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Water transparency, as indicated by the Secchi disk depth (Zsd), is a key parameter for assessing the quality of aquatic environments, reflecting the ability of light to penetrate through the water column. In the Tibetan Plateau (TP), where lakes are abundant yet remote and challenging to access, remote sensing techniques offer a promising approach for monitoring Zsd over large spatial scales. In this study, we used the semianalytical -based Zsd algorithm to study the temporal and spatial dynamics of water transparency over TP during the period from 2003 to 2022. The results show that the 173 lakes have a mean value of Zsd is 3.64 ± 2.4 m for long term, and generally with the significantly increasing change trends in the past 20 years. In the central Tibetan Plateau (CTP) region, lake transparency showed a positive correlation with lake surface temperature (r = 0.73) and a negative correlation with precipitation (r = −0.54), highlighting the region’s heightened sensitivity to meteorological changes compared to other areas. The spike in water clarity observed in the CTP region may be linked to alterations in lake hydrodynamics driven by the extremely climate events (i.e., El Niño). These results indicated the importance of considering regional climatic factors when interpreting fluctuations in water transparency.
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1 INTRODUCTION
The Tibetan Plateau (TP), often referred to as the “Third Pole” of the world, is notable for its significant ecological value, with numerous lakes distributed across the region, covering a total area of ∼47,000 km2 (Zhang et al., 2014). As one of the most climate-sensitive regions, the Tibetan Plateau has experienced significant regional environmental and climatic changes, including persistent warming (Gao et al., 2015), increased precipitation (Rangwala et al., 2009), and decreased wind speed (Yang et al., 2011). These changes have the potential to alter the aquatic environment and water quality of high-altitude lakes. Consequently, long-term assessments of water quality changes are a crucial approach for exploring how lakes respond to climate change. Investigations into how water quality responds to climate change have profound implications for both lake ecology and climate science.
Secchi disk depth (Zsd) records the ability of light to penetrate through water and is one of the important parameters for measuring water quality. It is closely related to the content of dissolved, particulate matter and phytoplankton in water (Lee et al., 2015) widely used to study the spatial-temporal changes in the underwater light environment and phytoplankton content in water bodies (Carlson, 1977; Lee et al., 2015). It is considered to be a good indicator of the health of lake ecosystems (Cuffney et al., 2000; Shang et al., 2016). Typically, the Secchi disk is widely used as the primary method for measuring transparency. However, most lakes in the Tibetan Plateau are located in sparsely populated and cold high altitude areas, and the cost of in-situ measurement of water transparency in such harsh environments is prohibitive.
Remote sensing techniques can provide data for observing Zsd at a large spatial scale. Commonly used satellite for monitoring water quality parameters include the Sea-Viewing Wide Field-of-View Sensor (SeaWiFS), Moderate Resolution Imaging Spectroradiometer (MODIS), and the Landsat satellite series. Due to the wide coverage and high revisit frequency of MODIS data, it can provide daily Earth observation data, and thus has been widely applied in spatiotemporal monitoring studies of various water quality parameters (Shang et al., 2016; Shi et al., 2018; Wu et al., 2008). To date, various Zsd retrieval models have been proposed for water quality monitoring. For example, many scholars have developed empirical algorithms to estimate Zsd by exploring the correlation between radiometric information of satellite imagery such as apparent reflectance and surface reflectance and measured Zsd data (Duan et al., 2009; Olmanson et al., 2008; Ren et al., 2018; Shi et al., 2018; Yu et al., 2014). Lee et al. (2015) proposed a new Zsd retrieval algorithm based on the new underwater visibility theory. This new Zsd inversion model has been widely assessed using in situ measurements and successfully applied to analyze water transparency changes over time in the TP region (Liu et al., 2021). However, remote sensing studies on water transparency in the lakes of the TP have mainly focused on spatiotemporal variation characteristics, leaving the response of these lakes to extreme climate changes largely unexplored. Given the necessity to comprehensively investigate the long-term spatiotemporal evolution patterns of Zsd in the TP region and its responses to climate change, this study aims to document these evolution patterns in TP lakes from 2003 to 2022 using MODIS data and mechanism-based Zsd retrieval algorithms, and to explore how water quality has responded to the extreme climate conditions (i.e., El Niño).
