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Abstract

:

To compare the accuracy of satellite salinity data of level-3 Soil Moisture Active Passive V4.0 (SSMAP) and debiased v5 CATDS level-3 Soil Moisture and Ocean Salinity (SSMOS) before and after tropical cyclones (TCs) in the Bay of Bengal (BoB), this study used the sea surface salinity of Argo (SArgo) to assess SSMAP and SSMOS before and after the passage of 10 TCs from 2015 to 2019. The results indicate that the SSMAP and SSMOS agreed well with SArgo before and after 10 TCs. It can be seen that the correlation between SSMAP and SArgo (before TCs: SSMAP = 0.95SArgo + 1.52, R2 = 0.83; after TCs: SSMAP = 0.87SArgo + 4.34, R2 = 0.79) was obviously higher than that of SSMOS and SArgo (before TCs: SSMOS = 0.68SArgo + 10.38, R2 = 0.62; after TCs: SSMOS = 0.88SArgo + 3.98, R2 = 0.58). The root mean square error (RMSE) was also significantly higher between SSMOS and SArgo (before TCs: 0.84 psu; after TCs: 0.78 psu) than between SSMAP and SArgo (before TCs: 0.58 psu; after TCs: 0.47 psu). In addition, this study compared SSMAP and SSMOS during two TCs that swept in nearshore and offshore waters, and the results show good agreement between SSMAP and SArgo in the nearshore and offshore waters of BoB. In the BoB, both SSMAP and SSMOS can retrieve sea surface salinity well, and SSMAP is overall better than SSMOS, but the SMOS salinity product can fill the gap of SMAP from 2010 to 2015.
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1. Introduction


The Bay of Bengal (BoB), located in the northern part of the East Indian Ocean, is a typical sea area affected by South Asian monsoons. The South Asian summer monsoon brings abundant precipitation to the BoB, which greatly exceeds the evaporation capacity. Coupled with the injection of many runoffs around the bay, the input of a large amount of freshwater makes the BoB have the lowest salinity in the Indian Ocean, which induces a thick barrier layer. The changes in upper salinity not only affect the current circulation in the bay [1], but also play an important role in modulating the ocean’s Response to Tropical Cyclones (TCs) owing to the formation of the thick barrier layer [2,3].



Sea surface salinity is mainly detected by in situ observations (cruise, Argo, surface drifters, and buoys) and satellite measurements. Satellites (Aquarius, Soil Moisture and Ocean Salinity (SMOS), Soil Moisture Active Passive (SMAP)) provide a unique opportunity to produce synoptic maps of BoB salinity. SMOS V2.0 only captures the seasonal evolution of sea surface salinity in the northern BoB [2], but the Aquarius salinity product accurately captures seasonal signals in the entire basin [4]. The updated CATDS V4.0 level-3 salinity product from SMOS has much better performance [5]. The salinity product from SMOS now performs equivalently to Aquarius, but is slightly inferior to SMAP in the BoB [5]. SMOS, which was launched in 2009, has an average resolution of close to 43 km. SMAP, which was launched in 2015, provides retrieved sea surface salinity data with a spatial resolution of 40 km. SMAP has lighter land contamination and is less affected by radio frequency interference than SMOS [6]. Aquarius was launched in 2011 but was terminated in 2015 owing to an unrecoverable hardware failure. Moreover, Aquarius only provides salinity products with an effective resolution of ~150 km.



The BoB experiences intense TCs during the pre-monsoon (April–May) and post-monsoon (October–November) months. The thick barrier layer can affect the intensity of TCs and biological productivity by inhibiting vertical mixing [7,8,9]. Strong TC-induced mixing and upwelling cause a significant increase in sea surface salinity in the open ocean [10,11,12,13]. In the BoB, TC Vardah increased sea surface salinity up to 1.5 psu based on SMAP salinity observations [14]. The high winds of TCs can affect surface roughness, resulting in variations in satellite-observed brightness temperatures [15,16], which can affect salinity retrieval.



