Recent Advances in Remote Sensing 1 (2024)

v/ Recent
A\ Advances

An analysis of the Lake Surface Water Temperature
evolution of the world’s largest lakes during the years
2003-2020 using MODIS data

José A. Sobrino*, Susana Garcia-Monteiro and Yves Julien

Global Change Unit, Image Processing Laboratory, University of Valencia, Paterna, 46980, Spain

EDITED BY ABSTRACT

J.C. Jiménez

Keywords:

Lake Surface Water Temperature
largest lakes

MODIS

trend

The Lake Surface Water Temperature (LSWT) evolution is analysed in ten of the largest lakes in
the world: Caspian Sea, Superior, Victoria, Huron, Michigan, Tanganyika, Baikal, Great Slave Lake,
Erie and Ontario. The time span selected is 2003-2020 and the satellite product, MODIS Level 3
SST Thermal IR 8 Day 4km V2019.0. Results show warming trends ranging from 0.012°C/yr. in
the Victoria Lake to 0.083 °C/yr in the Baikal Lake. Results have been validated with the product
MOD11L2 LSWT estimations for the years 2003-2014 in the Laurentian Great Lakes, obtaining

correlations between 0.962 and a 0.998. The validation has been enlarged by considering Sentinel 3
observations from the Issyk-Kul lake, with a 0.99 correlation. The validation shows that the MODIS
SST product is capable of estimating the LSWT parameter with a high precision.

1. Introduction

Lake Surface Water Temperature (LSWT) is recognized as an Essential
Climate Variable (ECV) by the Global Observing System for Climate (GCOS,
2016), just as the well-known Sea Surface Temperature (SST) or Land
Surface Temperature (LST). It has been proved that the behaviour of
these ECVs associated to temperature condition several processes, such as
the fisheries’ presence and catches (Gamito et al., 2015), the alternation
between rainy and dry seasons (Liu et al., 2020; Zhang et al., 2001) or the
climatic oscillations dynamics (McPhaden et al., 2006; Dahlman, 2009).
For this reason, it is crucial to monitor ECVs, in order to better understand
these processes, among others, and be prepared to face the changes they
may face.

Focusing on LSWT, it is an indicator of how climate change could
affect the lake physical dynamics and aquatic ecosystems worldwide.
Previous works report that warming lake temperature trends lead to
changes in the water column density that are strongly correlated with
an increase in average air temperatures over time, with clear effects
on the thermal regime. Stainsby et al. (2011) developed a research in
this field in a regional lake in Canada, whereas Lofgren and Zhu (2000)
focused on the Great Lakes; the ice cover duration is shortening in German
lakes (Livingstonea and Adrianb, 2009); Elliott et al. (2006) tested the
sensitivity of phytoplankton communities to changes in water temperature
and nutrient load, predicting that cyanobacteria had the potential to
dominate the phytoplankton community, with consequences on water
quality. This dominance was greatest at high water temperatures.

Furthermore, the LSWT has traditionally been estimated by using in
situ instruments, heterogeneous, irregularly distributed and differently
calibrated (De Santis et al., 2021; Sobrino et al., 2020a). Remote sensing
solves these in situ measurements disadvantages and provides continuous
temporal series data, retrieved from the same sensor observations, with a
given uncertainty, the identical for each observation. As a consequence, it
is becoming increasingly common to find in the literature studies whose
objective is to analyze the LSWT from satellite data (Ghasemifar et al.,
2019; Zhang GuoQing et al., 2014; Crosman and Horel, 2009).
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It is clear that LSWT is a variable to consider when studying lakes
and has more implications than simple variations in lake temperatures.
For this reason, we propose to develop a study that considers the most
representative lakes in the world, to know their LSWT behaviour during
the last years, from 2003 to 2020, by using MODIS data. The lakes selected
are: the Caspian Sea, Superior, Victoria, Huron, Michigan, Tanganyika,
Baikal, Great Slave, Erie and Ontario lakes.

The aim of this paper is to retrieve the LSWT of the ten lakes mentioned
above by using MODIS Level 3 SST Thermal IR 8 Day 4km V2019.0 product
in order to show how it functions when estimating surface temperature of
freshwater extensions non-connected to the open water. Our results will
be validated by a previous study focused on the Laurentian Great Lakes
and which uses an LST MODIS product (Moukomla and Blanken, 2016).
Furthermore, LSWT trends will be estimated to analyze the behaviour of
this parameter during the last years.

