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Abstract

:

Pronounced spatial non-uniformity has been obtained of daytime sea surface temperature (SST) of the Dead Sea and of land surface temperature (LST) over areas adjacent to the Dead Sea. This non-uniformity was observed in the summer months, under uniform solar radiation. Our findings are based on Moderate Resolution Imaging Spectroradiometer (MODIS) data (2002–2016) on board the Terra and Aqua satellites. MODIS data showed that, on average for the 15-year study period, daytime SST over the eastern part of the lake (Te) exceeded by 5 °C that over the western part (Tw). This SST non-uniformity (observed in the absence of surface heat flow from land to sea at the eastern side) was accompanied by spatial non-uniform distribution of land surface temperature (LST) over areas adjacent to the Dead Sea. Specifically, LST over areas adjacent to the eastern side exceeded by 10 °C that over areas adjacent to the western side. Our findings of spatial non-uniformity of SST/LST based on MODIS data were supported by Meteosat Second Generation LST records. Regional atmospheric warming led to a decrease in spatial non-uniformity of SST during the study period. Temperature difference between Te and Tw steadily decreased at the rate of 0.32 °C decade−1, based on MODIS/Terra data, and 0.54 °C decade−1, based on MODIS/Aqua data. Our simulations of monthly skin temperature distribution over the Dead Sea by the Weather Forecast and Research (WRF) model contradict satellite observations. The application to modeling of the observed SST/LST spatial non-uniformity will advance our knowledge of atmospheric dynamics over hypersaline lakes.
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1. Introduction


The Dead Sea is a terminal hypersaline lake with a depth of ~300 m, at a unique location approximately 430 m below sea level. The lake is flanked by relatively high mountains of ~1000 m height: the Judean Mountains to the west and the Moab Mountains to the east. Because of high salinity of ~300 PSU of Dead Sea water [1], the non-linear absorption of solar radiation is greater than that in fresh-water lakes such as the Sea of Galilee, located in the same climatic zone. Specifically, in the Dead Sea, at a depth of 2 m, solar radiation is only ~10% of its surface value [2]. As a result, in the daytime in the summer months, a thermocline (thermal layering) is created from the water surface down to a depth of 3–4 m, based on buoy measurements in the Dead Sea [3,4]. For comparison, in the fresh-water Sea of Galilee (with the same level of solar radiation) water temperature hardly changes even to a depth of 15 m [5,6]. In the absence of vertical water mixing under weak winds, solar radiation leads to significant warming of Dead Sea surface water. This warming of Dead Sea surface water could be non-uniformly distributed because of a possible inhomogeneous distribution of surface winds in the daytime. Little is known about the patterns of Dead Sea surface temperature. Nehorai et al. [3] discussed that the SST field is heterogeneous in the daytime and homogeneous in the nighttime. Kishcha et al. [7] showed that, in the summer months, the spatial distribution of daytime Dead Sea surface temperature was non-uniform with maximal SST observed near the coastline, while minimal SST was observed in the middle of the Dead Sea. Further investigation of spatial non-uniformity of SST will advance the general understanding of SST-related atmospheric processes not only over the Dead Sea but also over other hypersaline lakes.



Buoy measurements of temperature vertical profiles in the Dead Sea provide information about water temperature at different depths [3,8,9,10,11]. There are several studies on the Dead Sea SST [3,7,12,13,14]. Kishcha et al. [7] showed that increasing warming of steadily shrinking Dead Sea surface water was observed during the period of 2000–2016. They found that a positive feedback loop between steady shrinking of the Dead Sea and positive sea surface temperature trends causes the acceleration of Dead Sea evaporation and water level drop [7].



Available remote sensing observations of skin surface temperature from MODIS on board the two satellites—Terra and Aqua [15,16]—provided us with an opportunity to monitor specific features of sea surface temperature of the Dead Sea and of land surface temperature (LST) over areas adjacent to the lake at the times when the two satellites cover the Dead Sea. Our study is aimed at investigating the patterns of spatial non-uniformity of SST/LST using the 17-year period of MODIS/Terra records (2000–2016) and the 15-year period of MODIS/Aqua records (2002–2016). The resulting information is important for a better understanding of the SST/LST effects on the behavior of the atmosphere above the sea surface and on regional climate variability. In our study, we used 5 × 5 km satellite LST data products. Data of higher spatial resolution are also available, such as Visible Infrared Imaging Radiometer Suite (VIIRS) nighttime data and MODIS data [17].




2. Materials and Methods


Monthly data of Collections-6 (C6) of MODIS/Terra and MODIS/Aqua products Level 3 of Land Surface Temperature (LST) were used in the current study. Wan [16] showed that the mean C6 LST error is within ± 0.6 °C. The MODIS instrument on board the two satellites has a viewing swath width of 2330 km. Both MODIS/Terra and MODIS/Aqua monthly data are available at 5 × 5 km spatial resolution, twice a day: 1) at 10:30 LT (08:30 UTC) and 22:30 LT (20:30 UTC) when Terra covers the Dead Sea, and 2) at 13:30 LT (11:30 UTC) and 01:30 LT (23:30 UTC) when Aqua covers the lake. Hereafter, only local time is used. The use of data from the two satellites allowed us to analyze the spatial non-uniformity of Dead Sea SST at four times. Note that MODIS measures sea surface temperature in the sea skin layer of 10–20 µm [18,19].