2 DATASET AND METHOD
2.1 Study area
The Tibetan Plateau, often referred to as the “Roof of the World,” is a vast high-altitude plateau situated in central Asia. With the highest average elevation globally, it spans across southwestern China (26°00′N - 39°47′N, 73°19′E − 104°47′E), covering an approximate area of 2.9 million square kilometers (Figure 1). Characterized by its unique geography and challenging climatic conditions, the TP features a myriad of lakes, each manifesting distinctive attributes shaped by the plateau’s complex terrain and climate. Notable among these lakes are Qinghai Lake, Nam Co, and Selin Co, prominent large bodies of water that play a crucial role in the broader context of global climate change, water resource dynamics, and ecosystem evolution.
[image: Figure 1]FIGURE 1 | Spatial location of the research area: the Tibetan Plateau (TP).
The Central Region of the Qinghai-Tibet Plateau (CTP), encompassing 30°N to 34°N and 85°E to 92°E, represents a vital segment of the plateau, distinguished by its diverse and unique topography. The CTP is notably sensitive to climate fluctuations, making it a critical area for studying environmental and climatic changes (Lei et al., 2019). This sensitivity provides an invaluable opportunity to examine the impacts of these changes on local ecosystems and water bodies.
2.2 Satellite imagery
Rrs products from MODIS Aqua were used in this study to obtain Zsd properties and that of spatial-temporal variation over research area. Aqua satellite mainly carried on the MODIS ocean color bands (i.e., Band 8–16), which also can be applied to inland water color research. Specifically, the level-2 Rrs products in the period of 2003–2022 were acquired from NASA’s Ocean Color Web (https://oceancolor.gsfc.nasa.gov). The standard level-2 Rrs products were generated using the NIR-based atmospheric correction method, with detailed description on the Web Book (https://www.oceanopticsbook.info/view/introduction/overview). Since the accuracy of MODIS observation is frequently affected by unfavorable observation conditions, such as clouds, straylight and pixel noise, quality control flags (i.e., l2_flags) were applied to mask the problematic pixels.
2.3 Environmental dataset
Data related to perception were acquired from the NASA Giovanni website (https://giovanni.gsfc.nasa.gov/giovanni/). We obtained the Multi-satellitE Retrievals for Global Precipitation Measurement (GPM) (IMERG) products, which provide the global surface precipitation rates at a high resolution of 0.1° every half-hour beginning 2000. Lake surface temperature (LST) data were derived from the MODIS Aqua Level-3 daily product for water surface temperature (https://oceancolor.gsfc.nasa.gov/), with a spatial resolution of 4 km. This dataset was produced by combining remote sensing and measured data, and it has been widely used on the inland lakes variation studies (O’Reilly et al., 2015; Schneider and Hook, 2010). For this study, spatial resolution of temperature and precipitation data of the lake watersheds were resampled to 0.1°.
2.4 Water transparency model
In order to accurately obtain the transparency of different types of water bodies, a semi-analytical method was used to calculate the Zsd. The approach represents an advancement of the Zsd methodology initially proposed by Lee et al. (2015), building upon the quasi-analytical algorithm (QAA) (Lee et al., 2002). The method has been validated by related studies using in situ measurements, proving its suitability for accurately estimating water transparency in the TP region (Liu et al., 2021). Therefore, we can accurately estimate the water transparency for the TP lakes using the semi-analytical method.
It encompasses three primary procedural steps. Initially, the QAA_v6 algorithm is employed to extract absorption (a) and backscattering (bb) coefficients from Rrs at various wavelengths. In QAA_v6, the choice of the reference band depends on the value of Rrs (667); if rrs (667) is less than 0.0015sr−1, 555 nm is utilized as the reference band, otherwise, the reference band shifts to 670 nm. Subsequently, the diffuse attenuation coefficient (kd) is estimated from a and bb using the Equation 1 (Lee et al., 2013):
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where [image: image] is the solar zenith angle, [image: image] is the backscattering coefficient of pure water (Morel, 1974).
Finally, the Zsd is estimated from [image: image] and the corresponding Rrs(λ) using the Equation 2 based on the new underwater visibility theory (Lee et al., 2015):
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where [image: image] is the minimum Kd value among the visible bands, [image: image] is the corresponding Rrs at the band with the minimum Kd, and [image: image] is the contrast threshold for sighting a white disk (i.e., 0.013 sr−1) (Blackwell, 1946).