2. Study Sites

Ten large lakes have been selected for developing this study: the
Caspian Sea, the only saline lake included; the Superior, Michigan, Huron,
Ontario and Erie Lakes, called the Great Lakes, which occupy part of
the territory of the United States of America and Canada; the Victoria
and Tanganyika lakes, located in the African continent; the Baikal lake
in Russia and the Slave lake in Canada (Table 1) (Dumont, 1998; United
States Environmental Protection Agency, 2022; Swain and Shannon, 1980;
Verburg et al., 2003; Zimmerman et al., 2006).

Table 1
Metric characteristics of the ten lakes considered in the study.

. Area Volume Maximum Depth
Lake Continent (kmz) (km3) (m)
Caspian Sea Asia 371,000 78,200 1,025
Superior  America 82,100 12,100 406.3
Victoria Africa 68,870 2,750 84
Huron America 59,600 3,540 229
Michigan America 58,000 4,900 281
Tanganyika Africa 32,600 18,900 1,470
Baikal Asia 31,500 23,600 1,620
Slave America 27,000 1,560 614
Erie America 25,700 489 64
Ontario  America 18,960 1,639 244
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Our first study site, the Caspian Sea, is the largest lake of the world and,
although it has no connections to ocean waters, its salinity is of 12.58 parts
per thousand on average (Owen et al., 2024), ranging from 1 part per
thousand near the Volga mouth to values over 200 parts per thousand in
the Kara-Bogaz-Gol (Figure 1). This fact prevents it from being considered
a purely freshwater extension.

Figure 1: The Caspian Sea. Salinity varies from 1 part per thousand to 200 parts
per thousand from the Volga River mouth to the Kara-Bozaz-Gol, respectively (own
elaboration).

The Great Lakes are the set integrated by the Superior, Michigan,
Huron, Ontario an Erie lakes (Figure 2) and cover a total area of 244,360
km?2 as can be observed in Table 1. Due to its areal extension and depth,
the Great Lakes play a large role in the surface climate of the region,
influencing its dynamic over the course of the seasons (Moukomla and
Blanken, 2016).

Figure 2: In the upper-left, the North-American Great Lakes: Superior, Huron,
Michigan, Erie and Ontario. In the bottom, the Slave Lake

Lake Victoria is the largest freshwater lake in Africa, being the source
of the Nile and providing water for domestic, agricultural, industrial and
livestock purposes. Its water bathe the shores of Kenya, Tanzania and
Uganda (Awange et al., 2006). The other African lake analysed, is be
the Tanganyika Lake, which has historically supported one of the world’s
more productive pelagic fisheries, specifically, provides the 25-40% animal
protein supply for the populations of the surrounding countries (O’Reilly
et al., 2003) (Figure 3).

The Baikal Lake, located on the Asian continent, is the oldest and
deepest in the world (Figure 4). It has been designed by the UNESCO as
a World Heritage Site and cited as the “most outstanding example of a
freshwater ecosystem (Swann et al., 2020). There is already evidence of
warming and local eutrophication of the water column (Izmest'eva et al.,
2016).

3. Material & Methods

3.1. Data sets

The product used in this study is MODIS Level 3 SST Thermal
IR 8 Day 4km V2019.0, which is fully and freely available in https:
//podaac. jpl.gov. Images are available at a processing Level 3 for daily,

Figure 3: African lakes included in the study: Tanganyka Lake and Vicoria Lake
(own elaboration)

Figure 4: The Baikal Lake (own elaboration).

8-days, monthly and annual timespans. As 8-days composites are an
average of the daily data available for each 8-days period, they have
been considered as ideal for this work, as they allow both to save storage
capacity and to reduce computational costs.

3450 images have been computed for the years 2003-2020 (1723
images associated to MODIS-Terra and 1727 images associated to MODIS-
Aqua). Each image is a global dataset with a spatial resolution of 4.63
km and 8640x 4320 pixels dimensions. A mask has been applied in order
to consider only the area corresponding to each lake, step that will be
explained with more detail in the methodology section.

