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Abstract

:

In arid and semi-arid regions, the climatic impact on lakes is especially critical, as they are scarce and play an important role as a primary source of the water supply. However, in some extended regions with those climatic conditions, the implementation of an in-situ monitoring program of high temporal resolution of the water resources is not possible due to its logistics and costs. Thus, developing an accurate methodology to monitor the evolution of water bodies is especially critical in these areas. For example, with remote sensing images, lake area fluctuation can be analyzed. The main objective of this study was to identify an efficient remote sensing methodology, with a temporal resolution that allows for analyzing intra-annual lake area variations. For detecting lakes area changes six Moderate Resolution Imaging Spectroradiometer (MODIS, National Aeronautics and Space Administration products) indexes and layers were analyzed and compared. We applied the methods to the Musters (deep) and Colhué Huapí (shallow) lakes, which are located in the extra-Andean Argentine Patagonia plains (semi-arid region). The MODIS products have not been accurate to detect the areal variations of the deep lake, probably because the spatial resolution of these images is not specific enough to identify the slight variation that these lakes usually have on the extension of their area. On the contrary, MODIS products have been accurate to analyze the areal changes of the shallow lake. The Colhué Huapí lake area fluctuated between 105 km2 to 797 km2. The Modified Normalized Difference Water Index (a combination of green and middle infrared electromagnetic spectrum), as well as two bands that include a different range of middle infrared surface reflectance (2105–2155 nm; 1628–1652 nm), were the most accurate to identify the variation of the lake area.
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1. Introduction


Climate variability affects temperature, wind intensity, and precipitation patterns, which alter basin hydrology [1,2]. Frequently, lakes and reservoirs are located at the lowest position within a basin, collecting most of its water. Thus, water bodies usually have a high sensitivity to climate variability, which produces changes in its physical, chemical, and biological characteristics [3,4,5,6]. The climatic impact on the lakes is especially critical in the arid and semi-arid regions, since they are scarce and play an important role as a primary source of the water supply. Also, those regions are usually affected by desertification processes, defined as a deterioration process of soils, plants, and water resource through which economically productive ecosystems lose their regeneration capacity [7,8]. Desertification is one of the most important environmental issues affecting 40% of continental areas [8]. The reduction of lakes surface area exposes the soil to wind erosion, rain, and surface runoff, leading to a desertification process [8].



In some extended regions with arid and semi-arid conditions, the implementation of an in-situ monitoring program of high temporal resolution of the water resources is not possible due to its logistics and costs. Thus, developing an accurate methodology to monitor the evolution of water bodies is especially critical in these areas.



Studies that are based on the analysis of remote sensing images allow for evaluating different aspects of hydrology and water resources over extended areas [9,10], such as soil moisture [11], floods [12], glacier recession and snow distribution [13,14,15], and water quality [16,17]. Also, lake area variation is studied by remote sensing [9,18]. Particularly, some studies showed that changes in lake area extension are indicators of climate variability because they reflect changes in the water balance and heat conditions [19,20,21,22].



Lake area fluctuations can be analyzed with a wide range of bands or indexes (calculated as a combination of bands) from the remote sensing images. For instance, the middle infrared (MIR, 1250–2500 nm) and the near infrared (NIR, 700–1250 nm) bands were successfully used for detecting open water surfaces from remote sensing images [10,23], due to the strong water absorption in contrast to a strong reflectance of the vegetation and soil in those ranges [24]. Sometimes, however, because of specific water characteristics, such as turbidity and the presence of aquatic vegetation, these bands alone are not enough to accurately distinguish open water surfaces [10]. Water-related indexes were, therefore, developed combining the MIR, NIR, and visible (VIS, 350–700 nm) spectral regions. Some of those indexes are: the Normalized Difference Water Index (NDWI1; [25]), which combines the Green (G, 495–570 nm) and NIR bands; the Normalized Difference Water Index (NDWI2; [26]), a combination of NIR and MIR bands; the Modified Normalized Difference Water Index (MNDWI), derived from the NDWI1, a combination of G and MIR bands [27]; the Normalized Difference Vegetation Index (NDVI), a combination of G and NIR bands [28], initially defined for vegetation studies that has been also proven useful for detecting water bodies from soils [18].



In this scenario, the Argentinean Patagonia (South America), and particularly the extra-Andean Patagonian plain, is an extended (800,000 km2) semi-arid region, where water resources are scarce. The lakes in this area, which are the largest and deepest in South America [29], play a crucial role for the local and regional population, and the developing opportunities of the area [30,31]. The impact of climate variability on water resources is especially critical for this region [32,33,34]. Temperature has increased while snow precipitation has decreased during the last century, producing glacier recession and regional hydrological changes [35,36]. Also, some of the lakes that were located within the extra-Andean Patagonian plains have their area dramatically reduced several times since 2000 [22,37,38], which increased the desertification processes. Desertification is the main socioecological issue in extra-Andean Patagonia [39].



