artesonraju AP2 −0.72 −0.08 −0.12
Huarapasca 0.15 −0.04 −0.06
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Figure 8. Correlation between standardized values of precipitation, average temperature (Artesonraju
AP2), and snow cover area in the Alto Santa sub-basin (2000–2017). All the correlation values are
significant, with a significance level of p < 0.05.
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Figure 9. Correlation between standardized values of precipitation, average temperature (Yana-
marey), and snow cover area in the Alto Santa sub-basin (2000–2017). All the correlation values are
significant, with a significance level of p < 0.05.
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3.6. Trend Analysis of the Snow Cover Variation

The moderate resolution imaging spectroradiometer (MODIS) snow cover MOD10A1
product and the extent of snow cover is an essential component of the cryosphere and plays
a critical role in the climatology of the planet. It is necessary to determine the trend of glacier
retreat or increase, as changes in snow cover can significantly impact regional and global
climate patterns, hydrology, and ecosystems. Therefore, developing accurate and reliable
snow cover maps is crucial for understanding the changes in the cryosphere and their
implications for the ’Earth’s climate [30]. According to the results obtained at the beginning
of the year 2000, in the months of accumulation of snow cover area reached a maximum of
649 km2 and in 2001, has decreased to 403 km2; in only one year, there has been a reduction
of 37% of the glacier cover area. In the following years, the behavior of the time series
was of decrease and increases in snow cover area, but the trend of the 18 years of record is
negative, decreasing in 2018 to 311 km2 at most. These temporal variations of snow cover in
km2 are classic behavioral or climatological variables. Regarding the average results of the
snow cover area in the year 2000, there was an annual average of about 298 km2 of snow
cover, and in the other following months, this decreased due to different climate change
factors, such as temperature and precipitation; in 2009, it dropped to a 226 km2 average in
the area, and for the year 2017, it had a 184 km2 average glacier area. With these results and
temporal analysis, we can conclude that the snow cover area continues to decrease in these
last years. Figure 9 shows the trend of glacial retreat from 2000 to 2017 is an essential piece
of information for understanding the impact of climate change on the cryosphere. Over
time, the decreasing trend of snow cover area is an alarming signal that the temperature is
increasing at both national and global levels, leading to glacial retreat. The reduction in
snow cover area due to the increase in temperature can have significant consequences on
the water cycle, including changes in streamflow, water availability, and water quality.

The latest reports of the Intergovernmental Panel on Climate Change (IPCC) indicate
that glacial retreat has been a widespread phenomenon worldwide, with a loss between
2000 and 2017 of 41%. This loss is higher in small glacier areas than in larger ones, which
is consistent with the understanding that smaller glaciers are more sensitive to climate
change. The dynamics of glacial retreat are a critical indicator of climate change and serve
as a measure of the global temperature increase. Therefore, monitoring the changes in
the cryosphere, including snow cover and glacier extent, is essential to understanding the
impacts of climate change on the natural environment and human societies. Furthermore,
with these results, the retreat of the snow cover area in the Santa sub-basin would be
confirmed.

4. Discussion
4.1. Snow Cover Dynamics in the Alto Santa River Sub-Basin

Glaciers in the Cordillera Blanca of the tropical Andes in Peru are experiencing an
accelerated retreat, generating significant impacts on the hydrology of the Santa River
basin [31]. MODIS products are used to determine and analyze the snow-cover area by
detecting changes in the spectral properties of the land surface between snow-covered
and snow-free conditions. The MODIS snow cover products are widely used in climate
and hydrological studies, as well as in snowmelt runoff forecasting, water resource man-
agement, and other applications [32–34]. Generally, MODIS products cannot distinguish
directly between ice and snow, so it is essential to continue monitoring snow and glacier
dynamics because they may increase the amount of snow by contributing meltwater to
rivers. However, they may also reduce it by retreating and decreasing in size due to
climatic changes [35]. Snow accumulates in the mountains during winter and gradually
melts during spring and summer, sustaining rivers and aquifers that are the water source
for many regions and local communities [36]. This happened the same way in the Santa
sub-basin snow cover. Multitemporal imagery is a helpful tool to visualize how climate and
environmental change affect land cover changes [37]. Moreover, the normalized difference
snow index (NDSI) threshold is an effective technique for extracting ice and snow cover
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information on the land surface [38]. By evaluating glacier trends concerning snow cover
areas in different subregions, a complete understanding of how glacier changes affect and
impact freshwater availability, especially in the tropical glaciers of the Peruvian Andes, can
be obtained.