There are many studies assessing the salinity accuracy of SMAP, Aquarius, and SMOS in the oceans, but only a few studies have been designed to assess the accuracy of satellite salinity products under the effects of TCs. Xu et al. reported that the 8-day SMAP salinity product agreed well with the Argo salinity product before and after 25 TCs in the BoB [17]. However, the SMAP product only provides salinity data from 2015 to the present. The SMOS data cover a longer period than SMAP data, since 2010. In addition, the SMOS satellite data have recently been upgraded to version 5.0, which is greatly improved compared to the previous version. In this study, we compared the debiased v5 CATDS level-3 SMOS and level-3 SMAP v4.0 salinity products to the Argo measurement before and after 10 TCs to assess the data accuracy of the two satellites.




2. Data and Methods


The spatial resolution of the 8-day Level 3 SMAP ocean surface salinity product version 4.0 is approximately 70 km. The 70 km fields have significantly less noise than the 40 km data. The SMAP website (http://www.remss.com/missions/smap/, accessed on 1 October 2021) provides data with a geospatial resolution of 0.25° × 0.25° since 1 April 2015 [18]. The SMOS L3 product is generated by CATDS CEC LOCEAN debiased V5.0, which is corrected from systematic biases using an improved de-biasing technique [19]. The effective resolution of SMOS salinity data is approximately 43 km. The SMOS website (https://www.catds.fr/Products/Available-products-from-CEC-OS/CEC-Locean-L3-Debiased-v5/, accessed on 1 October 2021) provides 9-day averaged SOMS data with a geospatial resolution of 0.25° × 0.25° since 16 January 2010. The 6-hourly track data and maximum 10 m-sustained wind speed of TCs were obtained from the Regional Specialized Meteorological Centre (RSMC) of the India Meteorological Department (http://www.rsmcnewdelhi.imd.gov.in/, accessed on 1 October 2021). Ten TCs were chosen from April 2015 to December 2019, which were observed by no fewer than 6 Argo floats within 2° of the TC tracks. The tracks and basic information of these 10 TCs are shown in Figure 1 and Table 1, respectively.



The International Argo Program (www.argodatamgt.org/, accessed on 1 October 2021) provides salinity data from Argo floats. In this study, we divided Argo salinity (SArgo), SMAP salinity (SSMAP), and SMOS salinity (SSMOS) into two parts: ~8 days before and ~8 days after 10 TCs, within 2° of the TC’s center. For example, TC Roanu swept the BoB during 17–22 May 2016. The first part included Argo floats 8 days before 17 May within 2° of the TC center, and the second part included Argo floats 8 days after 16 May within 2° of the TC center. We chose the ~8-day average SSMAP and SSMOS before 17 May and after 16 May. A matched pair of in situ Argo and SMOS and SMAP observations was selected when Argo floats were within +/−8 days of satellite observations and when the satellite observations were within 27.75 km of the floats. We chose 119 Argo floats ~8 days before and 121 Argo floats ~8 days after the 10 TCs. The positions of all selected Argo floats are shown in Figure 1. The shallowest salinity (<10 m) from Argo floats was selected to represent surface salinity. The average depth of SArgo data was 4.05 ± 2.15 m. The matched pairs were defined as follows:


ΔS = Ssatellite data (position of Argo float) − SArgo (position of Argo float)











In this study, we calculated the mean, standard deviation (STD), linear correlation coefficient (R), bias (   1 N    ∑  i = 1  N   (  S   SMAP   or   SMOS  ( i )   −  S  A r g o ( i )   )    ), and root mean square error (RMSE;      1 N    ∑  i = 1  N     (  S   SMAP   or   SMOS  ( i )   −  S  A r g o ( i )   )  2       ) to evaluate the performance of SMAP and SMOS salinity products during the passage of 10 TCs in the BoB.