Even though Patagonian lakes are highly sensitive to climate variability, there is a lack of monitoring programs collecting physical, chemical, and biological samples with a temporarily high resolution, which allows for understanding how these lakes are affected by climate variability. Most of the studies carried on over these lakes had a snapshot sampling approach to analyzing their physicochemical [40,41,42,43] and biological [44,45,46] conditions. Thus, it is necessary to develop a methodology to analyze intra-annual fluctuations in lakes and rivers, especially in the extra-Andean Patagonian region. The permanence of waterbodies, as well as the water supply of the population in this region, depend on river discharge that originated in the Andes, which is highly seasonal and can only be studied with methodologies of higher temporarily resolution. Such methods could lastly be used to improve the hydrological resources management.



Moderate Resolution Imaging Spectroradiometer (MODIS, National Aeronautics and Space Administration products) satellite images can be used to analyze lake area intra-annual variation in remote regions where extreme climatic events effects over the water resources have been poorly studied. MODIS products have a low spatial resolution (250 m × 250 m; 500 m × 500 m) but a wide range of high temporal resolutions (0.5, 8, 16 days). In the Argentine Patagonia, lake area inter-annual fluctuations have been analyzed using Landsat images [22,38]. However, analyzing lake area intra-annual variation using Landsat images in this region is not possible. That is because, despite having a high spatial resolution (30 m × 30 m), the images have a low temporal resolution (16 days), present errors in the Landsat 7 images (since 2003), and they are not always useful due to a high percentage of cloud coverage. This last point is particularly important when developing a method to obtain intra-annual data in regions where precipitation is highly seasonal, such as in extra-Andean Argentinean Patagonia plains. Cloud cover is an issue during rainy months, and despite both MODIS and Landsat images are affected by cloud coverage, MODIS has a higher temporal resolution for some of its products (eight days). Thus, more images are available for MODIS than for Landsat products, and there are more possibilities to find an image without cloud coverage.



In this study, the accuracy of several indexes and layers, calculated and obtained from different MODIS products, for detecting lake area changes were analyzed and compared. The main objective was to identify an efficient remote sensing product, with a temporal resolution that allows for analyzing intra-annual variations. To be feasible and useful, the methodology must meet some strong conditions: (a) identify the presence of water bodies no matter its thickness; (b) have a minimal confusion between water bodies and other land covers; and (c) be able to separate the land cover automatically (without a supervised classification preprocessing). As an example, we have applied the methodology to the Musters and Colhué Huapí lakes, which are located in the extra-Andean Argentinean Patagonia plains, but it can be applied elsewhere as well.



Study Area


Musters (MU) and Colhué Huapí lakes (CH) (Figure 1) are the largest natural extra-Andean water bodies in the Argentine extra-Andean Patagonia plains [47]. They are located in the lower basin of the Senguer River (Figure 1). A ridge that reaches 600 m a.s.l. (oriented N-S) separates the lakes: the MU that is located on the West side and the CH on the East side. Although there is a short distance between them (less than 20 km), lakes show marked different physical and biological features.



Musters is a deep (maximum depth 38.5 m) lake, with 12 km width, and 40 km length. It has a tectonic origin with high elevations (900 m) on its western, northern, and central-east coasts. It is a mesotrophic lake, with middle levels of turbidity (Secchi disk 3.4 m, chlorophyll a 7 µg/L) [40] (Table 1). On the contrary, Colhué Huapí is a shallow (maximum depth 5.5 m) lake, with 23 km width, and 50 km length). Although originated by tectonic processes, it was reshaped by eolic and fluvial activity [47]. Except for the plateaus on its northern coast (500 m a.s.l.), most of the lake presents slight elevation on its shores. It is a eutrophic lake, with high turbidity (Secchi disk 0.07 m, chlorophyll a 17 µg/L) [40]. The physical differences between the two lakes are important in a period of water shortage since the shallower lake area decreased up to 80% of its mean size, while MU lake area varied less than 5% (22, 37) (Table 1).