3 RESULTS AND DISCUSSION
3.1 Spatial and temporal dynamics of water transparency
Figure 2A showed the spatial distribution of the long-term annual mean (2003–2022) Zsd for TP region, totally 173 lakes. The Zsd values differed greatly among lakes, where the lowest values is 0.18 (MargogCaka, 87.01°E, 33.86°N), and the highest values is 12.1 (Mucuobingni Lake). The mean of water transparency over TP region is 3.64 ± 2.4 m, which is similarly with the Landsat-based mean Zsd retrievals by Song et al. (2020) (mean Zsd = 4.21m, median Zsd = 3.54 m). According to the subpanel, 28.3% of lakes have mean water transparency lower than 2m, with 13.4% of total lake areas. And 10.4% of lakes showed the Zsd values of higher than 7m, with the approximately 1/5 of the lake areas over TP. Note that the largest proportion of the lake areas is the Zsd values between 5 and 7m, with around 38.1%. The lower values of Zsd retrievals generally exhibited in the lakes with small areas, such as MargogCaka, and Rola Co. On the contrast, the large lakes showed the higher water transparency values easily.
[image: Figure 2]FIGURE 2 | (A) Distributions of long-tern annual mean Zsd covering TP over 2003 to 2022 period. The subplot indicated the count and lake area for different Zsd level. (B) Distributions of interannual Zsd trend covering the TP. Lakes with a statistically significant increasing and decreasing trend at a significance level of 0.05 were annotated with “↑” and “↓”, respectively. The subplot represented the preparation of significant increasing and decreasing, as well as non-significant increasing and decreasing. (C) Interannual variability and trends of TP Zsd between 2003 and 2022. (D) Interannual variability and trends of Zsd for the top four largest lake covering TP are as follows: Qinghai Lake, Selin Co, Nam Co, and Zhari Namco.
Figure 2B demonstrated the interannual Zsd trend and significance over TP region. In terms of statistics, the number of lakes that lied into ranges of <0%/yr and >0%/yr accounted for 47.9% and 52.1%, which represented the decrease and increase trend. An analysis of trend significance showed that 13.3% and 23.7% of lakes experienced statistically significant (p < 0.05) decreasing and increasing trends, respectively. Spatially, the lakes located in the northern part generally dominated by the increasing trend. The total trend of the water transparency during the period between 2003 and 2022 over TP area showed the significance increasing trend, with the 0.84%/yr (see Figure 2C). It is note that there were two peaks appeared around 2015 and 2022, with the Zsd values of 4.09 m and 4.23 m, respectively. Specifically, for the top four largest lakes, only Selin Co dominated by the significance decreasing trend (−2.04%/yr) (Figure 2D). While other three lakes showed the slightly fluctuation trend (p > 0.05).
3.2 Correlation analysis of lake clarity and meteorological factors
Research indicated that lakes in the central region of the Qinghai-Tibet Plateau (CTP, 30–34°N, 85–92°E, geographical location is shown in Figure 1) are more sensitive to the climate change than other regions of the plateau (Lei et al., 2019). Therefore, we conducted a correlation analysis of Zsd variations with meteorological data (including lake surface temperature and precipitation) separately for the CTP region and other regions of the plateau (non-CTP) (Figures 3A–D). Analysis of the correlation between lake clarity and meteorological parameters showed that lake surface temperature had a relatively remarkable impact on the clarity of lakes. This was illustrated by the finding: the clarity was mainly positively correlated with the LST both in CTP (r = 0.73, p < 0.01) and Non-CTP (r = 0.61, p < 0.05) regions. Therefore, from our analysis we concluded that the water transparency on the TP is linked with LST. The increase of lake surface temperature may reduce the vertical mixing ability of the water body (Carey et al., 2012), thereby enhancing the internal stability of the lake and maintaining the water clarity. The result of the correlation analysis between the Zsd retrievals and precipitation revealed a negative relationship in the CTP region (r = −0.54, p < 0.05). This may be attributed to increased runoff during precipitation events, which introduces more sediments and nutrients into the lakes, as well as enhanced mixing of the water column, both of which contribute to reduced water clarity. The similar correlation between precipitation and water clarity also existed in TP and other regions (Liu et al., 2021; Pilla et al., 2018; Rose et al., 2017). However, in the Non-CTP region, the correlation between Zsd and precipitation was weaker. This suggested that water transparency in the Non-CTP region might be less influenced by rainfall, whereas lakes in the CTP region demonstrated greater sensitivity to changes in meteorological conditions. Furthermore, other factors, such as lake expansion, could probably influence Zsd.