3. Results and Discussion


3.1. SMOS and SMAP Product Validation with Argo Salinity


In this study, the salinity product was divided into two groups: before TCs and after TCs. The differences between the satellite salinity data and the in situ Argo data were analyzed to verify the performance of the two satellites before and after 10 TCs. Figure 2 shows the correlations between SSMAP, SSMOS, and SArgo before and after 10 TCs. Before the TCs, the correlations were: SSMAP = 0.95SArgo + 1.52 (R2 = 0.83, N = 119) and SSMOS = 0.68SArgo + 10.38 (R2 = 0.62, N = 121). After the passage of 10 TCs, the correlations were: SSMAP = 0.87SArgo + 4.34 (R2 = 0.79, N = 119) and SSMOS = 0.88SArgo + 3.98 (R2 = 0.58, N = 121). The results indicate that the SMAP and SMOS salinity products agreed well with the in situ Argo salinity product (R2 > 0.5) and the retrieved salinity from SMAP was better than that of SMOS. After the 10 TCs, the coefficient of determination (R2) declined slightly, so the passage of the TCs affected the retrieval accuracy of the two satellites.



Table 1 shows the coefficient of determination between SSMAP, SSMOS, and SArgo for 10 TCs. The results show that the SMAP product could well retrieve sea surface salinity under the influence of most TCs. Among them, only after very severe cyclonic storm (VSCS) Gaja, SMAP salinity did not agree well with the in situ Argo salinity (R2 ≤ 0.3). The coefficient of determination for SMOS salinity after VSCS Vardah, Cyclonic Storm Maarutha, and Severe Cyclonic Storm (SCS) Mora was very low (R2 ≤ 0.3). These results indicate that SMOS is inferior to SMAP. In this study, under the influence of two severe tropical storms, VSCS Vardah and VSCS Gaja, the coefficient of determination between SSMAP and SArgo dropped significantly from 0.90 before Vardah to 0.53 after Vardah, and dropped from 0.60 before Vardah to 0.15 after Gaja. In addition, the salinity data of the two satellites before TCs are highly correlated: SSMOS = 0.70SSMAP + 10.08 (R2 = 0.70) (Figure 3). The passage of the 10 TCs caused a significant decrease in the correlation between the two satellites (SSMOS = 0.89SSMAP + 3.41, R2 = 0.57).



Table 2 shows the mean, bias, and root mean square error (RMSE) between satellite products and SArgo before and after 10 TCs. The results show that the mean SSMAP before the 10 TCs was 32.33 ± 1.39 psu, which is smaller than the mean SArgo (32.44 ± 1.34 psu). This result is consistent with a previous study in the BoB using the same SMAP and Argo salinity data [17]. However, the mean SSMOS (32.60 ± 1.16 psu) is larger than the mean SArgo. Due to the lack of Argo surface data, most of the Argo salinity data were acquired at ~5 m below the sea surface. The average depth of the Argo data in this study was 4.05 ± 2.15 m, while the satellite measures sea surface salinity shallower than 2 cm. Hence, the value of the in situ Argo salinity data should be higher than the remote sensing observation data [17,20]. In order to show the contrast between the surface and the shallowest depth of Argo, owing to the absence of surface salinity from Argo, we used the observations at 1 and 5 m of the RAMA moored buoy at 15°N, 90°E 8 days before and after TCs Kyant, Roanu, and Vardah. The results indicate that salinity before and after these TCs was lower at 1 m than at 5 m, and the difference between the two depths decreased from 0.026–0.053 psu before to 0.007–0.009 psu after the TCs.



Due to a large amount of runoff and rainfall in the BoB, severe salinity stratification forms on the surface, so surface salinity changes are very drastic [2,3]. TCs can cause intense mixing during their passage, which can break the surface salinity stratification and make the upper seawater homogenized [7,21,22]. The difference between 1 and 5 m decreased to 0.007–0.009 psu after TCs also identified this phenomenon. Owing to the homogenization of upper surface salinity, the observed mean SArgo (32.65 ± 1.03 psu) is very close to the mean SSMAP (32.64 ± 1.00 psu) after the passage of TCs (Table 2). Bias and RMSE between SSMAP and SArgo before the 10 TCs were −0.11 psu and 0.58 psu, respectively, which are smaller than the values between SSMOS and SArgo (0.16 psu and 0.84 psu). After the passage of 10 TCs, the negative bias between SSMOS and SArgo was −0.06 psu, which is higher than the value between SSMAP and SArgo (−0.01 psu); the RMSE between SSMOS and SArgo (0.78 psu) is also significantly higher than that between SSMAP and SArgo (0.47 psu). In this study, the updated SMAP V4.0 data at a spatial resolution of 70 km are smoother on the spatial structures, and the random noise is reduced by approximately 60% compared to the previous version, which is recommended for use in oceanographic applications [23]. This is probably the reason for the lower RMSE values of SMAP than SMOS.