The main tributary of both lakes is the Senguer River, which originates at the Andes (Figure 1). The Senguer River has its peak flow during spring (September–December) due to snow-melted water at the upper basin [48]. Senguer River mean discharge is 52 m3/s and it fluctuates inter-annually between 29 and 83 m3/s [49]. The Senguer River flows into the Musters Lake on its southern coast, but 50 m before reaching the lake, part of its flow diverges to the east and becomes the Falso Senguer River that discharges into the Colhué Huapí on its west coast (Figure 1). Neither of these lakes has an outflow. Thus the Senguer River basin is endorheic. Water used to flow out from the east coast of Colhué Huapí Lake through the Chico River, and finally ending in the Atlantic Ocean through the Chubut River. However, changes in climatic conditions have modified the geomorphology of the surrounding area of the Colhué Huapí Lake, and, for the last 60 years, the Chico River no longer flows [30,31,37].



A series of anthropogenic impacts affect Musters and Colhué Huapí lakes. One of these impacts is the effect of agriculture. Before reaching Musters Lake, the Senguer River must pass through fertile cropland (Sarmiento Valley), which is located between the two lakes, which contain a large number of irrigation channels [37]. About 14.5 m3/s of water is used for agricultural activities during the irrigation season (July to December). The water supply for agriculture is controlled by an institution (“Instituto Provincial del Agua”) that currently has no methodology to evaluate the consequences that the water extraction produces to the two lakes. Also, Musters Lake is strategically important as a source of water for the local and regional communities (the lake supplies 150,000 m3/day of water to 254.000 inhabitants) [30].



Mean annual precipitation over the lakes is 100–200 mm/a, and it is concentrated on winter months (May to August) [50]. Mean annual temperature is 8 °C with large thermal amplitudes (>50 °C). The wind is a significant meteorological factor, with a prevailing W and SW direction, 30 km/h speeds, and gusts of 100 km/h [30]. Evaporation in this region is high (1800 mm/a).



Lake area fluctuation is related to the lake inflows (Senguer River discharge and local precipitation) and outflows (evaporation from the lakes), which are affected by two southern climate modes: El Niño-Southern Oscillation (ENSO) and the Antarctic Oscillation (AAO) [22]. Both meteorological phenomena are highly dynamic, and their interactions make it more difficult to predict their impact on the lakes.



The effect of meteorological variables over lake area inter-annual fluctuations has been analyzed by calculating the Colhué Huapí (CH) and Musters (MU) lakes area using remote sensing images Landsat 5, 7, and 8 [22]. The images corresponded to the period 1998–2015. For both water bodies, lake area as calculated with Landsat images presented a high adjusted R2 (CH = 0.86; MU = 0.74) in a standard multiple regression calculated with hydrological variables [22]. A model to predict lake area fluctuation was built based on the coefficients of the standard multiple regression. The model fit for lake area was tested using the Nash–Sutcliffe model efficiency index (NSE) (CH = 0.92; MU = 0.99) [22] and a standard t-test for dependent samples (CH p-value = 0.24; MU p-value = 0.32; marked differences were significant at p < 0.01). For both of the lakes, the model calculated with Landsat images predicted their area well.



However, in the study area, it is impossible to study intra-annual changes in lakes with Landsat products. That is due to the gap of images between 2011 and 2013 (when Landsat 5 stopped working, Landsat 7 presented the strip error, and Landsat 8 was not operating), and more importantly due to the low temporal resolution of these satellites (which is critical during the winter rainy months when most of the images are not useful due to a high percentage of cloud coverage). In fact, in our study area between 2001 and 2016, it is impossible to complete a single year with one useful Landsat image per each winter month. On the contrary, with the higher temporarily resolution of MODIS products, there is at least one useful image available per month for all the years of the study period. This last point is particularly important for the future implementation of a method oriented to obtain intra-annual data in regions where precipitation is highly seasonal, such as in the study area.





2. Materials and Methods


2.1. Processing Protocol to Delineate Water Bodies


The area of CH and MU lakes were calculated using different MODIS satellite products. The images used in this study correspond to the same dates than the Landsat images that were previously used for calculating lake areas in Scordo et al. [22]. As in Scordo et al. [22], summer satellite images were used corresponding to the period 2001–2016. Also, the summer images were used because the highest river discharge occurred during spring, and its effects over the lake areal extension are more clearly appreciated during summer.



A total of 96 MODIS images were processed (16 per each band or indexes tested). The layers corresponded to MOD13Q1v6, and MOD9A1v6 products (tiles h13v13) were obtained, free of charge, from the U.S. Geological Survey website. Each product included a series of layers. The MOD13Q1 layers used are provided every 16 days at 250 m spatial resolution. The MOD9A1v6 layers are provided every eight days at 500-m spatial resolution. The layers employed to calculate lake area were MOD13Q1v6 Normalized Difference Vegetation Index (NDVI) and Middle Infrared surface reflectance (MIR (b7); 2105–2155 nm); and, MOD9A1v6 surface reflectance bands 2 (NIR; 841–876 nm), 4 (G; 545–565 nm), and 6 (MIR (b6); 1628–1652 nm).