As shown in Figure 1 of the region under study, columns 1 and 2 represent pixels covering land areas to the west of the Dead Sea, while columns 6 and 7 represent pixels covering land areas to the east of the lake. Columns 3 to 5 show pixels covering the west, middle and east parts of the Dead Sea respectively. Hereafter TLw1, TLw2, TLe1, TLe2 designate land surface temperature averaged over the land areas to the west and east of the lake, while Tw, Tm, Te designate sea surface temperature over the west, middle, and east parts of the Dead Sea respectively.



Furthermore, we investigated the patterns of spatial distribution of daytime SST/LST in the summer months using the 5-year period of Meteosat LST records (2011–2015). These records were derived from the Spinning Enhanced Visible and InfraRed Imager (SEVIRI) onboard the geostationary Meteosat Second Generation satellites [20]. We used the physical LST monthly product based on radiative transfer calculations. This Meteosat LST product is presented as hourly data and as monthly averaged diurnal cycle composites on a 0.05° x 0.05° grid [20]. The in-situ calibration of Meteosat Dead Sea SST records was carried out by Nehorai et al. [3].



In order to find out how up-to-date regional atmospheric models describe skin temperature distribution over the Dead Sea valley, we used the high-resolution Weather Forecast and Research (WRF) mesoscale atmospheric model daily simulations of skin temperature [21]. The Unified Noah Land Surface Model [22] was chosen as a land-surface scheme for the WRF simulations. This scheme provides lower boundary conditions (such as skin surface temperature, surface sensible and latent heat fluxes, etc.) for the WRF model. A series of sensitivity simulations was performed by Kunin et al. [21] in order to calibrate and validate the WRF model runs over the Dead Sea valley. This was carried out using available observations of near surface and atmospheric variables [21]. As a result of the above-mentioned sensitivity study, the best model configuration was found. This configuration consisted of four nested domains over the Eastern Mediterranean region with horizontal resolutions of 30, 10, 3.3, and 1.1 km grid respectively. The inner domain with the 1.1 km grid space was focused on the Dead Sea and surrounding land areas (Kunin et al. [21], their Figure 2). The model configuration included 40 vertical levels up to 50 hPa (with 20 of these vertical levels within the lowest 1.5 km above the surface); land use/vegetation provided by the 15-s resolution MODIS dataset; NCEP Global Analysis and Forecast (GFS) data for the atmospheric and soil initial and boundary conditions [21]. The same configuration of the WRF model was used in the current study. To estimate monthly-averaged skin temperature distribution over the Dead Sea valley for each hour, the model was run daily from 1–31 August 2014.




3. Results


3.1. Spatial Non-Uniformity of Daytime Dead Sea SST in the Summer Months


We investigated the spatial non-uniformity of Dead Sea SST in the summer months. These months were chosen for the following reasons: (1) precipitation does not occur, and (2) cloud cover over the Dead Sea is insignificant and does not influence solar radiationFigure 2a,b represent two maps: one (Figure 2a) is the 15-year mean spatial distribution of daytime SST at 10:30 LT based on MODIS/Terra data, and the second (Figure 2b) is the 15-year mean spatial distribution of daytime SST at 13:30 LT based on MODIS-Aqua data. On these maps, SST, averaged over the JAS summer months (July, August, and September), is shown separately for each of the 16 pixels covering the east, middle, and west parts of the Dead Sea. As seen, the main feature of the spatial SST distribution, averaged over the summer months, is that daytime SST over the east part of the Dead Sea (Te) exceeded SST over the middle (Tm) and west (Tw) parts. In particular, based on MODIS/Terra data, at 10:30 LT, the 15-year mean Te exceeded Tw by 2 °C (Figure 2a and Table 1). Based on MODIS-Aqua data, we found that the spatial non-uniformity of SST from east to west of the lake at 13:30 LT was even greater than that at 10:30 LT: the 15-year averaged Te exceeded Tw by ~5 °C (Figure 2b and Table 1).



MODIS data from the Terra and Aqua satellites indicate a similar pattern of spatial non-uniformity of daytime Dead Sea SST: exceedance of Te over Tw was observed in each of the summer months at both 10:30 LT and 13:30 LT (Table 1).




3.2. Spatial Uniformity of Nighttime SST in the Summer Months


Satellite MODIS data showed that, during nighttime, spatial distribution of SST in each of the summer months was approximately uniform (Table 1). Based on the 15-year record of MODIS/Terra data, we found that, at 22:30 LT, over the JAS summer months, sea surface temperature was equal to 30.6 °C, 31.1 °C, and 31.1 °C for nighttime Te, Tm, and Tw respectively. Based on the 15-year record of MODIS/Aqua data, at 01:30 LT, on average over the JAS summer months, SST was equal to 30.4 °C, 31.0 °C, and 30.9 °C for Te, Tm, and Tw respectively (Table 1). This spatial uniformity is the result of vertical water mixing under strong nighttime winds in the Dead Sea valley [3,21].



We found that, when the Terra satellite crosses the Dead Sea, the increase in SST from nighttime (22:30 LT) to daytime (10:30 LT) was non-uniform over the east, middle, and west parts of the lake. In particular, Figure 3a,c,e represent histograms of the temperature difference between daytime and nighttime SST over the east, middle, and west parts of the Dead Sea, based on MODIS/Terra monthly data during the 15-year study period. One can see that, over the east part of the lake, the temperature difference between daytime (10:30 LT) and nighttime (22:30 LT) sea surface temperature was 4 °C, on average for the JAS summer months (Figure 3a). This difference was higher than that over the west and middle parts of the lake: 1.0 °C and 0.5 °C respectively (Figure 3c,e).