Comparing the difference between SSMAP and SSMOS, it is found that the mean SSMAP before the TCs was 32.33 ± 1.39 psu, which is smaller than that of SSMOS (32.60 ± 1.16 psu). After the TCs passed, the mean SSMAP increased to 32.64 ± 1.00 psu, but the mean SSMOS decreased to 32.59 ± 1.18 psu. Under the influence of the TCs, the intense mixing and upwelling brought deeper and saltier waters to the surface [24,25,26], resulting in an increase in sea surface salinity in a large area in the BoB. The trend of mean SSMAP was consistent with the change of in situ Argo observations, which was 32.44 ± 1.34 psu before TCs and increased to 32.65 ± 1.03 psu after TCs. Therefore, SSMAP better captured the changes in sea surface salinity before and after 10 TCs in the BoB.



Figure 4 shows the correlations between SSMAP, SSMOS, and SArgo after the passage of 10 TCs on the left and right sides of their tracks. The results indicate that the correlations on the left side (R2 = 0.83, SSMAP vs. SArgo; 0.68, SSMOS vs. SArgo) are better than those on the right side (R2 = 0.77, SSMAP vs. SArgo; 0.55, SSMOS vs. SArgo). It is well known that in the Northern Hemisphere, TC-induced cooling is typically more pronounced on the right side of TC tracks [27,28]. This is because clockwise inertial currents are accelerated on the right side due to the rotation of the wind stress vector [29]. This amplifies entrainment and increases mixed layer stirring, which induces serious salinity variability on the right side. In addition, the right-front quadrant also has the highest waves [30]. In these situations, the retrieved salinity from SMAP and SMOS is much better on the left side of the TC track than on the right side, and the mechanism needs to be further studied.



Bao et al. compared the satellite SSS products (SMOS and SMAP) globally, and the results were somewhat similar to this study [31]. They found that SMOS and SMAP agreed well with in situ data in the open ocean between 40°S and 40°N. SMAP data were more highly correlated with TAO buoys (1 m) than SMOS data in the tropical Pacific, and the RMSE of SMOS and SMAP was 0.211 and 0.233 psu, respectively, which are smaller than the values in our study [31]. The higher RMSE values were probably due to the use of Argo data in regions with strong near-surface stratification or near river outflows [31,32]. On the other hand, Figure 2 shows a better correlation between satellite data (SMAP and SMOS) and Argo data at middle salinity (32–35 psu) than in fresher water (<32 psu). TCs bring heavy rain before and after their passage, and the SSS decreases and becomes fresher in some areas [33]. There may explain the high RMSE values of 0.47–0.84 psu. Moreover, strong TCs induce intense mixing, advection, and upwelling, which lead to strong small-scale SSS variations. Hence, when evaluating the satellite SSS products before and after TCs, the rich precipitation or strong small-scale SSS variations were found to have a potential influence on the spatial representation errors [34].



The reasons for the variations in the coefficient of determination and RMSE are complicated. Sea surface roughness increases due to strong winds when TCs are passing, and the coverage area of whitecaps and foam increases, which will increase the brightness temperature observed by microwave radiometers [15,16,35,36]. The residual roughness can be observed several days after a TC passes, but the clear impact on the brightness is during its passage when winds are still above 34 kts (17.5 m/s). It should be noted that the satellite products filter the salinity under high wind. For SMAP, salinity observations are filtered out in the L3 time average when wind speed exceeds 15 m/s. In the SMOS version 5 product, they are filtered out when wind speed is higher than 16 m/s.