To obtain lake areas (km2), firstly all the layers were projected to Universal Transverse Mercator (UTM) coordinates using the MODIS Reprojection Tool v4.1 (https://lpdaac.usgs.gov/tools/modis_reprojection_tool). To differentiate water from other land covers the MOD9A1v6 surface reflectance bands 2, 4, and 6 were used to calculate three different water index: Normalized Difference Water Index 1 and 2 (NDWI1 and NDWI2) and Modification of Normalized Difference Water Index (MNDWI). While the layers MOD13Q1v6 NDVI, surface reflectance MIR band and MOD9A1v6 surface reflectance band 6 were also used alone (Table 2). Lake areas were obtained by unsupervised classification (IsoData method) and vectorization of the layers of each index calculated and bands employed. The method that was developed in this study is oriented to obtain intra-annual data, in an automatized procedure. An automatized processing should be objective (independent of the interpreter), repeatable for others users, robust, and exhaustive. All of those features are associated with an unsupervised classification method of satellite digital data. In this context, IsoData [51] is one of the most used clustering algorithms when working with an unsupervised classification of satellite images data [52], and it is frequently used in water resources studies to delineate and determine changes in water boundaries [53,54,55,56]. The information was processed by Envi 4.1 (ESRI) software and a Geographic Information System (GIS) (ArcGIS v10.0, (ESRI, Redlands, CA, USA).




2.2. Validation


To validate which of the different MODIS bands and indexes are the most accurate to calculate the lakes area, the results that were obtained with them were compared with the lakes area, as calculated with Landsat images by Scordo et al. [22]. In that study, the results that were obtained with Landsat images proved to be highly correlated with the river discharge and climatic variables. A standard t-test for dependent samples was applied (marked differences were significant at p < 0.01) to compared the results that were obtained with the MODIS and Landsat images.




2.3. Application


An example of the application of MODIS images in the study area is presented. The most accurate MODIS layer has been used to analyze CH lake area intra-annual fluctuation between January of 2001 and 2002. That period and lake have been used because during 2001 the CH was close to disappearing [37], but at the end of 2001, the lake area recovered and increased 350% in less than a year. The CH lake area data during this period was obtained by analyzing 21 MODIS satellite images. Lake area data was correlated with the discharge data of its main tributary (the Falso Senguer River). The data of mean daily river flow (m3/s) corresponded to a hydrological station that was located in the river (http://bdhi.hidricosargentina.gov.ar/MuestraDatos.aspx?Estacion=12264). The mean daily discharge was converted to daily discharge. Finally, lake area was correlated with the accumulated discharge from all days between images.





3. Results


3.1. Annual Time Series (2001–2016) of CH and MU Lakes Area


The reference samples (lake area calculated with Landsat images) analysis shows that, during the study period, the MU and CH lakes area presented inter-annual variation, which was more evident for the CH because of its geomorphology (shallower than MU) (Table 3, Figure 2). The CH mean area was 530 km2 with a standard deviation of 219 km2 (Table 4). The lake reached its lowest extension, 18% (105 km2) of its mean area, during 2001, while its largest extension, 141% (797 km2) occurred during 2007 (Table 3, Figure 2 and Figure 3). The CH area fluctuated within a range over the study period, which was higher than 120 % of its mean area (Table 3). For CH, two different periods of lake area changes could be defined. From 2001 to 2007, the area increased up to reach 141% of its mean area. While from 2007 to 2016, the lake decreased up to reach 47% (251 km2) of it mean area (Table 3, Figure 2). The MU mean area was 437 km2 with a standard deviation of 9 km2 (Table 4). The lake reached its lowest extension, 95% (407 km2) of its mean area, during 2000. While it reached its largest extension, 104% (454 km2) of its mean area, during 2003 (Table 3). During the study period, the MU area fluctuated within a range lower than 10% of its mean area (Table 3).




3.2. Assessment of Different Indexes and Layers Calculated and/or Obtained from MODIS Products to Calculate CH and MU Lakes Area


The time series of MU lake area calculated with all MODIS indexes and bands presented significant differences with the time series of lake area that was calculated with Landsat images (p < 0.01) (Table 4, Figure 4). The time series of CH lake area calculated with MNDWI, NDWI2, MIR (b6 and b7) correlated well and do not present significant differences with the time series of lake area calculated with Landsat images (p < 0.01) (Table 4, Figure 4). However, time series of the lake area calculated with NDWI2 presented significant differences with lake area being calculated with Landsat images at a p < 0.05 (Table 4, Figure 4). While the time series of CH lake area estimated with NDVI and NDWI1 presented significant differences with lake area calculated with Landsat images (p < 0.01).