3.3 Speculation on the anomalous fluctuations in water transparency in 2015 for TP
In 2015, there was an anomalous peak in the water transparency of lakes in TP region, as shown in particular in Figure 2C. By analyzing the changes in water transparency in different regions (see Figure 3E), we found that lakes in the central region of the TP had anomalous transparency in 2015, while lakes in other regions generally maintained stable transparency levels. Therefore, the anomalous peak of water transparency in TP region in 2015 was mainly caused by the exceptional transparency of lakes in the central region. In 2015, several typical lakes in the CTP also showed similar anomalous peaks in water transparency (Figure 3E), including Nam Co, Zhari Namco, Dazeg Co, Bam Co, Pung Co, and Dawa Co.
[image: Figure 3]FIGURE 3 | (A, B) Correlationship between annually mean Zsd and lake surface temperature and precipitation over CTP region, respectively. (C, D) Correlationship between annually mean Zsd and lake surface temperature and precipitation over Non-CTP regions, respectively. (E) Time series of the annually mean Zsd retrievals for CTP and Non-CTP, and the precipitation and lake surface temperature. Also, annually mean Zsd values were presented for typical lakes in CTP, including Nam Co, Zhari Namco, Dazeg Co, Bam Co, Pung Co, and Dawa Co. Note that statistically significant correlations at a significance level of 0.05 and 0.01 were annotated with “*” and “**”, respectively. The grey stripes indicate El Niño years.
Due to the sensitivity of water clarity of the CTP region to meteorological changes, including lake surface temperature and precipitation (Figures 3A, B), we speculated that the sharp increase in Zsd observed in 2015 might be linked to global extreme climate events (Zhang et al., 2020). In 2015/2016, the world experienced one of the strongest El Niño events on record, with significant impacts on global climate (Wang et al., 2017; Xue and Kumar, 2017). The El Niño Southern Oscillation (ENSO) is the primary mode of interannual climate variability in the tropical Pacific Ocean, characterized by periodic warming (El Niño) and cooling (La Niña) of sea surface temperatures in the central and eastern equatorial Pacific (Nicholls, 2015).
During strong El Niño events, the presence of anomalous meridional dry advection over the western TP and the intensification of the Indian-Myanmar monsoon trough lead to a weakening of the Indian summer monsoon dynamic system. This weakening reduced the moisture transport dynamics eastward and southward across the TP, resulting in decreased humidity and reduced precipitation in the region (Hu et al., 2021). In 2015, during the El Niño period, the precipitation in the CTP area decreased by 35% compared to previous years (Lei et al., 2019). Due to the reduced precipitation and global temperature increase, the lake surface temperature in the CTP region was higher than usual (Figure 3E). During strong El Niño events, the anomalous increase in lake surface temperature at the CTP during strong El Niño events leaded to greater vertical temperature differences, which in turn leaded to increased density contrasts between the upper and lower water column. As the temperature of the overlying water body increases, its density decreases, causing it to stably float above the denser water below (Bonan, 1995). Therefore, the increased vertical temperature difference in the CTP lake hydrological system leaded to a larger density difference between the upper and lower water bodies, promoting the formation of thermal stratification within the lake system and stabilizing the internal structure of the lake. This stability reduces the redistribution of substances within the lake due to vertical disturbances, thereby increasing the transparency of the lake water and consequently increasing the water transparency. Additionally, the weakening of the Indian summer monsoon dynamic system during El Niño periods further decreased the likelihood of vertical disturbances caused by wind-induced lake motion (Monismith and MacIntyre, 2009), and stabilizing the internal hydrological system of the lake and increasing water transparency. Additionally, during periods of historically lower El Niño intensity, such as in 2006 and 2009, a slight increase in Zsd was observed in the CTP region, which coincided with rising LST and reduced precipitation (Figure 3E).
4 CONCLUSION
This study investigated the spatiotemporal dynamics of water transparency in the TP region and its response to global climate change. The spatial distribution of lake Zsd varied markedly across the TP, with most lakes exhibiting Zsd values between 5 and 10 m. The mean Zsd of the 173 lakes significantly increased at a rate of 0.84%/yr (p < 0.05) from 2002 to 2022. In the CTP region, there was a positive correlation between lake transparency and lake surface temperature (r = 0.73) and a negative correlation between transparency and precipitation (r = −0.54). The CTP area exhibited greater sensitivity to meteorological changes in terms of water transparency compared to other regions. Notably, the anomalous spike in water clarity observed in the CTP area in 2015 may be related to changes in the lake hydrodynamic system driven by strong El Niño events. Furthermore, during periods of historically lower El Niño intensity, such as in 2006 and 2009, a slight increase in Zsd was observed in the CTP region, which coincided with rising LST and reduced precipitation. These findings emphasized the importance of considering regional climatic factors (e.g., El Niño) when understanding anomalous fluctuations in water transparency.
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