In addition, there are temporal delays between local (in time) in situ data and 8- to 9-day satellite composite co-localized match-up pairs. Moreover, the strong changes in sea surface salinity lessen rather quickly within 5 days after the passage of a TC [12,13]. Therefore, Argo float measurements taken in this period might differ from composite satellite data that include a temporal average over an 8- to 9-day period.



In this study, the coefficient of determination for SMAP and SMOS was high, but the RSME was high. A recent study used a nonlinear empirical method based on random forest to correct the SMOS product, which reduced RMSE significantly and increased the correlation coefficient between in situ and satellite data [37]. This method could help us to correct salinity data in the new version of SMAP or SMOS in the future.




3.2. Impact of TC Roanu (2016) and TC Kyant (2016) on Retrieved Salinity from Satellite Products


TC Roanu (2016) in the coastal waters and TC Kyant (2016) in the open ocean of the BoB were selected as examples to analyze the influence of TCs on the retrieval of SMAP and SMOS salinity. TC Roanu developed over southwest BoB on 14 May 2016. Moving northeastward, it formed low pressure over southwest BoB and adjoining Sri Lanka on 15 May, then concentrated into a depression in southwest BoB on 17 May. TC Roanu moved northward and intensified to a deep depression on 18 May, then intensified as a cyclonic storm over western central BoB on 19 May. TC Roanu continued to move northeastward and skirt along the east coast of India. TC Kyant occurred as a depression over central southeastern BoB on 21 October 2016; the depression moved northeastward from 21 to 24 October. Then, it suddenly moved northwestward and intensified as a cyclonic storm over eastern central BoB on 25 October. TC Kyant kept moving southwest, then weakened and dissipated on 28 October 2016.



Figure 5 and Figure 6 show the retrieved salinity from SMAP and SMOS, and the salinity difference 8–9 days before and after TCs Roanu and Kyant. TC Roanu occurred in the pre-monsoon period (from 17 to 22 May 2016). Low-salinity (<32 psu) sea waters were only observed by SMAP and SMOS to the north of 20°N before and after TC Roanu. On the whole, SSMOS was higher than SSMAP, and the lower-salinity waters along the coast were mostly captured by SMAP. SSMAP worked better and agreed well with in situ SArgo on the coast of the BoB (R2 = 0.53) and reproduced a large part of the seasonal salinity variations [38]. Under the effect of TC Roanu, the salinity of coastal waters in the northwest BoB had small variations. The low salinity in the water in the northern bay was mainly due to rainfall and river discharge. Before and after TC Roanu passed, the salinity change of coastal waters was not very dramatic, and there was no large-scale increase in salinity. This was probably due to the compensation between the increased salinity caused by the TC (mixing and upwelling) and the decreased salinity caused by the large runoff and rainfall. There were 10 observations by Argo, which show that most SSMAP values were lower than in situ SArgo, but most SSMOS values were higher than SArgo (Figure 6). The average depth of in situ SArgo was 4.05 ± 2.15 m, which would lead to higher SArgo than the salinity of remote sensing observations.



TC Kyant occurred in the post-monsoon period (from 21 to 28 October 2016). There was a significant difference between the salinity in this period (Figure 7) and the pre-monsoon period (Figure 5): a larger area of lower-salinity waters (<28 psu) occupied the northern bay in the post-monsoon period. The passage of TC Kyant led to a large-scale increase in salinity along its track. This was mainly due to the strong TC-induced mixing and upwelling [17]. The correlations between SSMAP and SSMOS and SArgo were high (R2 = 0.82 for SMAP and 0.61 for SMOS). Figure 8 shows that SSMAP and SSMOS after TC Kyant passed mostly agree well with SArgo in the open ocean. Comparing SSMAP and SSMOS with the Argo in situ observations, the result shows that the former was overall better than the latter. These results are somewhat similar to those of a previous study in the tropical Pacific Ocean, showing that SMAP data had a higher correlation with TAO buoys than SMOS data [31]. After the SMOS data were updated from V3.0 to V5.0, the sea surface roughness correction model and retrieval algorithm were improved and the quality of SMOS data was greatly enhanced [19], but its retrieval is not as good as SMAP. This may be owing to the fact that the geophysical model function of SMAP in roughness correction is obtained from Aquarius [39], and the Aquarius can use radar data for roughness correction at high wind speeds. SMAP only provides salinity data from April 2015, while SMOS can provide valuable data for analyzing long-term series of salinity changes in the BoB from January 2010, effectively filling the SMAP gap.