The differences between the mean value of the CH lake area time series that were obtained with the MNDWI (527 km2), MIR b6 (533 km2), and MIR b7 (529 km2), and the mean value of the lake area time series obtained with Landsat images (530 km2) are less than 0.8% (4 km2) (Table 4). Also, the differences between the standard deviation of the lake area time series that were obtained with those indexes and the standard deviation of the lake area time series obtained with Landsat images are less than 10% (24 km2) (Table 4, Figure 2).



For the CH, when analyzing annual values of lake area calculated with MODIS (MNDWI, MIR b6, and MIR b7) and Landsat images, the differences were mostly less than 10% (Figure 2). The highest inconsistencies (30–20% for MNDWI, MIR b6, MIR b7, and NDWI2; 80% NDWI1 and NDVI) between the lake area calculated with MODIS and Landsat images appeared in those years when the lake reached its lower extension (e.g., 2001) (Figure 2 and Figure 3). On the contrary, when the lake area reached it largest extension (e.g., 2007), the differences between the areas estimated with MODIS and Landsat images are mostly less than 10% for all MODIS bands and indexes (Figure 2 and Figure 3).




3.3. Aplication of MOD13Q1v6 MIR Band (b7)


The MOD13Q1v6 MIR band (b7) has been one of the most accurate layers to analyze the lake area variations for CH. Thus, 21 scenes of the MOD13Q1v6 MIR band were processed to analyze the CH lake area intra-annual fluctuations of between January 2001 and January 2002 (Figure 5).



Comparison of the CH lake area intra-annual fluctuations during 2001 and 2002, with the discharge values of the Falso Senguer River (CH main tributary), showed that daily discharge and lake area maximum, minimum, and periods of increasing and decreasing value, occurred on similar dates. From January to July 2001, both river discharge and lake area extension remained lower than their mean value for the period (Figure 5). On the other hand, both lake area and river discharge became higher than their mean from August to mid-December 2001, and, again, decreased from mid-December to January 2002 (Figure 5). Also, during 2001 and 2002, lake area and accumulated discharge (accumulated discharge between dates when MOD13Q1v6 images were available to calculate lake area extension) presented high correlation (R2 = 0.7; p < 0.01).



The CH lake area fluctuated from 153 km2 on 1 January 2001 to 479 km2 on 1 January 2002, and its mean surface was 279 km2 (Figure 5). The lake reached its lowest extension (80 km2) by 2 February 2001 and its largest extension (509 km2) by 2 December 2001. From January to July 2001, the lake area remained lower than its mean extension. While, from August 2001 to January 2002, the lake area was larger.



The Falso Senguer River mean daily discharge fluctuated from 0.5 hm3 on 1 January 2001 to 2 hm3 on 1 January 2002, and its mean value was 2.7 hm3 (Figure 5). The daily flow reached its lowest value (0.5 hm3) by 1 February 2001, and its highest value (8.3 hm3) by 1 October 2001. The daily discharge was lower than its mean value, from January to July 2001, and also during the last 15 days of December 2001. While daily flow was higher than its mean value from August 2001 to 15 December 2001 (Figure 5).



The CH lake area reached by 2 February 2001 was the lowest of the period 2001–2016 and that can be related to the low discharge values during January 2001 to January 2002. Falso Senguer River mean daily discharge (2.7 hm3) during January 2001 to January 2002 was 36% lower than the mean daily flow (4.2 hm3) of the period 2001–2016. Also, during 2001–2002 the lowest daily discharge value (0.5 hm3) was 89% lower than the mean daily discharge of the period 2001–2016.





4. Discussion


The indexes and layers calculated and obtained from MODIS products were not accurate enough to analyze the MU lake area variations. That is probably related to the physical characteristics of the lake. The MU is a deep lake with a tectonic origin, and its area varied less than 10% (30 km2) of its mean value (437 km2) during the study period. A quick calculation can be done to analyze mean variation around the lake perimeter. When dividing 30 km2 by Musters (MU) lake mean perimeter (285 km), the result is 105 m (mean variation around the lake). However, the MODIS products that were used in this study have a pixel size that is 250 m × 250 m (MOD13Q1v6) and 500 m × 500 m (MOD9A1v6). Thus, the lake area variations could not be addressed with the spatial resolution of MODIS images.