Based on MODIS/Aqua data during the 15-year study period, we found that the temperature difference between daytime (13:30 LT) and nighttime (01:30 LT) sea surface temperature over the east part was ~8 °C, on average for the JAS summer months (Figure 3b). This difference was essentially higher than those over the west and middle parts of the lake: 2.2 °C and 1.9 °C respectively (Figure 3d,f).




3.3. Surface Temperature Difference between Land Areas Adjacent to the East and West Sides of the Dead Sea


MODIS data from the two satellites—Terra and Aqua, showed a similar pattern of spatial non-uniformity of daytime Dead Sea SST, characterized by the exceedance of Te over Tw. Moreover, satellite measurements showed that the surface temperature over the land area adjacent to the east side is higher than the surface temperature over the land area adjacent to the west side. Based on MODIS/Terra data (2002–2016), at 10:30 LT, TLe1 exceeded TLw1 by ~5 °C. Based on MODIS/Aqua data (2002–2016), at 13:30 LT this exceedance was even greater: TLe1 exceeded TLw1 by ~10 °C (Figure 4 and Table 2). It is important to note that the above-mentioned strong exceedance up to 10 °C of TLe1 over TLw1 was obtained under the same solar radiation over the land areas adjacent to the east and west sides of the lake. This strong exceedance indicates an essential difference between surface heat flow from land to sea at the west side and at the east side of the lake.



We compared surface heat flow from land to sea at the west side and at the east side of the Dead Sea. This was carried out using temperature differences between land surface temperature (LST) over the adjacent (TLw1 and TLe1) and remote land areas (TLw2 and TLe2) to the west and to the east of the Dead Sea. Our comparison was based on 15-year average MODIS/Terra and MODIS/Aqua measurements (Figure 4 and Table 2). MODIS/Terra and MODIS/Aqua data showed that the temperature difference between TLw2 and TLw1 was equal to ~6 °C at 10:30 LT, and ~4 °C at 13:30 LT. This exceedance of TLw2 over TLw1 indicates the presence of daytime surface heat flow from land to sea. The full sequence of surface heat transfer from land to sea at the west side is characterized by the following temperature conditions: at 10:30 LT, TLw2 (44.3 °C) > TLw1 (38.7 °C) > Tw (32.2 °C), while, at 13:30 LT, TLw2 (42.9 °C) > TLw1 (38.9 °C) > Tw (33.1 °C).



By contrast to the west side, over the east side there is almost no temperature difference between TLe2 and TLe1. In particular, at 10:30 LT, TLe2 (43.6 °C) ≈ TLe1 (43.1 °C) > Te (34.6 °C), while at 13:30 LT, TLe2 (48.0 °C) ≈ TLe1 (48.5 °C) > Te (38.7 °C) (Figure 4 and Table 2). The fact that there is no temperature difference between TLe2 and TLe1 implies the absence of surface heat flow from land to sea at the east side. This is despite the fact that TLe1 exceeded Te. One could suggest that, in the close proximity of the eastern coastline, sea surface temperature was close to TLe1. If not, surface heat flow from land to sea at the east side would be observed.



The absence of surface heat flow from land to sea at the east side explains why TLe1 exceeded TLw1. This is because the heat flow from land to sea at the west side decreases land surface temperature TLw1, by contrast to TLe1 at the east side. As a result, TLe1 exceeded TLw1 by 10 °C at 13:30 LT, based on MODIS/Aqua records (Table 2). These satellite observations highlight a significant point that, in the hypersaline Dead Sea, spatial non-uniformity of SST causes spatial non-uniformity of LST over adjacent land areas.



In the nighttime (when cooling of land surface is faster than that of seawater surface) satellite data showed the presence of surface heat flow from sea to land over both the west and east sides of the Dead Sea. The full sequence of nighttime surface heat transfer from sea to land is characterized by the following temperature conditions: at 22:30 LT, based on MODIS/Terra data, at the west side: Tw (31.1 °C) > TLw1 (30.2 °C) > TLw2 (28.7 °C), while at the east side: Te (30.7 °C) > TLe1 (28.3 °C) > TLe2 (26.4 °C) (Figure 5 and Table 2). Similarly, based on MODIS/Aqua data at 01:30 LT, at the west side Tw (30.9 °C) > TLw1 (28.0 °C) > TLw2 (21.7 °C), while at the east side Te (30.4 °C) > TLe1 (26.8 °C) > TLe2 (23.7 °C) (Figure 5 and Table 2).




3.4. Decrease in Spatial Non-Uniformity of Dead Sea SST during the Study Period


Long-term changes in spatial non-uniformity of Dead Sea SST are determined by long-term trends in the temperature difference between Te and Tw. Our analysis showed that, in the presence of spatial non-uniformity of SST, regional atmospheric warming leads to a decrease in spatial non-uniformity of surface water heating year on year.



To obtain long-term trends in spatial non-uniformity of Dead Sea SST during the period under investigation, we use the slope of a linear fit. To estimate the significance level (p) value of the obtained surface temperature trends, normally distributed residuals of the linear fit were used in a t-test [23,24]. The obtained p-values less than 0.05 correspond to statistically significant surface temperature trends at the 95% confidence level.