4. Conclusions


Compared to the sea surface salinity data of Argo in the Bay of Bengal (BoB), this study assessed the accuracy of salinity products provided by level-3 Soil Moisture Active Passive (SMAP) V4.0 and debiased v5 CATDS level-3 Soil Moisture and Ocean Salinity (SMOS) for ~8 days before and after 10 tropical cyclones (TCs). The results show that both SMAP and SMOS could retrieve changes in sea surface salinity before and after the 10 TCs well. However, the retrieved salinity from SMAP was better than that from SMOS. Based on the evaluation of TC Roanu (2016) and TC Kyant (2016), the SMAP salinity data were basically consistent with the data from the in situ Argo observations in the coastal waters and open ocean in the BoB; in some cases, the retrieval of SMOS salinity data was inferior. In general, SMOS salinity data can fill the gap in SMAP satellite data from January 2010 to March 2015 and can provide more data for long-term salinity variability in the BoB.
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Figure 1. Tracks of 10 tropical cyclones (TCs) and positions of all selected Argo floats in Bay of Bengal (BoB) from April 2015 to December 2019. TC tracks are marked by solid red lines. (Note: blue, green, yellow, purple, red, and black dots represent low pressure (L) and depression (D), deep depression (DD), cyclonic storm (CS), severe cyclonic storm (SCS), very severe cyclonic storm (VSCS) and extremely severe cyclonic storm (ESCS), respectively, according to the India Meteorological Department. The red and blue inverted triangles represent the Argo floats before and after 10 TCs, respectively). 
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Figure 2. Scatter map of Soil Moisture Active Passive Salinity (SSMAP), Soil Moisture and Ocean Salinity (SMOS), and Argo salinity (SArgo) data. (A,B) Correlation between SSMAP and SArgo before and after TCs, respectively; (C,D) correlation between SSOMS and SArgo before and after TCs, respectively. (Note: red dots represent the matched pairs before 10 TCs and blue dots represent the matched pairs after 10 TCs). Each dot represents collocated matched pairs and black lines show a 1:1 relationship. The linear correlation coefficients are significantly different from zero at 95% confidence (p-value). 
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Figure 3. Scatter maps of SSMOS and SSMAP (A) before and (B) after passage of 10 TCs (indicated by red and blue dots, respectively). 
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Figure 4. Scatter maps of SSMAP and SSMOS on left and right side of TC track after 10 TCs. Correlation after passage on (A) left side of TC track based on SMAP; (B) right side of TC track based on SMAP; (C) left side of TC track based on SMOS; (D) right side of TC track based on SMOS. 
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Figure 5. Distribution of sea surface salinity of SMAP and SMOS (A,D) ~8 days before and (B,E) ~8 days after TC Roanu (2016), and (C,F) salinity difference of SMAP and SMOS between ~8 days before and after TC Roanu. 
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Figure 6. Meridional salinity observations of Argo, SMAP, and SMOS after passage of TC Roanu (2016). 
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Figure 7. Distribution of sea surface salinity of SMAP and SMOS (A,D) ~8 days before and (B,E) ~8 days after TC Kyant (2016), and (C,F) salinity difference of SMAP and SMOS between ~8 days before and after TC Kyant. 
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Figure 8. Zonal salinity observations of Argo, SMAP, and SMOS after passage of TC Kyant. 






Figure 8. Zonal salinity observations of Argo, SMAP, and SMOS after passage of TC Kyant.