Glacier melting is a global phenomenon that significantly impacts many regions,
including the Cordillera Blanca. The reduction of the snow cap and the disappearance of
glaciers in the future could have severe consequences for the water cycle and availability. It
can endanger and cause landslides, specifically in the cities located along the upper Santa
sub-basin. The MODIS MOD10A1 remote sensing cryosphere product is indeed a valuable
tool for monitoring changes in the cryosphere (snow and ice) over time, which are important
variables for hydrological and climate modeling. Moreover, the fact that it is freely available
makes it accessible to a wide range of users, including researchers, policymakers, and the
general public in the Alto Santa sub-basin and other remote sub-catchments.

By analyzing the MODIS MOD10A1 product over a long time period, it is possible
to track changes in the cryosphere, such as changes in snow cover extent and duration,
which can have important implications for the dynamic of SCA. Therefore, using MODIS
MOD10A1 product can help improve climate modeling predictions in remote areas and
inform decision-making for sustainable resource management, especially in the Alto Santa
sub-basin.

The change in the geometry of a glacier can be an important indicator of changes in
its dynamics over the last 50 years and can be a sign of an increase in air temperature [39].
Snow melts on glaciers directly respond to air temperature, and the decrease in extent and
mass may reflect the general trend of increasing global temperature. What we describe
appears in previous studies that aimed to validate daily MODIS products of cloud-free
snow cover. These studies used snow cover area data at the exact location to evaluate
the accuracy of the MODIS products [40], i.e., the validation results were a combination
of clear sky and cloudy conditions, and the evaluation accuracy of these products varied
remarkably from different studies.

Figure 10 shows the trends of glacial retreat from 2000 to 2017 in the study area. The
analysis results indicate a negative trend as the snow area decreases over time. Understand-
ing the drivers of glacial retreat and snow cover changes is essential to developing effective
strategies for mitigating the impacts of climate change. Remote sensing tools, such as the
MODIS products mentioned earlier, provide valuable data to monitor changes in snow
cover area and other cryospheric variables over time. In addition, the global temperature
increase was 1.5 C in 2018, according to the Technical Summary of the Intergovernmental
Panel on Climate Change (IPCC) [41]. The snow cover area (SCA) loss result from 2000 to
2017 was 41%, with a higher reduction in small glacier areas. In a study conducted on the
dynamics of tropical glaciers in the Andes from 1990 to 2022 using Google Earth Engine
(GEE), 42% of the glacier area was lost [5]. Sixty-five percent of the glaciers show a moderate
to critical recession index, with glaciers larger than 1 km2 being the least recessed [19]; these
studies confirm the retreat of the snow cover area (SCA) in the Alto Santa River sub-basin.
For these and other reasons, monitoring the dynamics of the snow cover area (SCA), in the
long term, provides and predicts the evolution of glaciers in a climate that is constantly
changing in the high mountains [42]. Performing trend analysis of climatological data, such
as temperature, is critical [43] because it shows us the behavior of the increase affecting
the melting of snow cover area, which is related to global warming and climate change.
Continuous and accurate monitoring of glaciers is essential for several reasons [44,45].

In the Cordillera Blanca tourism can impact the retreat behavior of the snow cover
area, as in the case of the Pastoruri glacier in the Cordillera Blanca, but the extent of this
impact depends on various factors. One of the ways tourism can affect snow cover that
could affect tourism would be when the water level in some lagoons like Llanganuco, and
Paron will increase and this could generate landslides and floods, restricting tourist access
and places in the Cordillera Blanca. However, this effect is typically limited to small areas
and does not have a significant impact on the overall retreat behavior of snow cover.
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Figure 10. Trend analysis of the snow cover area (SCA) at the Alto Santa sub-basin (2000–2017).