Positive trends have been detected in air temperature over Israel, over the past several decades [25,26]. Over a limited area of the Dead Sea valley, the regional atmospheric warming is uniform. However, satellite MODIS data showed that the spatial distribution of daytime SST trends was non-uniform in the JAS summer months (July, August, September). Figure 6a represents the spatial distribution of daytime SST trends during the 15-year study period (2002–2016) at 10:30 LT based on MODIS-Terra records, and Figure 6b represents the spatial distribution of daytime SST at 13:30 LT based on the MODIS/Aqua records. On these maps, SST trends, averaged over the JAS summer months, are shown separately for each of the 16 pixels covering the east, middle, and west parts of the Dead Sea. One can see that, despite the uniformly distributed atmospheric warming, satellite SST measurements showed non-uniformity in daytime SST trends over various parts of the lake. Based on both MODIS/Terra data (Figure 6a) and MODIS/Aqua data (Figure 6b), positive SST trends over the pixels covering the west part of the lake are higher than those over the pixels covering the middle and east parts. The obtained positive trends in Dead Sea SST were observed in the absence of any positive trend in surface solar radiation [7].



To quantify trends in daytime SST, averaged separately over the east, middle, and west areas of the Dead Sea, we analyzed year-to-year variations of Te, Tm, and Tw during the study period (Figure 7). At 10:30 LT, MODIS/Terra showed statistically significant trends in SST over the west (~0.5 °C decade−1) and middle (~0.3 °C decade−1) parts of the lake, while the trend over the east part was statistically insignificant (~0.2 °C decade−1) (Figure 7a and Table 3). At 13:30 LT, MODIS/Aqua showed statistically significant trends in SST over the west (~0.6 °C decade−1) and middle (~0.3 °C decade−1) parts of the lake, while the trend over the east part was statistically insignificant and close to zero (~0.04 °C decade−1) (Figure 7b and Table 3).



In Figure 7a,b, the existing atmospheric warming in the Dead Sea valley was illustrated by the year-to-year variations of air temperature measured at the Sdom meteorological station (Tsdom) (31.03°N, 35.39°E) at the specified times when Terra and Aqua cover the Dead Sea. We found statistically significant increasing trends of 0.5 °C decade−1 at 10:30 LT (Figure 7a) and 0.6 °C decade−1 at 13:30 LT (Figure 7b), on average for the JAS summer months. We consider that atmospheric warming is the main factor contributing to the increasing trends in Dead Sea SST in the summer months. From year to year in the summer months, atmospheric warming, characterized by an increasing trend in air temperature, is expected to heat surface water at the west, middle, and east areas of the Dead Sea. If air temperature is higher than Dead Sea SST, this temperature difference creates heat flow from the atmosphere to the sea surface, consequently heating the surface water. The higher the temperature difference between air temperature and sea surface temperature, the stronger the heat flow from the atmosphere to the sea surface. This explains the obtained higher SST trends over the west side than over the east side, because the temperature difference between Tsdom and Tw was higher than the temperature difference between Tsdom and Te. The obtained zero trend in Te (based on MODIS/Aqua data at 13:30 LT) indicates that SST over the east part (Te) exceeded air temperature above the sea surface (Figure 7b).



With respect to changes in spatial non-uniformity of Dead Sea SST during the study period, temperature difference between daytime SST over the east and over the west parts steadily decreased during the study period at the rate of 0.32 °C decade−1, based on MODIS/Terra data (Figure 8a), and 0.54 °C decade−1, based on MODIS/Aqua data (Figure 8b). This is because trends in daytime SST over the west part of the Dead Sea were higher than trends over the east part of the lake.



In the nighttime, MODIS showed statistically insignificant weak positive trends in SST over all parts of the Dead Sea, without exception (Figure 9 and Table 3).




3.5. Comparing Satellite-Based SST/LST Distribution with that Used in the WRF Atmospheric Model


For better understanding of regional atmospheric dynamics over the complex topography of the Dead Sea valley, model calculations are essential, as available observations are normally limited in space and time [21,27,28]. It is important to know how up-to-date regional atmospheric models describe skin temperature distribution over the Dead Sea valley. In this study, we used the high-resolution Weather Forecast and Research (WRF) mesoscale model daily simulations, conducted during August 2014. This WRF model with grid spacing of 1.1 km was used over the Dead Sea valley by Kunin et al. [21]. The WRF model skin temperature monthly distribution in August 2014 was obtained over land and sea in the Dead Sea valley at 10:30 LT and 13:30 LT, when Terra and Aqua cover the Dead Sea respectively (Figure 10). One can see that, at midday over the sea, WRF was incapable of reproducing the non-uniformity in SST (Figure 10). Moreover, over land areas adjacent to both the west and east sides of the lake, WRF incorrectly showed that modeled skin temperature increases with its approach to the coastline (Figure 10). This does not correspond to the satellite observations showing that: LST over land areas adjacent to the west side decreases with its approach to the coastline (TLw2 > TLw1 > Tw), while LST over land areas adjacent to the east side does not change with its approach to the coastline (TLe2 ≈ TLe1) (Figure 4). The application to modeling of the observed non-uniformity of SST/LST will improve modeling of atmospheric dynamics over the Dead Sea valley.





4. Discussion


Under uniform solar radiation, in the summer months, MODIS data on board the two satellites —Terra and Aqua—showed the pronounced spatial non-uniformity of daytime sea surface temperature (SST) of the Dead Sea, and of land surface temperature (LST) over areas adjacent to the Dead Sea. In Section 3.3, we compared temperature differences between land surface temperature over the adjacent (TLw1 and TLe1) and remote land areas (TLw2 and TLe2) to the west and to the east of the Dead Sea. This comparison implies the absence of surface heat flow at the east side and its presence at the west side. However, Te exceeded Tw by 5 °C. To explain this unexpected phenomenon, we assume the presence of spatial non-uniformity of surface wind speed over the Dead Sea.