[image: Remotesensing 14 03733 g008]







[image: Table] 





Table 1. Basic information about 10 TCs and correlations between SSMAP, SSMOS, and SArgo before and after TC passage in BoB.
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	Date
	Minimum Pressure (hPa)
	Name
	R2 of SSMAP and SArgo before TCs
	R2 of SSMAP and SArgo after TCs
	R2 of SSMOS and SArgo before TCs
	R2 of SSMOS and SArgo after TCs





	17–22 May 2016
	983
	Cyclonic Storm Roanu
	0.53(8)
	0.85(10)
	0.38(8)
	0.67(10)



	21–28 October 2016
	996
	Cyclonic Storm Kyant
	0.73(23)
	0.82(21)
	0.27(23)
	0.61(21)



	2–6 November 2016
	1000
	Depression
	0.88(9)
	0.93(9)
	0.74(9)
	0.78(9)



	29 November–2 December 2016
	1000
	Cyclonic Storm Nada
	0.97(7)
	0.86(7)
	0.98(7)
	0.93(7)



	6–13 December 2016
	975
	VSCS Vardah
	0.90(26)
	0.53(22)
	0.78(26)
	0.27(22)



	15–17 April 2017
	996
	Cyclonic Storm Maarutha
	0.85(13)
	0.80(15)
	0.43(13)
	0.30(15)



	28–31 May 2017
	978
	SCS Mora
	0.51(11)
	0.43(14)
	0.68(11)
	0.04(14)



	6–9 December 2017
	1002
	Deep Depression
	0.87(7)
	0.85(10)
	0.54(7)
	0.94(10)



	10–19 November 2018
	976
	VSCS Gaja
	0.60(6)
	0.15(6)
	0.46(6)
	0.35(6)



	26 April–4 May 2019
	932
	ESCS Fani
	0.86(9)
	0.81(7)
	0.73(9)
	0.71(7)










[image: Table] 





Table 2. Comparison of satellite product (SSMAP and SSMOS) and Argo (SArgo) salinity data before and after 10 TCs. ∆ represents differences between Argo and satellite observations (SSMAP or SOMS-SArgo); bias represents mean difference (bias =   Δ ¯  ). STD, standard deviation; RMSE, root mean square error.
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SSMAP before TCs

	
SArgo before TCs

	
SSMOS before TCs

	
SSMAP after TCs

	
SArgo after TCs

	
SSMOS after TCs






	
Mean ± STD (psu)

	
32.33 ± 1.39

	
32.44 ± 1.34

	
32.60 ± 1.16

	
32.64 ± 1.00

	
32.65 ± 1.03

	
32.59 ± 1.18




	
Bias (SMAP and Argo, psu)

	
−0.11

	

	
−0.01

	




	
RMSE (SMAP and Argo, psu)

	
0.58

	

	
0.47

	




	
Bias (SMOS and Argo, psu)

	

	
0.16

	

	
−0.06




	
RMSE (SMOS and Argo, psu)

	

	
0.84

	

	
0.78

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
A 36, B 36-
=0.95x + 1.52
34 gy () 34 - y=087x+4.34
— N=119 - .79
§ - g N=121 g o
£32- é9 £321 §
£ 8 3 S
s o s o 2 Oy% ©
g 301 o g 30 o
28 - 28 - o ©
&L
26 T e S S, R 26 ———— e e ——————1
26 28 30 32 34 36 26 28 30 32 34
Argo salinity(psu) Argo salinity(psu)
C 36- D 36-
y = 0.68x + 10.38 |
R*=0.62 y=0.88x + 3.98 o
34 N=119 34 58
- © L =~ N=121
332 o & 332 ‘ ° %
% | o o o % |
3 o ° ¢ 3 5 02 %00
@ 30 - ° @ 30 - 2%,
o o o o o
= o =
w w
28 - 28 4 o
o
26 v T v T v T v T v 1 26 T v T v T v T
26 28 30 32 34 36 26 28 30 32 34

Argo salinity(psu) Argo salinity(psu)





nav.xhtml


  remotesensing-14-03733


  
    		
      remotesensing-14-03733
    


  




  





media/file16.png
29 P
b (8

29

Salinity(psu)