4.2. Impact of Climate Data on Snow Cover Dynamics

Temperature and precipitation are crucial and vital factors affecting biodiversity
and the cryosphere because climate change influences the temperature and precipitation
patterns in many parts of the world, which may harm the retreat of the snow cover
area [46,47]. Therefore, the reduction in precipitation influences the accumulation rate
of snow cover and also affects the availability of ablation energy, so the acceleration of
the melting of tropical glaciers is expected. For this reason, water availability is very
unsustainable, and there may be shortages in the future for any consumptive and non-
consumptive use [48]. This is consistent with the results obtained in the climate data;
those changes in air temperature can affect tropical glaciers because of the increase in
ablation rates and the jump in the location of the 0 ◦C isotherm, which determines the
form of precipitation (rain or snow), which conditions the accumulation and ablation
processes. Therefore, it refers that the main factors that control changes in the mass balance
in tropical glaciers are temperature and precipitation. Similarly, the loss of glacier cover
is conditioned by precipitation and temperature acts as a modulator of glacier loss rates.
In this investigation, both climatic variables were considered as the main climatic forcing
factors of the snow cover dynamics.

In a 2015 study, they revealed that future rainfall in the central Andes or Cordillera
Blanca could decrease and reach minimal amounts because they related wind conditions
with precipitation in the wet months. These could be reduced between 19% and 33% by the
end of the 21st century [49].

The standardized correlation is a widely applied statistical method to analyze climato-
logical variables with different units; according to the results, there is a high correlation
between precipitation and mean temperature with snow cover. In the results obtained, the
correlations in Yanamarey stations were R2—0.62 and Artesonraju AP2 with R2—0.84. A
study of annual and seasonal snow cover suggests that snow cover change has a highly in-
verse correlation with mean summer temperatures in the basin, resulting in a large amount
of surface flow [50]. Precipitation is a complex variable to simulate, and its assimilation
into hydrological models can be complicated [51]. However, other observable data, such as
temperature and humidity, can help improve the accuracy of simulating climatological data.
It is essential to remember that forecast models are not perfect, and there will always be
uncertainty in the predictions. However, following a careful approach and using advanced
analysis and 17 modelling techniques can improve precipitation predictions and reduce
tension.
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In a moist area, decreased air humidity can lead to a loss of glacier mass. Additionally,
when precipitation decreases, the amount of snow and ice accumulating on the glacier
decreases, reducing the glacier’s total mass and increasing the melting rate [52].

Increasing temperature, precipitation, and humidity are important factors contributing
to the glacier recession. In addition, other factors have contributed to an accelerated glacier
recession since the 1980s [4,52]. Moreover, one of them is climate change, which is due to
the emission of greenhouse gases into the atmosphere. For these reasons, the temperature
increase negatively affects tropical glaciers, causing a decrease in snow cover. It should
be noted that glacial lakes are accumulations of water that form on the surface or inside
glaciers; however, glacial lakes are also susceptible to climate change [53].

A consequence of glacier melting In the upper Santa sub-basin is causing the increase
of glacial lakes, increasing considerably in the last 60 years, from 223 in 1953 to more than
800 at present, approximately in the Cordillera Blanca [54]. The sea surface temperature
anomaly (SSTA) is often related to the El Niño Southern Oscillation (ENSO). ENSO is a
natural climate pattern that involves changes in ocean temperatures and circulation in the
tropical Pacific region [55]. The sea surface temperature anomalies in the tropical Pacific
region may be significantly higher than usual. Similarly, the result and temperature analysis
presented the same abnormalities in some years. Global warming significantly impacts the
cryosphere, including snow, glaciers, ice caps, and permafrost. As the Earth’s temperature
rises, the cryosphere is melting at an accelerating pace, leading to significant changes in the
global hydrological cycle [56]

In the study area, the high elevation and proximity to the equator mean that the region
receives a high amount of solar radiation, this can lead to higher surface temperatures and
increased energy available for surface processes to increase the melting of snow and ice and
vapor pressure deficit (VPD) is often high due to the region’s dry climate. This can lead
to higher rates of evapotranspiration and lower surface temperatures due to the cooling
effect of evaporation, the interplay between solar radiation, VPD, and other factors, such
as temperature and precipitation, can have complex effects on the snow cover area in the
tropical glaciers of the Cordillera Blanca. As temperatures continue to rise due to climate
change, these processes are likely to become even more important in shaping the future of
this region.

5. Conclusions

Using MODIS Snow Cover MOD10A1 product images and remote sensing technolo-
gies, along with applying algorithms like the normalized difference snow index (NDSI), can
provide important insights into the impacts of climate change on glaciers and snow cover.
The results described, which indicate a 41% retreat of glaciers between 2000 and 2017 and a
reduction in maximum snow cover areas by 311.6 km2, are significant and suggest ongoing
trends that are cause for concern. It’s worth noting that higher spatial resolution sensors,
such as the Landsat TM 5, can help validate and refine the results obtained through the
MODIS sensor and other lower-resolution sensors. However, it’s essential to acknowledge
that satellite-based remote sensing has limitations and may not capture all aspects of glacier
retreat and snow cover reduction, such as changes in glacier thickness or the extent of ice
loss beneath the surface.

In the same way, the trend of the average snow cover area over 18 years is negative,
and there is a decrease in snow cover area from 300 km2 to 184 km2 between 2000 and 2017.
This could indicate a significant reduction in the amount of snow cover in the region over
time. This trend could have important implications for local hydrology and ecosystems,
including changes in the timing and amount of water in the Alto Santa sub-basin, we
could say it is important to note that trends in snow cover area can be influenced by a
variety of factors, including changes in temperature and precipitation patterns. Moreover,
it is important to keep monitoring the dynamics in the snow cover area over a longer
time period to determine if the observed trend is part of a longer-term pattern or if it is a
short-term fluctuation. Long-term monitoring can help to better understand the underlying
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drivers of changes in the snow cover area and can inform decision-making for sustainable
resource management in the Alto Santa sub-basin.

The detrended cross-correlation analysis method (DCCA) helps analyze the correlation
between non-stationary time series, such as precipitation, temperature, and snow cover
area. DCCA works by first removing the trend from the time series, which makes it possible
to compare the fluctuations in the time series over time.

We can admit that glacier melt is a fundamental problem that can have severe conse-
quences for the safety of human communities near or downstream of the glaciers. Sudden
glacial lake outbursts can cause floods and natural disasters that endanger life and prop-
erty. Urban relocation can be a solution to protect human communities. However, it is
a politically complicated process that requires the cooperation and support of various
stakeholders, including affected communities, local authorities, and interest groups. One of
the most important mitigation measures is constantly monitoring the glacial system. This
involves regular measurements of glacier thickness, mass ice balance, and the rate of ice
melt, as well as monitoring downstream hydrological changes, such as water flow and
quality. Such monitoring helps to identify potential hazards, such as glacial lake outbursts
or flooding, and allows for the timely implementation of emergency response plans. Finally,
ensuring the security of water resources in areas vulnerable to melting glaciers is crucial.
The development of water management strategies that consider the potential impacts of
glacier melt and identify alternative water sources to reduce reliance on glacial meltwater.
It is vital to focus on this in areas that rely on melting snow cover and tropical glaciers,
such as the upper Santa sub-basin. It is important to consider other factors that may be
influencing the snow cover area, these could include solar radiation, VPD, wind, and other
climatological variables but we have some limitations for example data collection in remote
areas such as the Cordillera Blanca can be challenging, and there may be limitations in the
amount and quality of data available in the study area.

In addition, monitoring the dynamics of the snow cover area (SCA) also helps to
identify the risks associated with ice slides and landslides in the areas surrounding the
glaciers, which allows local communities to take preventive measures. In summary, glacier
monitoring is a crucial tool for understanding and preparing for the effects of climate
change and best using MODIS sensor imagery and Google Earth Engine (GEE) spatial
analysis tools.
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