However, the MODIS products were an adequate tool to analyze variations in the CH lake area, which reached 120% of it mean value (530 km2). Mean fluctuation around the lake perimeter was 1325 m. This variation could be addressed with the spatial resolution of MODIS products applied in this study. Despite having a suitable spatial resolution, not all the MODIS indexes and bands applied in this study fitted well to analyze the area variation of the CH Lake. The results that were obtained with MNDWI, NDWI2, and MIR (b6 and b7), using MODIS images correlated well and did not present significant differences with the lake area calculated with Landsat images. However, the lake area estimated with NDVI and NDWI1 using MODIS images were significantly different.



All of the indexes and layers that were suitable to analyze the CH area variations included the middle infrared electromagnetic range (MIR band). Other studies [10,23] demonstrated that the indexes using the MIR band are the most efficient for detecting water bodies in arid areas. Between the two indexes (MNDWI and NDWI2), the MNDWI, which includes a visible band and a middle infrared band in its calculation, was the most accurate (higher p-value in the T-test and higher R2) to distinguish between water and other land covers in the study area. These results agree with those of some previous studies [23,57]. Between the two middle infrared bands, the MIR MOD13Q1v6 b7 was the most accurate to differentiate between water and other land covers. Boschetti et al. [23] explained that between MODIS MIR bands 7 and 6, the band 7 is much more sensitive to water presence but produces slightly more error (including wet soil as water) when compared with band 6. In this study, the MOD13Q1v6 b7 had a higher spatial resolution (250 m × 250 m) than the MOD9A1v6 b6, but the former has a lower temporal resolution (16 days) than the later (eight days). Both of the bands have been proved to be useful when analyzing changes in the area of the shallow lakes. Thus, the choice to use one or another will depend on which resolution (temporal or spatial) is more important for future studies.



As in other studies [10,23,57], the indexes that do not include the middle infrared band (NDVI and NDWI1) showed a low capacity for detecting shallow water bodies. The CH is shallow, and, on these lakes, soil bottom characteristics strongly influence the reflectance in the visible and near infrared domain [23]. In our study, when the lake reached its lower extension, and consequently, the water layer was thinner, and the soil bottom had a stronger influence on the water reflectance, the differences between the results estimated with the NDVI and NDWI1, and the reference samples were 80%. While, when the lake reached its largest extension and is deeper, the differences between the areas detected with NDVI and NDWI1 and the reference samples were only 10%.



Finally, when employing 21 scenes of the MOD13Q1v6 MIR band (b7) to analyze the CH lake area intra-annual fluctuation between January 2001 and January 2002, we observed that lake area intra-annual fluctuations were correlated with river discharge values. The main river of the basin where the CH is located has its peak flow during spring (September–December) due to snow-melted water at the upper basin [48]. Consequently, the maximum values of the CH area also occurred during spring. Also, the periods where the area increases and decreases followed the patterns of the discharge.



The approach presented here allows increasing the temporal resolution in the study site from 1 to 3 (useful) Landsat images per year to 24 MODIS images per year. The MODIS images, which have a high temporal resolution, are suitable tools to analyze some natural processes that the Landsat temporal resolution does not allow. All of the previous studies that analyzed the CH area fluctuations [22,37,38] employed Landsat satellite images. Neither of them were able to estimate the intra-annual variability and to calculate a statistical relationship between the area fluctuation and other natural variables, such as river discharge. Our results allow for an entirely new approach for future studies. It would be possible to calculate multiple regressions and spectral procedures to analyze the relationship between lake area fluctuations and other natural variables, such as discharge, evaporation, and local precipitation.



As an example, in 2001, the surface area of Colhué Huapí Lake had contracted to the smallest value ever recorded (105 km2). This situation generated several issues to the regional population. Artisan fishermen from the Colhué Huapí were not able to continue fishing in this lake and needed to relocate in the Musters Lake. Also, health issues appeared due to the eolian erosion of the lake sediments [37]. Fluctuations in river discharge cause most of the Colhué Huapí Lake changes. The river discharge fluctuations can be traced back to regional climate variability and human use for agriculture [22,31]. The critical decrease in the Colhué Huapí Lake area now can be controlled with the methodology that was developed in this study. With MODIS images, it is possible to monitor the lake extent monthly with almost no budget costs. Thus, with some further analysis, the “Instituto Provincial del agua” can analyze the size of the lake and decide how much water can be available for agriculture.