B
O

o
oo

3301 5 3350 SArgo — SSMAP — SSMOS
/A 3329 3321 32.94

n 2.9 4 32.84 33.11
2.70 3266 32.74 \-’

31.41 ‘ 31.18

2997 29.95
29.77
2895
28.01 28.26
[~ 27.96
} T } T t T } T } T } T } T } T } T } T } T } T } T } T t T T T t T T T } T } T } i
%f\uw'\,wv'\,'\ AR T S S N S S SR
R G S °o°°‘) S T H F NN N N P P

Longitude





media/file2.png
2—6 November 2016

20°N

17°N

14°N

11°N

6—9 December 2017 Fani

Maarutha

—@&—Land D
—@&—DD
—O—CS
—@— SCS
—@&—VSCS
—@&— ESCS

Mora

Roanu Vardah

80°E 85°E 90°E 95°E






media/file5.jpg
A%

[

[}

Swos wingpm)

are

o
@






media/file3.jpg
A B 3.
Sl pueos Ui ymemean
B, B e
5 5 o
i I ] b
© o w0 o
17 e, H
2. 28- i
L
T %%
o el
cw D
" u] g
= P T
ézz %32 %
2 H o 27 oo

pua——

o sy





media/file1.jpg
6-9 December 2017

1 2-6 November 2016

—e—LandD)|
—e—0D
—o—cs
—e—scs
—e—vscs
—e—escs






media/file7.jpg
povs—
|4

8

e 3

) o
cu b
N I— o g
w B,
snios %u E b .
» . »
v e

g





media/file10.png
Before After

23°N
A C
18°N
SMAP
13°N
8°N
D F
SMOS

£ P ELSEE -
78°E 83°E 88°E 93°E
E 3 Ev

= ol 0 1 2






media/file12.png
%)
~

Salinity(psu)

O8]
ro

31

— SSS-Argo «— SSS-SMAP ~— SSS-SMOS

34.79

32.17

32.60
32.60
32.59

10.04

10.64

11.09

13.61

14.98

15.44

16.99

17.05

19.28

19.56





media/file9.jpg
After

»

Before

k4 g





media/file0.png





media/file14.png
Before

20°N
A
SMAP  15°N|
10°N
D

SMOS






media/file8.png
SMAP

SMOS

i
s 8 ¢ %

SMAP salinity(psu)

]
(2]
L

Left

y=095x +1.73

R’=0.83 .

N=44 o
(o)

o
o

N

(o]
"]
[+2]

C 36-

SMOS salinity(psu)
w w @
o N

N
=]
1

28 30 32
Argo salinity(psu)

y=121x — 6.90
R’=0.68
N=44 e°

&S
o

N

2]
)
(o]

Argo salinity(psu)

B 36-
34 - y =0.82x + 5.97 (>
g R’=0.77 o
g N=77 o
— 32 -
E‘ o
3 o
2 30- o o
=
w
28 - 9
26 T v T b ' I
26 28 30 32 34
Argo salinity(psu)
D 36-
y =0.68x + 10.50 o
34 - R’=0.55
fg N=77 o
324 °
= o
3 o 300 )
g 30 -
=
w
28 -
26 - - T \ T T
26 28 30 32 34
Argo salinity(psu)





media/file11.jpg
36

~— $5S-Argo — SSS-SMAP — SSS-SMOS

1004 1064 1109 1361 1498 1544 1699 1705 1928 1956





media/file6.png
A 36-

L)
=N
L

SMOS salinity(psu)
=

M
co

M
[+2]

L
g%
!

y =0.70x + 10.08

R*=0.70
N=191 o
o
% ©
04 0p
26 218 T 310 T 3|2 3'4

SMAP salinity(psu)

B 36-

y=0.89x + 3.41 .
34 - R*=0.57
= N=121
3 o
%.32—
£ o o
3 09 %%
® 30 -
e o
(i3]
28 -
o
26 p————t———
26 28 30 32 34
SMAP salinity(psu)





media/file15.jpg
PSR P S PSS LSS
FEFFE LTI ETE E SIS s

Toapitude:





