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   Typhoons, such as tropical cyclones, can produce a variety of ocean responses through drastic changes in atmospheric and oceanic environments. However, the uncertainty in satellite salinity data increases during the passage of a typhoon and may limit its potential application. To investigate whether the satellite salinity data can explain oceanic responses to typhoons in the Northwest Pacific, we validated the satellite salinity using Argo float data for the past decade (2011–2020). The Soil Moisture Active Passive (SMAP) and Aquarius salinity were relatively accurate in subtropical regions at low latitudes under high sea surface temperature conditions in summer. This demonstrates the validity of the satellite salinity data in typhoon studies. We analyzed the oceanic responses to 20 representative typhoons over the past decade. Both the Aquarius and SMAP satellites observed a decrease in the SSS on the left side of the typhoon in contrast to the high salinity on the right side of the typhoon. The locations of SSS freshening coincided with those of higher precipitation to the left of the typhoon centers. We also observed that the higher the precipitation rate, the lower the satellite salinity. The ratio of the salinity freshening to the precipitation rate was significant at approximately –0.0401 psu mm-1 h-1. Changes in the vertical profiles of the Argo data supported this partial freshening of salinity as well as the characteristic surface cooling and deepening of the mixed layer after the passage of the typhoon. We further demonstrated that the atmospheric environments in a rotated coordinate system along the typhoon paths showed clear salinity freshening in the forward and slightly left sides of the typhoon center. The spatial distinction of the wind and precipitation fields along the typhoon paths induced the characteristic synoptic response of salinity prior to the arrival of each typhoon. Our results provide reasonable observational evidence of oceanic responses to typhoons in the Northwest Pacific and contribute to the understanding of atmospheric and oceanic processes related to tropical storms.
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   1. Introduction.

 Typhoons, as mature tropical cyclones, are one of the most devastating oceanic and atmospheric phenomena that occur through intense air-sea interactions (Price, 1981). They cause destructive damage to vulnerable coastal regions. However, they also play an important role in maintaining the thermal balance of unequal heat exchange between tropical and subtropical regions (Emanuel, 2001; Medvedev et al., 2022). Strong sea surface winds change the depth of the oceanic mixed layer owing to vigorous turbulent mixing, leading to cooling of the sea surface and upper ocean temperature, which is related to the intensity of the typhoon through a feedback mechanism (Fedorov, 1979; Price, 1981; Price, 1983; Emanuel, 1991). Another positive aspect of typhoons is that changes in the physical and biogeochemical environment, such as vigorous turbulent mixing and upwelling of nutrient supply, enhance bioactivity during and after the typhoon passage (Mooers, 1975; Siswanto et al., 2009; Chen et al., 2021; Topor et al., 2022). With regards to the response of sea surface temperature (SST) to the typhoons, studies have demonstrated that surface cooling induced by the turbulent mixing with emphasized responses is more dominant on the right side of the typhoons (Cornillon et al., 1987; Emanuel, 2001; D'Asaro et al., 2007; Glenn et al., 2016). Surface cooling has been well demonstrated by infrared and microwave remote sensing satellites.

 Similar to the SST, sea surface salinity (SSS) is one of the most important variables affecting oceanic circulation and global hydrological cycle (Klemas, 2011). It plays a fundamental role in controlling and regulating recent climate change (Cooper, 1988; Lagerloef, 2008) and can act as a signal for water exchange between the ocean and atmosphere through the processes of evaporation and precipitation on regional and global scales (Curry et al., 2003). Moreover, it is strongly correlated with freshwater input and output to the ocean through diverse processes, such as evaporation, precipitation, melting and formation of sea ice, and river discharge (Lagerloef, 2002; Durack et al., 2012). During the typhoon events, strong winds cause a positive salinity flux from the sea surface to the atmosphere due to the violent evaporation of salt. However, the SSS decreases because of the effects of intensive rainfall within the passage of typhoon (Bond et al., 2011; Girishkumar et al., 2014; Liu et al., 2020). Precipitation causes a negative SSS anomaly on the left side of the typhoon track in the Northern Hemisphere (Grodsky et al., 2012). Continuous and repetitive satellite SSS observations can monitor the spatial and temporal changes in the ocean salinity during the typhoons.

 The successful launch and operation of Soil Moisture and Ocean Salinity (SMOS), Aquarius, and Soil Moisture Active Passive (SMAP) satellites have enabled the observation of the spatial distribution of the SSS from in situ salinity measurements (Lagerloef et al., 1995; Bingham et al., 2002; Reul et al., 2012). Various instruments, such as conductivity, temperature, and depth measurements by moored buoys, ship observations, and Argo floats, provided high-quality salinity data prior to the operation of these satellites. However, most in situ data on the ocean salinity was limited to reproducing the spatial distribution of SSS in the global ocean and local seas. With the launch of the SMOS, Aquarius/SAC-D, and SMAP satellites on November 2009, June 2011, and January 2015, respectively, the distribution of the SSS can be observed over a wide area of the ocean in real time (Font et al., 2004; LeVine et al., 2007; Tranchant et al., 2008; Yueh et al., 2013).