The algorithm of the MODIS SST product used in this work uses seven
latitudinal bands in 20° intervals from 0° to 60° and then, a single interval
from 60° to the poles (Kilpatrick et al., 2019; Jia, 2019; Jia and Minnett,
2020) for setting coefficients for the different atmospheric regions at a
certain month of the year. These coefficients are continuously updated
and validated by the Rosenstiel School of Marine and Atmospheric Science
(RSMAS) at the University of Miami (Brown et al., 1999). The product
applies the long-wave algorithm, which considers MODIS bands 31 and
32 at 11um and 12um. respectively.

It is vital to have clear the uncertainties associated to any climatic
data when developing global change studies. The product’s Algorithm
Technical Background Document (ATBD) establishes an uncertainty of
0.45 K at nadir and 0.56 K at 45°. Several researchers have validated
the MODIS SST product at global and regional scales: Sobrino et al.
(2020a) estimated de global Sea Surface Temperature (SST) with a
median evaluated uncertainty of 0.10 in the period 2003-2016; Reinart
and Reinhold (2008) obtained errors of 0.40° C when applying the product
to Swedish lakes by using MODISTerra images and considering the period
2001-2003.

3.2. Methodology

The methodology applied is based on the one proposed by (Sobrino
et al., 2020Db) to estimate SST at a global level and which has been shown
to be valid at regional scales too (Garcia-Monteiro et al., 2022).

As a first step, a mask for each lake considered has been elaborated and
applied, in order to include in computations only de study sites selected.
Once the different regions of interest are cropped, the SST is estimated
applying the methodology mentioned above.
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For each lake, the monthly and annual SST have been computed as
shown in Eq. 1, where SST{;lke is the SST for each lake at a certain time,
t; SSTﬁj, the SST for each pixel ij at a time ¢; m is the column pixel
dimension and n, the row pixel dimension; A;;, is the area of every pixel
of 7, j dimensions and Alake, the total area of each lake, only considering
cloud free pixels.

1 m n
SSTY . = ™ D> AiSST )
ake 1 1

For each 8-day period, four observations are considered, Terra and
Aqua, daytime and nighttime, whose passing times are the following:
10:30, 13:30, 22:30 and 01:30. For each lake, the four data average has
been calculated according to Eq. 2. (Mao et al., 2017). The timespan
selected starts in the year 2003 because, despite Terra provides data since
2001, Aqua wan launched in 2002 and did not made data available until
the year 2003. Therefore, the first complete year, with four measures per
image is 2003.

SSTmopis =
(ssnﬁ};;ﬁ’” 4 SSTUE:30) | ggr(22:30) | ggr(01:50) > @)
4

The product ATBD assesses the pixel quality through the Quality
Control variable. We have taken this information into account an only
included on computations those pixels of good or acceptable quality,
meaning Quality Control values of 0 and 1, respectively. Furthermore,
an additional filter has been applied to results with the aim or removing
outliers based on the Z-score method. Linear regressions have been used
to estimate trends and develop validations. In addition, the Sen’s slope
method and Mann-Kendal test have been run out to estimate trends with
an associated level of confidence.

4. Result & Discussion
4.1. Validation

Our MODIS results have been validated with Moukomla and Blanken
(2016) results. They estimated the Great Lakes Surface Temperature
from the 6th of July 2001 and the 31st of December 2014 by merging
skin temperature derived from the MODIS Land Surface Temperature
(MOD11L2) and the MODIS Cloud product (MODO6L2). They validated
their temperature estimations with in situ data from buoys belonging to
the NOAA National Data Buoy Center, obtaining R-squared values ranging
from 0.4975 to 0.9560 from regressions.

Figure 5 shows the regressions carried out considering our results
respect the Moulomla and Blanken (2016) paper results. Correlations
between both data sets are in the interval of 0.962-0.998, demonstrating,
on one hand, that the retrievals of both products are in the same line and
on the other, that our methodology is capable of generating valid SST
estimations in lake water surfaces.

Our validation is extended by considering Herndndez-Galindo (2022)
work which uses Sentinel’s 3 SLSTR data to estimate monthly LSWT of
the Issyk-Kul lake, in Kyrgyzstan for the year 2020 (Figure 6). We have
reproduced their methodology to estimate the lake’s LSWT but using
MODIS SST product data. As the SLSTR observations are made between
10 and 11 a.m., only Terra’s diurnal images have been used, whose passing
time is 10:30 a.m.

It must be mentioned that all the values used in this validation are
from satellite retrievals and not in situ measurements. In this way, we
are working with skin SST in every case, not bulk SST, avoiding the SST
variations throughout the water column due to the SST stratification
phenomenon (Minnett and Kaiser-Weiss, 2012).