5. Conclusions


The present study brings useful information to elucidate which could be the most appropriate remote sensing option for monitoring intra-annually variations in deep and shallow water bodies in semi-arid areas with highly seasonal precipitation, such as the Argentine extra-Andean Patagonia. A range of indexes and layers, which were calculated and obtained from different MODIS products, for detecting lake area changes, were analyzed and compared. The main objective was to identify the most efficient remote sensing methodology, with a temporal resolution that allows for analyzing intra-annual variations. The method must also combine the best identification of a water body (no matter its thickness), minimal confusion between water bodies and other land covers, and an automatically separation between the different land covers.



MODIS products were not accurate enough to analyze of the deep lake (MU) area variations, as the spatial resolution of these images is not detailed enough to detect the slight variation that these lakes usually have on their areal extension. On the other hand, MODIS images provide a good and relatively simple tool to analyze these variations in shallow lakes, such as CH, as their spatial resolution is high enough to detect the large variations these lakes have on their surface. In the present case, the CH lake area fluctuated within a range that was 120% of its mean surface.



Between the several indexes and bands that were tested, the Modified Normalized Difference Water Index (MNDWI) (a combination of green and middle infrared electromagnetic range), as well as two bands that include a different range of middle infrared surface reflectance (2105–2155 nm; 1628–1652 nm) were the most accurate to identify the variation of the lake area. All of those indexes and bands included the middle infrared electromagnetic range. According to these results, when analyzing the areal changes in shallow lakes in semi-arid regions, using MIR bands is suggested before incurring in the calculation of normalized water indexes. Using a band rather than the indexes allows for processing the images faster and less demanding regarding memory storage. However, if employing the middle infrared bands alone is not good enough to detect the areal changes, then calculating the MNDWI is suggested.



Unsupervised classification (IsoData) was proved to be a reliable classification methodology to detect changes in shallow lake area. We understand different mapping accuracy can be achieved using the same water index but different mapping methods [58]. In some cases, the index itself may not sufficiently determine the accuracy of water extraction. However, in our work, we were not testing the accuracy of different mapping methods, but the accuracy of different indexes while using the same automatized mapping method. In that sense, we consider IsoData classification technic to fit the overall conditions we were looking for, it is an unsupervised, automatic, robust, objective and repeatable method. Also, the results that were obtained with this methodology were compared with lake surface area data obtained with Landsat images, which have been proved to be highly related to in-situ hydrological and climatic variable measurements [22].



Having a methodology of high temporal resolution with a base on an automatic classification to monitor lake area changes is essential in remote and poorly covered regions, like the Argentine extra-Andean Patagonia. In this region, water bodies are scarce and 254,000 inhabitants depend on them for water consumption.



Furthermore, this methodology could be employed to monitor flood events, although being a semi-arid region, it is affected by extreme precipitation events that produce high river discharges and floods. Also, this methodology has been proved to be a useful tool to monitor lakes area variations, which, when decreasing, expose soil to erosion leading to an increase of the desertification process. This is particularly important in a global context where desertification is one of the most important environmental issues, affecting 40% of continental areas. Finally, it has been shown MODIS satellite images are a powerful tool to monitoring lakes in extended regions where high temporal resolution data is needed, but there is cost restriction for environmental monitoring programs, as in Central and South America.
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Figure 1. The study area. (A) Location of the Senguer River basin; (B) Location of the Musters and Colhué Huapí lakes; and (C) Musters and Colhué Huapí lakes. High elevations (900 m) on the western, northern and central east coasts of Musters Lake and slight elevation on Colhué Huapí shores. Maximum (red) and minimum (blue) lakes area extension obtained with Landsat images for the period 2001–2016 [22]. 
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Figure 2. Colhué Huapí lakes (CH) area calculated with Landsat images (left axis). Differences (in percentage) between lake areas obtained with the MODIS (indexes and bands) and Landsat images (right axis). When lake area reached it largest extension the differences between the areas calculated with the MODIS and Landsat images is lower (e.g., 2007). The opposite occurred when lake area reached its lowest extension (e.g., 2001). 
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Figure 3. CH lake area calculated with Landsat and MODIS products for a year (2001) with low area extension and a year (2007) with a large area extension. On those years with low lake area extension, the Normalized Difference Vegetation Index (NDVI) and NDWI indexes produced higher errors. The errors with those indexes are probably related to the physical features of the lake. As a shallow lake soil bottom characteristics strongly influence the reflectance in the visible and near infrared domain, which are used to calculate those indexes. 
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Figure 4. Scatter plots between the time series of the MU and CH lakes area obtained from Landsat images, and the MODIS bands and indexes. Marked differences are significant at p < 0.01 (Red), while correlations are significant at R2 > 0.95 (Bold). 
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Figure 5. Comparison of the CH lake area calculated with MOD13Q1v6 middle infrared electromagnetic range (MIR) band and Falso Senguer river daily discharge from January 2001 to January 2002. From January to July 2001 the lake area and river daily discharge remained lower than their mean value for this period (279 km2; 2.7 hm3). Both lake area and river discharge stayed higher than their mean from August to mid-December 2001. 
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Table 1. Physical and biological features of the Musters and Colhué Huapí lakes.
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Lakes