As mentioned in the Introduction, because of the strong non-linear absorption of solar radiation, thermal layering is created from the water surface down to a depth of 3–4 m in the hypersaline Dead Sea. Consequently, the wind speed over the Dead Sea influences sea surface temperature. To explain the obtained spatial non-uniformity of daytime SST (Te > Tw), we assume that strong winds over the west part cause water mixing and sea surface cooling, whereas weak winds over the east part of the Dead Sea cannot create sea surface cooling (as they cannot create vertical water mixing similar to that over the west side). Note that there are no near-surface wind measurements over the whole area of Dead Sea water.



Over the east part of the lake, in the absence of both factors—cooling due to water mixing and surface heat flow from land to sea, daytime Te is determined mainly by solar radiation. By contrast to Te, Tw is determined not only by solar radiation but also by water mixing and cooling. As a result, Tw is lower than Te, even in the presence of daytime surface heat flow from land to sea at the west part of the lake.



In the absence of vertical water mixing under weak winds, strong solar radiation in the summer months leads to significant warming of sea surface water at the east side. This is supported by the fact that daytime SST could reach LST over the land area adjacent to the lake: at 13:30 LT, Te (38.7 °C) became close to TLw1 (38.9 °C) (Table 2). Such a phenomenon is rare and it has not been discussed in previous publications.



We found additional evidence that Te is determined mainly by solar radiation, based on a comparison between daytime Te in July and August during the study period. In particular, both MODIS/Terra and MODIS/Aqua data showed that Te in July was mainly higher than in August (Figure 11). This is in line with month-to-month variations of daily-averaged solar radiation, based on long-term pyranometer measurements taken at the Dead Sea buoy, during the 9-year period from 2005 to 2013 (Figure 12). It is seen that solar radiation in July was higher than in August, producing stronger solar heating of Dead Sea surface water in July than in August (Figure 12).



As mentioned in Section 2, in addition to MODIS data on board the Terra and Aqua satellites, we investigated the patterns of spatial distribution of daytime SST/LST in the summer months (July, August, September) using the 5-year period of Meteosat Second Generation LST records (2011–2015). The in-situ calibration of Meteosat Dead Sea SST measurements was carried out by Nehorai et al. [3]. Meteosat records showed that, at 11:00 LT, the 5-year average Te (39.5 °C) exceeded Tw (34.9 °C) by ~4.5 °C (Figure 13a). At 14:00 LT, Te (41.5 °C) exceeded Tw (35.4 °C) by ~6 °C (Figure 13b). Moreover, Meteosat records showed that the surface temperature over the land area adjacent to the east side of the lake (TLe1) was higher than the surface temperature over the land area adjacent to the west side (TLw1): at 11:00 LT, TLe1 (44.5 °C) exceeded TLw1 (39.0 °C) by 5.5 °C (Figure 13). At 14:00 LT, this exceedance was greater: TLe1 (47.4 °C) exceeded TLw1 (39.7 °C) by ~8 °C. Therefore, in addition to MODIS data on board the two orbital satellites—Terra and Aqua, Meteosat records (on board the geostationary satellite) proved the presence of pronounce spatial non-uniformity of daytime surface temperature of the Dead Sea and adjacent land areas (Figure 13). Our findings, based on LST measurements from the three satellites: Terra, Aqua, and Meteosat, support each other by showing similar results.



Our findings of similar spatial non-uniformity of surface temperature of the Dead Sea and adjacent land areas, based on measurements onboard the three above mentioned satellites, highlight the following essential point: under evenly distributed solar radiation, spatial non-uniformity of surface water temperature of this hypersaline lake was pronounced. This non-uniformity was clearly observed using LST data products of even 5 × 5 km spatial resolution.



Similarly to the Dead Sea, over other hypersaline lakes comparable in size with the Dead Sea (such as Lake Assal in Djibouti, Lake Urmia in Iran, and the Aral Sea between Kazakhstan and Uzbekistan), the spatial inhomogeneity of wind speed could cause spatial non-uniformity of water surface temperature (WST) accompanied by spatial non-uniformity of land surface temperature over adjacent land areas. The investigation of such phenomena and its application to modeling will advance the general understanding of WST-related atmospheric processes over all hypersaline lakes including the Dead Sea.




5. Conclusions


Pronounced spatial non-uniformity has been obtained of daytime sea surface temperature (SST) of the Dead Sea, and of land surface temperature (LST) over areas adjacent to the Dead Sea. This spatial non-uniformity was obtained in the summer months, under uniform solar radiation.



Our findings are based on MODIS data (2002–2016) on board the Terra and Aqua satellites. MODIS data showed that, on average for the 15-year study period, daytime SST over the east part of the lake exceeded by 5 °C that over the west part. This spatial non-uniformity in SST was accompanied by spatial non-uniform distribution of land surface temperature over areas adjacent to the Dead Sea. Based on MODIS data, LST over areas adjacent to the east side exceeded by 10 °C that over areas adjacent to the west side. The presence of pronounced spatial non-uniformity of SST/LST, based on MODIS data, was supported by Meteosat Second Generation LST records. Our findings, based on LST measurements from the three satellites: Terra, Aqua, and Meteosat, support each other.