The correlation between MODIS and SLSTR retrieved SST data for
year 2020 is 0.99 , indicating the clear symmetry between SST estimates
from the two datasets. The bias is 0.33°C, lower than the MODIS SST
product uncertainty at nadir established by its ATBD. The difference
between standard deviation of both datasets is 0.35°C, lower than the
error commented above. For this reason, we consider that MODIS Level
3 SST Thermal IR 8 Day 4 km V2019.0 product is capable of estimating
LSWT at a high precision and the results shown in this paper are reliable.

4.2. Lake Surface Water Temperature in ten of the

largest lakes of the world

Once the reliability of the MODIS SST product for LSWT estimations
has been established, LSWT trends for the years 2003-2020 have been
estimated for the Caspian Sea, Superior, Victoria, Huron, Michigan,
Tanganyika, Baikal, Great Slave Lake, Erie and Ontario by both the linear
and Sen’s slope methods. The confidence level is offered by carrying out
the Mann-Kendal test. The mean LSWT for the whole timespan is also
provided (Table 2).

The MODIS Level 3 SST Thermal IR 8 Day 4km V2019.0 provides
complete data (including four daily measures) from 2003 onwards. AVHRR
enables a more comprehensive data period for both LST and SST variables
but, in contrast, their satellites induce variability due to their orbital drift
(Price, 1990; Sobrino et al., 2008; Julien and Sobrino, 2012). For this
reason, MODIS time series have been selected for this study in detriment
of AVHRR.

Positive trends are found in the ten lakes analysed (Table 2) for
both the linear and Sen’s slope trend estimation methods. The higher
LSWT trend estimated is found for Lake Baikal, 0.083°C/yr at a 99.79%
confidence level, whereas the lower trend is found in Lake Victoria,
0.012°C/yr. Results show a high Mann-Kendall level (> 95%) in the
case of the Tanganyka and Erie lakes, with warming rates of 0.017°C/yr
and 0.058°C/yr, respectively.

From the absolute LSWT values, the Tanganyka and Victoria lakes
are the warmer lakes among the lakes considered and show the lower
data variability through time, established by their standard deviations.
These absolute LSWT are 25.76 + 0.18°C for the Victoria Lake and
26.95 £ 0.16°C for the Tanganyka Lake. On the other hand, the colder
lakes are represented by the Baikal Lake, 6.3 4+ 0.6°C, and the Superior
Lake, 6.8 4+ 0.8°C.

In Figure 7, the annual LSWT means are shown. The higher difference
between absolute annual temperatures are observed in Lake Baikal,
reaching a 2.17°C variation between the years 2006 and 2020 , matching
with the higher warming rate estimated among the ten lakes, 0.083°C/yr.
Previous studies have already documented that the high temperature
increases in this lake have taken place for years: Hampton et al. (2008)
estimated a 1.2°C increase during a sixty years timespan, 1946 — 2005,
at a warming rate of 0.02°C/yr for this sixty years interval by using the
MOD11A2 LST product. Our results imply that the trend has quadrupled
for the 2003-2020 interval, indicating the magnitude of the LSWT trend
for this lake,

On the other hand, the lowest annual variability is detected for lakes
Victoria and Tanganyika, an expected scenario, as they are located in
tropical latitudes, with a variation of 0.66°C and 0.62°C, respectively,
between the lower annual mean (2008) and the higher (2020). Lower
temporal variability is associated to lower warming rates: 0.012°C/yr in
the Victoria Lake case and 0.017°C/yr, for the Tanganyika lake. Kraemer
et al. (2015) estimated LSWT trends for the Tanganyika lake, obtaining
0.016 % 0.008°C/yr calculated from in situ data and for the years 1985-
2011. In this way, the trend remains practically constant through time.

O'Reilly et al. (2015) made the first worldwide synthesis of combined
in situ and satellite data for 235 globally distributed lakes for the years
1985-2009, obtaining a mean LSWT trend of 0.034°C/yr. They pointed
out that the LSWT warming rates are the result of the combination of
both climatic and local characteristic and there is evidence of a rapid lake
surface water warming. Our mean trend for the representative ten lakes
selected is 0.038°C/yr and for a more recent period, 2003-2020. Despite
the differences between O'Reilly et al. (2015) and this paper, the proximity
of the trends obtained is worth noting.