	
Lake Features

	
Musters (MU)

	
Colhué Huapí (CH)






	
Mean depth (m)

	
20 *

	
2 *




	
Mean areal extension (km2)

	
437 **

	
530 **




	
Maximum percentage of areal variation (%)

	
5 *

	
80 **




	
Trophic state

	
Mesotrophic *

	
Eutrophic *




	
Turbidity

	
Middle *

	
High *








Note: * [40]; ** [22].
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Table 2. Indexes and layers (bands), calculated and/or obtained from Moderate Resolution Imaging Spectroradiometer (MODIS) products, used to calculated lake area extension.
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MODIS Products

	
Index/Band

	
Equations **

	
References






	
MOD9A1v6

	
MNDWI: Modified Difference Water Index

	
(G + MIR (b6))/(G − MIR (b6))

	
[27]




	
NDWI1: Normalized Difference Water Index

	
(G + NIR)/(G − NIR)

	
[25]




	
NDWI2: Normalized Difference Water Index

	
(NIR + MIR (b6))/(NIR − MIR (b6))

	
[26]




	
MIR *: Middle Infrared

	
MIR (b6)

	




	
MOD13Q1v6

	
NDVI *: Normalized Difference Vegetation Index

	
(NIR + R)/(NIR − R)

	
[28]




	
MIR *: Middle Infrared

	
MIR (b7)

	








Note: * Layers of the products used which did not need to be calculated. ** Band electromagnetic range: MIR (b7): 2105–2155 nm; MIR (b6): 1628–1652 nm; NIR: 841–876 nm; R: 620–670 nm; G: 545–565 nm.
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Table 3. Increasing and decreasing lake area periods calculated with Landsat images (reference samples) using a red green blue (RGB) band combination (near infrared; short wave infrared; red; Landsat 5 and 7: bands 4–5–3. Landsat 8: bands 5–6–4).
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Period of Lake Area

	
Year

	
Area CH (%)

	
Year

	
Area MU (%)






	
Increase

	
2001

	
18

	
2000

	
95




	
2007

	
141

	
2003

	
104




	
Variation

	
+123

	
Variation

	
+9




	
Decrease

	
2007

	
141

	
2003

	
104




	
2016

	
47

	
2016

	
98




	
Variation

	
−94

	
Variation

	
−6
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Table 4. Mean and standard deviation of the time series of the musters (MU) and CH areas calculated with Landsat (reference sample) and the indexes and bands calculated and/or obtained from MODIS products.
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Mean Area (km2)

	
Std. Dv. (km2)

	
p

	
R2






	
Colhué Huapí

	
Landsat (Scordo et al., 2018) *

	
RGB

	
530

	
219

	

	




	
MOD9A1v6

	
MNDWI

	
527

	
201

	
0.60

	
0.99




	
NDWI1

	
435

	
252

	
0.00

	
0.91




	
NDWI2

	
493

	
205

	
0.01

	
0.94




	
MIR (b6)

	
533

	
202

	
0.74

	
0.97




	
MOD13Q1v6

	
NDVI

	
445

	
257

	
0.00

	
0.92




	
MIR (b7)

	
529

	
195

	
0.93

	
0.99




	
Musters

	
Landsat (Scordo et al., 2018) *

	
RGB

	
437

	
9

	

	




	
MOD9A1v6

	
MNDWI

	
407

	
13

	
0.00

	
0.33




	
NDWI1

	
423

	
9

	
0.00

	
0.76




	
NDWI2

	
308

	
57

	
0.00

	
0.03




	
MIR (b6)

	
420

	
20

	
0.00

	
0.02




	
MOD13Q1v6

	
NDVI

	
429

	
13

	
0.00

	
0.78




	
MIR (b7)

	
415

	
10

	
0.00

	
0.04








Note: * [22]. p-value of the t-test for dependent samples and R2 values calculated between the time series of the MU and CH lakes area obtained from Landsat images, and the MODIS bands and indexes. Marked differences are significant at p < 0.01 (Red), while correlations are significant at R2 > 0.95 (Bold).
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