We found that daytime SST could reach LST over the land area adjacent to the Dead Sea: at 13:30 LT, Te (38.7 °C) became close to TLw1 (38.9 °C) (Table 2). Such a phenomenon is rare, and it has not been discussed in previous publications.



We compared temperature differences between land surface temperature over the adjacent (TLw1 and TLe1) and remote land areas (TLw2 and TLe2) to the west and to the east of the Dead Sea. This comparison implies the absence of surface heat flow at the east side and its presence at the west side. This explains why daytime LST over land areas adjacent to the east side exceeded by 10 °C that over land areas adjacent to the west side of the Dead Sea, based on MODIS/Aqua records. These satellite observations highlight the following essential point: in the hypersaline Dead Sea, spatial non-uniformity of SST causes spatial non-uniformity of LST over adjacent land areas.



By contrast to the daytime, in the nighttime, when cooling of land surface is faster than that of seawater surface, satellite data showed the presence of surface heat flow from sea to land, over both the east and west sides of the Dead Sea. At night, spatial uniformity of SST was observed.



Our analysis showed that, in the presence of spatial non-uniformity of Dead Sea SST, regional atmospheric warming leads to a decrease in spatial non-uniformity of SST, year on year. Temperature difference between daytime SST over the east and over the west parts steadily decreased during the study period (2002–2016) at the rate of 0.32 °C decade−1, based on MODIS/Terra data, and 0.54 °C decade−1, based on MODIS/Aqua data.



It is important to know how up-to-date regional atmospheric models describe skin temperature distribution over the Dead Sea valley. We found that the WRF modeled distribution of skin temperature over land and sea does not correspond to satellite observations. At midday, over the sea, WRF was incapable of reproducing SST non-uniformity. Over land areas adjacent to both the west and east sides of the lake, WRF incorrectly showed that modeled skin temperature increases with its approach to the coastline. The application to modeling of the observed non-uniformity of SST/LST in existing regional models will improve modeling of atmospheric dynamics over the complex topography of the Dead Sea valley.



Our findings of spatial non-uniformity of daytime Dead Sea SST are essential for the better understanding of SST-related atmospheric processes, not only over the Dead Sea but also over other hypersaline lakes. Similarly to the Dead Sea, over other hypersaline lakes, comparable in size with the Dead Sea, the spatial inhomogeneity of wind speed could cause spatial non-uniformity of water surface temperature (WST) accompanied by spatial non-uniformity of land surface temperature over adjacent land areas. The investigation of such phenomena and its application to modeling will advance our knowledge of WST-related atmospheric processes over all hypersaline lakes including the Dead Sea.
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Figure 1. Map of the region under study. Columns 1 and 2 represent pixels covering land areas to the west of the Dead Sea, while columns 6 and 7 represent pixels covering land areas to the east of the lake. Columns 3 to 5 show pixels covering the west, middle and east parts of the Dead Sea respectively. TLw1, TLw2, TLe1, and TLe2 designate land surface temperature averaged over the land areas to the west and east of the lake, while Tw, Tm, and Te designate sea surface temperature averaged over the western, middle, and eastern Dead Sea respectively. The black triangle shows the location of the Sdom meteorological station (31.03°N, 35.39°E). 
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Figure 2. Maps of the 15-year mean spatial distribution of daytime SST at (a) 10:30 LT based on MODIS-Terra data (2002–2016), and (b) 13:30 LT based on MODIS-Aqua data (2002–2016), averaged over the JAS summer months. On these maps, SST is shown separately for each of the 16 pixels covering the west, middle and east parts of the Dead Sea. Tw, Tm, and Te designate daytime SST averaged over the west, middle, and east parts of the Dead Sea respectively (Table 1). 
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Figure 3. Histograms of the temperature difference between daytime and nighttime SST over the east, middle, and west parts of the Dead Sea in the JAS summer months. The left panel represents histograms based on the 15-year record of MODIS-Terra monthly data (2002–2016), while the right panel represents histograms based on the 15-year record of MODIS-Aqua monthly data (2002–2016). The height of each column represents frequency of the events when the temperature difference appeared in the corresponding interval of 0.5 degrees on the x-axis. 
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Figure 4. The 15-year averaged MODIS-Terra (a) and MODIS-Aqua (b) monthly means (2002–2016) of daytime sea surface temperature (in blue) over the east (Te), middle (Tm), and west (Tw) parts of the Dead Sea, together with land surface temperature over the land areas (in brown) to the west (TLw1, TLw2) and to the east (TLe1, TLe2) sides of the Dead Sea. The same designations are used for the temperatures as in Figure 1. 
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Figure 5. The 15-year averaged MODIS-Terra (a) and MODIS-Aqua (b) monthly means (2002–2016) of nighttime sea surface temperature (in blue) over the east (Te), middle (Tm), and west (Tw) parts of the Dead Sea, together with land surface temperature over the land areas (in brown) to the west (TLw1, TLw2) and to the east (TLe1, TLe2) sides of the Dead Sea. 
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Figure 6. Maps of spatial distribution of daytime SST trends (°C decade−1) during the 15-year study period (2002–2016) at (a) 10:30 LT based on MODIS-Terra records, and (b) 13:30 LT based on MODIS-Aqua records, averaged over the JAS summer months. On these maps, SST trends are shown separately for each of the 16 pixels covering the west, middle and east parts of the Dead Sea. aw, am, and ae designate daytime SST trends over the west, middle, and east areas of the Dead Sea respectively. 
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Figure 7. Year-to-year variations during the study period (2002–2016) of daytime Dead Sea SST averaged over the east (Te), middle (Tm), and west (Tw) parts of the Dead Sea in the JAS summer months at (a) 10:30 LT (based on MODIS/Terra data) and (b) 13:30 LT (based on MODIS/Aqua data). The black lines represent year-to-year variations in near-surface air temperature measured at the Sdom meteorological station at 10:30 LT and 13:30 LT, respectively. The straight lines designate linear fits. 
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Figure 8. Year-to-year variations during the study period (2002–2016) of the temperature difference between daytime SST over the east and west parts of the Dead Sea (Te - Tw) in the JAS summer months at (a) 10:30 LT (based on MODIS-Terra data) and (b) 13:30 LT (based on MODIS-Aqua data). The straight lines designate a linear fit. 
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Figure 9. Year-to-year variations during the study period (2002–2016) of nighttime Dead Sea SST averaged over the east (Te), middle (Tm), and west (Tw) parts of the Dead Sea in the JAS summer months at (a) 22:30 LT (based on MODIS/Terra data) and (b) 01:30 LT (based on MODIS/Aqua data). The straight lines designate linear fits. 
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Figure 10. The WRF model skin temperature monthly distribution in August 2014 obtained over land and sea in the Dead Sea valley at (a) 10:30 LT and (b) 13:30 LT, when Terra and Aqua cover the Dead Sea respectively. 
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Figure 11. Comparison between changes in daytime sea surface temperature over the eastern Dead Sea (Te) in July and August, based on (a) MODIS/Terra data at 10:30 LT, and (b) MODIS/Aqua data at 13:30 LT, during the 15-year study period (2002–2016). 
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Figure 12. Seasonal variations of the 9-year mean (2005–2013) surface solar radiation (SR), based on pyranometer measurements taken at the Dead Sea buoy. The vertical lines designate the standard deviation. 
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Figure 13. The 5-year averaged Meteosat monthly means of daytime sea surface temperature (in blue) over the east (Te), middle (Tm), and west (Tw) parts of the Dead Sea, together with land surface temperature over the land areas (in brown) adjacent to the west (TLw1, TLw2) and to the east (TLe1, TLe2) sides of the Dead Sea at (a) 11:00 LT and (b) 14:00 LT. 
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Table 1. The 15-year averaged MODIS-Terra and MODIS-Aqua monthly means of sea surface temperature data (°C) over the east (Te), middle (Tm), and west (Tw) parts of the Dead Sea together with their standard deviation (SD) in each of the summer months (July, August, and September), as well as average for the JAS summer months.
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Area

	
Parameter

	
July

	
August

	
September

	
JAS




	
Day

	
Night

	
Day

	
Night

	
Day

	
Night

	
Day

	
Night






	
MODIS–Terra (2002–2016)




	
31.4°N–31.7°N;

35.5°E–35.55°E

	
Te ± SD

	
35.5 ± 0.5

	
31.2 ± 0.5

	
35.2 ± 0.5

	
31.5 ± 0.5

	
33.1 ± 0.4

	
29.4 ± 0.4

	
34.6 ± 0.4

	
30.7 ± 0.4




	
31.4°N–31.65°N;

35.45°E–35.5°E

	
Tm ± SD

	
32.1 ± 0.5

	
31.5 ± 0.5

	
32.3 ± 0.5

	
32.0 ± 0.5

	
30.8 ± 0.4

	
30.2 ± 0.4

	
31.7 ± 0.4

	
31.2 ± 0.4




	
31.35°N–31.6°N;

35.4°E–35.45°E

	
Tw ± SD

	
32.7 ± 0.5

	
31.5 ± 0.5

	
32.7 ± 0.5

	
32.0 ± 0.5

	
31.2 ± 0.4

	
30.0 ± 0.5

	
32.2 ± 0.4

	
31.1 ± 0.4




	
MODIS–Aqua (2002–2016)




	
31.4°N–31.7°N;

35.5°E–35.55°E

	
Te ± SD

	
39.8 ± 0.5

	
30.8 ± 0.5

	
39.2 ± 0.5

	
31.1 ± 0.5

	
36.9 ± 0.4

	
29.4 ± 0.5

	
38.7 ± 0.4

	
30.4 ± 0.5




	
31.4°N–31.65°N;

35.45°E–35.5°E

	
Tm ± SD

	
33.3 ± 0.4

	
31.3 ± 0.5

	
33.5 ± 0.4

	
31.8 ± 0.5

	
31.9 ± 0.6

	
30.1 ± 0.5

	
32.9 ± 0.4

	
31.0 ± 0.4




	
31.35°N–31.6°N;

35.4°E–35.45°E

	
Tw ± SD

	
33.6 ± 0.5

	
31.2 ± 0.5

	
33.7 ± 0.5

	
31.6 ± 0.5

	
32.1 ± 0.5

	
29.9 ± 0.5

	
33.1 ± 0.5

	
30.9 ± 0.4
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Table 2. The 15-year averaged MODIS-Terra and MODIS-Aqua monthly means (2002–2016) of the following surface temperature data: (1) sea surface temperature (°C) over the east (Te), middle (Tm), and west (Tw) parts of the Dead Sea; and (2) land surface temperature over the land areas to the west (TLw1, TLw2) and to the east (TLe1, TLe2). together with their standard deviation (SD) (°C) on average for the JAS summer months.
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Area