Sobrino et al. (2020b) established a global SST trend of 0.019°C/yr
for the years 2003 2019. Assuming this value for the present time span and
attending to the Sen’s slope trends estimated in this paper, seven of the
ten lakes analyzed exceed this value: Caspian Sea (0.044°C/yr), Huron
(0.029°C/yr), Michigan (0.029°C/yr), Baikal (0.083°C/yr), Slave Lake
(0.056°C/yr), Erie (0.058°C/yr) and Ontario (0.047°C/yr). In this way,
the general overview shows that lakes are warming at a higher rate than
the global water surfaces.

Absolute LSWT and trend maps are shown in Figure 8 for the ten lakes
considered. A high spatial variability for the LSWT parameter is shown,
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Figure 5: Results validation. MODIS SST products monthly estimations are compared with the results of Moukomla and Blanken (2016) for the Great Leaks. The timespan
considered is 2003-2014. The correlation coefficients obtained ranges between 0.962 and 0.998.
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Figure 6: Monthly LSWT for the Issyk-Kul lake in the year 2020 for the MODIS and SLSTR SST estimations (left). Linear regression for both products (right).

Table 2

Annual trends estimated for the lakes analysed during the years 2003-2020 by the linear and Sen's slope methods. The results’ confidence is given by the Mann-Kendal test
(significant results are highlighted in bold).

Lake Mean LSWT Linear trend Sen’s slope Mann-Kendal
(°9) (°9) (°9) (%)
Caspian Sea 16.3 + 0.5 0.037 0.044 87.97
Superior 6.8 +£ 0.8 0.002 0.013 37.76
Victoria 25.76 + 0.18 0.012 0.012 72.85
Huron 9.1 £0.6 0.031 0.029 69.37
Michigan 99+ 0.8 0.025 0.029 61.64
Tanganyika 26.95 + 0.16 0.015 0.017 96.93
Baikal 6.3 +£ 0.6 0.082 0.083 99.79
Slave 6.9 + 0.7 0.041 0.056 78.88
Erie 11.7 £ 0.5 0.043 0.058 95.53
Ontario 10.5 + 0.7 0.043 0.047 65.64
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Figure 7: Annual LSWT during the timespan 2003-2020 for the ten lakes considered in the study: Caspian Sea, Superior, Victoria, Huron, Michigan, Tanganyika, Baikal,

Slave Lake, Erie and Ontario.

with a more intense warming effect near the lake’s shore, effect which is
clearly observed for the Superior and Huron Lakes.

The 8-days LSWT have been averaged into monthly mean temperatures
associated to the period 2003-2020 to detect temperature and trend
variability by months. In Table 3, the mean LSWT, standard deviation,
trend and Mann-Kendal confidence level are shown for each month.

The common behavior for lakes located in the Northern Hemisphere
(NH) is to reach the maximum LSWT in the summer months of July
and August, as it is clearly observed in the case of the Caspian Sea,

Superior, Huron, Michigan, Baikal, Great Slave Lake, Erie and Ontario
lakes. In the Southern Hemisphere, the maximum monthly averages are
associated to March in the Tanganyika Lake and to April in the Victoria
Lake. The Tanganyika Lake has the highest estimated monthly temperature
associated: 27.8 + 0.3°C. As it is expected, matching with the annual
results, these lakes show the lower monthly standard deviations.

On the other hand, the minimum monthly values take place in January,
February, or March for the NH lakes and in July for the SH lakes, denoting
the well-known reverse seasonality between hemispheres. The minimum

50f 9

https://www.recentadvancesin.com/remote-sensing



J.A. Sobrino et al.

Recent Advances in Remote Sensing 1 (2024)

Table 3

Monthly absolute LSWT and trends estimated for the lakes analysed during the years 2003-2020 by the linear and Sen’s slope methods. The results’ confidence is given by

applying the Mann-Kendall test.

Lake Parameter January February = March April May June July August  September  October = November  December
T (°C) 8.7 7.5 8.2 11.9 17.93 23.4 26.4 26.56 22.6 17.77 13.33 10.4
) SD (°C) 0.6 0.5 0.7 1.2 1.05 1.2 0.9 1.09 0.6 1.01 1.08 0.9
Caspian Trend (°C/yr.) 0.016 -0.001 0.066 0.032 0.06 0.105 0.103  -0.033 0.011 -0.042 -0.053 -0.002
MK (%) 63.69 3.02 96.28 48.04 83.9 92.49 98.3 52.84 26.69 65.64 83.9 9.05
T (°C) 2.2 1 0.9 1.7 3.6 8 13.9 16.1 13.8 9.5 6.2 3.8
SD (°C) 0.6 0.6 0.7 0.8 0.9 1.3 2.2 1.6 1.6 1.2 0.8 0.5
Superior Trend (°C/yr.) -0.007 0.005 -0.004  -0.023 -0.023 0.025 0.06 0.013 -0.005 0.026 -0.03 0.011
MK (%) 23.82 20.92 3.02 32.31 50.48 12.05 65.64 15.02 20.92 32.31 69.37 29.52
T (°Q) 25.9 26.1 26.2 26.3 26.1 255 25 25.04 25.41 25.76 26 25.96
) . SD (°C) 0.4 0.4 0.4 0.4 0.3 0.3 0.2 0.15 0.14 0.16 0.2 0.18
Victoria Trend (°C/yr.) -0.011 0.028 0.02 0.022 0.013 0.025 0.023 0.01 0.016 -0.006 0.007 0.004
MK (%) 45.57 82.75 63.69 40.42 69.38 93.11 97.92 91.89 99.01 43.05 71.16 17.99
T (°Q) 2.3 1.1 1.1 2.5 6.3 13 18.9 20.06 17.28 12.3 7.9 4.5
SD (°C) 0.6 0.5 0.7 0.9 1.4 1.3 1.5 1.02 1.06 1.2 0.9 0.8
Huron Trend (°C/yr.) 0.004 0.03 0.107 -0.001 0.075 0.008 0.056 0.03 0.007 0.05 -0.023 0.023
MK (%) 3.02 61.64 23.82 6.04 59.54 3.02 45.55 32.31 23.82 77.46 37.77 40.41
T (°C) 3.07 1.9 2 3.37 6.98 13.93 19.94 21.14 18.18 13.04 8.33 491
o SD (°C) 0.6 0.63 0.86 1 1.46 1.55 1.76 1.24 0.95 1.28 0.95 0.71
Michigan Trend (°C/yr.) 0.012 0.027 0.013 -0.009 0.04 0.01 0.094 0.02 0.026 0.027 -0.05 0.035
MK (%) 29.52 57.37 20.91 37.76 48.04 3.02 69.36 37.76 32.31 48.04 65.64 63.68
T (°C) 27.25 27.53 27.78 27.69 27.37 26.54 25.8 25.85 26.48 27.02 27.16 27.18
) SD (°C) 0.24 0.28 0.36 0.33 0.38 0.28 0.2 0.16 0.16 0.16 0.24 0.17
Tanganyika  Trend (°C/yr.) 0.005 -0.001 0.003 0.014 0.035 0.017 0.028 0.02 0.018 0 0.019 0.016
MK (%) 15.03 6.04 17.99 52.85 97.7 65.68 99.87 98.94 95.93 0 92.52 89.69
T (°Q) 0.95 -0.37 -0.25 0.16 1.94 5.76 13.06 14.82 10.76 6.44 3.87 1.98
SD (°C) 0.38 0.69 0.26 0.28 0.55 1.09 1.9 1.64 1.27 0.54 0.36 0.26
Baikal Trend (°C/yr.) 0.008 0.65 -0.003 0.016 0.061 0.132 0.218 0.21 0.132 0.036 0.034 0.018
MK (%) 37.77 9.04 35.08 95.54 99.11 99.43 98.62 98.89 96.28 75.98 96.62 75.99
T (°Q) -0.4 0.04 0.11 0.39 1.22 6.19 14.16 14.12 9.77 5.64 2.59 0.83
SD (°C) 1.64 0.38 0.33 0.21 0.28 1.56 1.41 1.41 1.24 0.75 0.43 0.77
Slave Trend (°C/yr.) - - - -0.004 -0.024 0.141 0.054 0.12 0.033 -0.025 0.008 -
MK (%) - - - 37.78 91.19 91.17 52.83 86.04 40.41 57.37 29.52 -
T (°C) 1.62 0.43 1.66 5.24 11.46 18.55 23.36 23.63 20.46 15.25 9.68 4.59
. SD (°C) 0.85 0.49 1.03 1.3 1.34 1.04 1.24 0.97 0.94 1.26 1.05 1.16
Erie Trend (°C/yr.) 0.034 0.037 0.026 0.015 0.002 -0.029  0.378 0.789 0.07 0.093 -0.006 0.054
MK (%) 45.56 95.93 37.76 26.68 12.04 26.69 83.9 37.76 78.88 91.18 9.04 55.14
T (°C) 3.33 2.19 2.22 3.61 7.75 15.24 21.16 22.08 18.98 13.66 8.62 5.27
) SD (°C) 0.59 0.6 0.85 1.03 1.92 1.58 1.55 0.97 1 1.15 0.85 0.79
Ontario Trend (°C/yr.) 0.013 0.024 0.024 0.032 0.038 0.015 0.114 0.035 0.063 0.077 0.015 0.041
MK (%) 35.06 57.37 65.65 52.83 23.82 15.02 86.04 43.01 87.96 94.66 9.04 45.56

monthly value is registered for the Baikal lake in February, —0.4 4 0.3°C.
According to Moukomla and Blanken (2016), surface temperature below
0°C may correspond to ice cover, which could be for liquid water surfaces
by the sensor. Changes from minimum to maximum values are gradual
through the months.

Stability in absolute LSWT values terms is observed in two pair of
months: July and August for the Caspian Sea, Victoria, Tanganyika, Slave
and Erie lakes and February and March for the Superior, Victoria, Huron,
Michigan, Baikal, Slave and Ontario lakes. These relative sable values
are identified with minimum and maximum annual values. Changes from
minimum to maximum LSWT values are gradual through the months.

5. Conclusion

Lakes are freshwater enclosed extensions in which there is no exchange
with open waters. For this reason, the initial hypothesis of this work was
that they could suffer to a greater extent form the effect of global warming.
Results show positive LSWT trend for the ten lakes considered: the Caspian
Sea, Superior, Victoria, Huron, Michigan, Tanganyika, Baikal, Great Slave
Lake, Erie and Ontario lakes.

Furthermore, when considering the current SST warming rate, es-
tablished in 0.018°C/yr for the whole sea surfaces, seven of these ten
lakes exceed this trend. The sample size is limited enough to prevent
generalizing that LSWT is warming at a higher rate than SST, but it can
be affirmed that the LSWT of seven of the largest lakes of the world is
increasing at an accelerated rate. The highest LSWT is found for Lake

Baikal, with 0.083°C/yr, nearly five times the global SST trend, whereas
the lowest trend is associated to Victoria Lake, with 0.012°C/yr.

LSWT trends have also been calculated by months for each lake with the
aim of detecting possible monthly variability. Results show that warming
rates are not homogeneous throughout the year, and they are accentuated
during the Northern Hemisphere summer months (June-July-August) for
all the lakes, matching, as well, with the higher absolute LWST values of
the Northern Hemisphere lakes.

The MODIS Level 3 SST Thermal IR 8 Day 4 km V2019.0 achieves SST
retrieval by applying a specific SST algorithm. However, it also provides
information about freshwater extension and this paper has demonstrated
its functionality in this type of ecosystems. The validations carried out
show correlations between 0.96 and 0.99 with results provided by previous
literature.

Remote sensing is a valuable technology which provides homogeneous
and periodic data from the whole Earth’s surface. Its main disadvantage
is the impossibility of collecting data below clouds. This weakness is
overcome by the satellite temporal resolution that means 4 passes per day.
The low uncertainty of results confirms its reliability, strengthened by the
validation that has been carried out.

The LSWT is positioned as a parameter of climatic interest, already
recognized as an Essential Climate Variable by the World Meteorological
Organization, which reflects global warming in an amplified way. As for
other ECVs, such as SST, the LSWT must be continuously monitored, as it
is an indicator of the behaviour of the surface temperature of the planet.
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Absolute LSWT (°C) Trend (°C/yr) Absolute LSWT (°C) Trend (°C/yr)

Caspian Lake Tanganyka Lake

Slave Lake

25

Michigan Lake

Figure 8: Absolute LSWT and trends during the timespan 2003-2020 for the ten lakes considered in the study: Caspian Sea, Superior, Victoria, Huron, Michigan, Tanganyika,
Baikal, Great Slave Lake, Erie and Ontario lakes.
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