	
Parameter

	
JAS




	
10:30 LT

	
22:30 LT






	
MODIS–Terra




	
31.4°N–31.7°N; 35.6°E–35.65°E

	
TLe2 ± SD

	
43.6 ± 0.4

	
26.4 ± 0.5




	
31.4°N–31.7°N; 35.55°E–35.6°E

	
TLe1 ± SD

	
43.1 ± 0.4

	
28.3 ± 0.5




	
31.4°N–31.7°N; 35.5°E–35.55°E

	
Te ± SD

	
34.6 ± 0.4

	
30.7 ± 0.4




	
31.4°N–31.65°N; 35.45°E–35.5°E

	
Tm ± SD

	
31.7 ± 0.4

	
31.2 ± 0.4




	
31.35°N–31.6°N; 35.4°E–35.45°E

	
Tw ± SD

	
32.2 ± 0.4

	
31.1 ± 0.4




	
31.35°N–31.6°N; 35.35°E–35.4°E

	
TLw1 ± SD

	
38.7 ± 0.4

	
30.2 ± 0.4




	
31.35°N–31.6°N; 35.3°E–35.35°E

	
TLw2 ± SD

	
44.3 ± 0.4

	
28.7 ± 0.5




	
MODIS–Aqua




	

	

	
13:30 LT

	
01:30 LT




	
31.4°N–31.7°N; 35.6°E–35.65°E

	
TLe2 ± SD

	
48.0 ± 0.5

	
23.7 ± 0.6




	
31.4°N–31.7°N; 35.55°E–35.6°E

	
TLe1 ± SD

	
48.5 ± 0.4

	
26.8 ± 0.5




	
31.4°N–31.7°N; 35.5°E–35.55°E

	
Te ± SD

	
38.7 ± 0.4

	
30.4 ± 0.5




	
31.4°N–31.65°N; 35.45°E–35.5°E

	
Tm ± SD

	
32.9 ± 0.4

	
31.0 ± 0.4




	
31.35°N–31.6°N; 35.4°E–35.45°E

	
Tw ± SD

	
33.1 ± 0.5

	
30.9 ± 0.4




	
31.35°N–31.6°N; 35.35°E–35.4°E

	
TLw1 ± SD

	
38.9 ± 0.4

	
28.0 ± 0.4




	
31.35°N–31.6°N; 35.3°E–35.35°E

	
TLw2 ± SD

	
42.9 ± 0.5

	
21.7 ± 0.5
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Table 3. The slope (α) of the obtained linear fit during the 15-year study period (2002-2016) of the following parameters: (1) near-surface air temperature taken at the meteorological station Sdom (Tsdom); (2) SST over the east (Te), middle (Tm), and west (Tw) sides of the Dead Sea; (3) temperature difference (dT) between daytime Te and Tw at 10:30 LT (based on MODIS-Terra records). In addition, the slope (α) of the obtained linear fit during the 15-year study period of Te, Tm, Tw, and dT at 13:30 LT (based on MODIS-Aqua records) are presented. The decision based on the Shapiro–Wilk normality test for residuals (SW Test) and the significance level (p) are also displayed. If the p-value was too high as compared with the 0.05 significance level, the obtained linear fit was considered as statistically insignificant.






Table 3. The slope (α) of the obtained linear fit during the 15-year study period (2002-2016) of the following parameters: (1) near-surface air temperature taken at the meteorological station Sdom (Tsdom); (2) SST over the east (Te), middle (Tm), and west (Tw) sides of the Dead Sea; (3) temperature difference (dT) between daytime Te and Tw at 10:30 LT (based on MODIS-Terra records). In addition, the slope (α) of the obtained linear fit during the 15-year study period of Te, Tm, Tw, and dT at 13:30 LT (based on MODIS-Aqua records) are presented. The decision based on the Shapiro–Wilk normality test for residuals (SW Test) and the significance level (p) are also displayed. If the p-value was too high as compared with the 0.05 significance level, the obtained linear fit was considered as statistically insignificant.





	Parameter (°C)
	Months
	α (°C decade−1)
	SW Test
	p





	Tsdom ; 10:30 LT
	JAS
	0.54
	Normal
	0.050



	Tsdom ; 13:30 LT
	IAS
	0.58
	Normal
	0.050



	Te ; 10:30 LT, Terra
	JAS
	0.22
	Normal
	Not significant



	Tm ; 10:30 LT, Terra
	JAS
	0.36
	Normal
	0.050



	Tw ; 10:30 LT, Terra
	JAS
	0.52
	Normal
	0.020



	dT = Te - Tw ; 10:30 LT, Terra
	JAS
	−0.32
	Normal
	0.001



	Te ; 22:30 LT, Terra
	JAS
	0.16
	Normal
	Not significant



	Tm ; 22:30 LT, Terra
	JAS
	0.07
	Normal
	Not significant



	Tw ; 22:30 LT, Terra
	JAS
	0.01
	Normal
	Not significant



	Te ; 13:30 LT, Aqua
	JAS
	0.04
	Normal
	Not significant



	Tm ; 13:30 LT, Aqua
	JAS
	0.35
	Normal
	0.050



	Tw ; 13:30 LT, Aqua
	JAS
	0.58
	Normal
	0.006



	dT = Te - Tw ; 13:30 LT, Aqua
	JAS
	−0.54
	Normal
	0.001



	Te ; 01:30 LT, Aqua
	JAS
	0.27
	Normal
	Not significant



	Tm ; 01:30 LT, Aqua
	JAS
	0.40
	Normal
	Not significant



	Tw ; 01:30 LT, Aqua
	JAS
	0.35
	Normal
	Not significant
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