 Many studies have investigated the accuracy of the SSS in the global ocean and regional seas (Boutin et al., 2013; Abe and Ebuchi, 2014; Drucker and Riser, 2014; Kim et al., 2014; Menezes et al., 2014; Ratheesh et al., 2014; Tang et al., 2014; Bhaskar and Jayaram, 2015; D'Addezio and Subrahmanyam, 2016a; D'Addezio and Subrahmanyam, 2016b; Fournier et al., 2016; Tzortzi et al., 2016; Tang et al., 2017; Bao et al., 2019). Its accuracy is 0.2 psu for a monthly average within 1°×1° or in a spatial resolution of 150 km (Lagerloef, 2008; Lagerloef and Font, 2010). In addition, compared to the in situ measurements, the satellite SSS data have shown root mean square error (RMSE) of less than 0.5 psu in the global ocean, such as 0.42 psu (Abe and Ebuchi, 2014; Drucker and Riser, 2014), 0.31 psu (Reagan et al., 2014), 0.495 psu (Tang et al., 2014), 0.45 psu (Ratheesh et al., 2014), 0.21 psu (SMOS), and 0.23 psu (SMAP) (Bao et al., 2019). Larger SSS errors were found in the regions; high-latitude region, the Atlantic Ocean near the Amazon River with considerable river input, intertropical convergence zones, particularly the Eastern Pacific Fresh Pool and the South Pacific Convergence Zone (Tang et al., 2014). Some studies have identified the differences in measurement depth between the satellites within 2–3 cm from the sea surface and top Argo float measurements at depths of 1–7 m as the potential sources of these errors (Drucker and Riser, 2014). Such differences can create errors greater than −0.1 psu when changes in the vertical stability of the upper surface layer are induced by precipitation (Drucker and Riser, 2014).

 It is important to investigate which oceanic conditions and geolocations are pertinent in order to use the satellite salinity data in the typhoon studies.  Figure 1A  shows the spatial distribution of the SMAP SSSs in the global ocean averaged over 4 years from April 2015 to December 2020. The overall features as well as the SSS values of SMAP are quite similar to the annual mean of the World Ocean Atlas (WOA) 2018 SSSs during the period from 2005 to 2017 ( Figure 1B ). The SSS differences between SMAP and WOA have magnitudes of approximately 1.0 psu in the global ocean ( Figure 1C ). In the Northwest Pacific, there are differences of approximately 0.5−1.0 psu. To investigate whether the satellite SSSs can be used for the typhoon studies, we conducted a validation of the satellite salinity in the northwest Pacific Ocean, as illustrated in  Figure 1D , and examined the oceanic responses of the upper ocean to the typhoons.

  

 Figure 1 | Spatial distributions of (A) Soil Moisture Active Passive (SMAP) satellite sea surface salinity (SSS) averaged over the period of 2015 to 2020, (B) mean SSS from World Ocean Atlas (WOA) 2018 over the period of 2005–2017, (C) differences between the SMAP and WOA salinity in the global ocean, and (D) enlarged portion of salinity differences in the Northwest Pacific from (C). 

 

 It has recently been observed that the SSS drops amplify after passing through the tropical storms to the left of the track in the case of slow-moving storms (Reul et al., 2021). However, two-dimensional (2-D) features of oceanic salinity responses to the typhoon forcings as well as other atmospheric and oceanic variables have not been presented, especially along the tracks of the typhoons. The spatial distribution of the salinity responses is critical for understanding the air-sea interactions during the typhoon passage. Therefore, the objectives of this study were: (1) to assess the accuracy of the satellite SSS compared to the in situ salinity measurements in the Northwest Pacific Ocean, (2) to examine the characteristics of the SSS errors and investigate whether the satellite SSSs can be used for the study of typhoons, (3) to examine the upper ocean response in the Northwest Pacific during typhoon events, and (4) to investigate the potential cause of the oceanic salinity change by following the typhoon paths.

 
  2. Data and methods.

  2.1. Satellite data.

 We estimated the accuracies of the SSS of Aquarius and SMAP and examined the characteristics of the errors to investigate the applicability of satellite-observed SSS for studying the sea surface response during the typhoon period. For Aquarius, level-2 version 5.0 SSS data with a resolution of 100 km × 100 km from the National Aeronautics and Space Administration (NASA) Jet Propulsion Laboratory from the period January 2012 to December 2014 were used (Kao et al., 2018; Le Vine et al., 2018; Meissner et al., 2018). In addition, level-2 version-5 SMAP SSS data products of NASA from April 2015 to August 2020 were used. Quality flags of the SSS measurements were applied to remove the data contamination factors, such as ice, rainfall, and landmass (Santos-Garcia et al., 2014; Tang et al., 2014). Microwave AMSR-2 data, such as sea surface temperature, wind speed, precipitation, and water vapor data, were obtained from Remote Sensing Systems (www.remss.com) (Wentz et al., 2014).

 
  2.2. Argo data.

 Argo data from the Argo Data Center and Global Data Assembly Center are widely utilized for diverse purposes (ftp://ftp.ifremer.fr/ifremer/argo). We collocated the SSS data at the depth nearest to the sea surface for comparison with the SSS data. Quality-controlled Argo data passing through real-time and delayed mode processing (Wong et al., 2003) were used to assess the accuracy of the satellite salinity and investigate the oceanic response during the typhoon events. Argo vertical profile temperature and salinity data of the upper ocean were used to examine the changes in temperature and salinity after the typhoon passage.

 
  2.3. .In situ salinity measurement data

 To validate the satellite-derived surface salinity, salinity data from the World Ocean Database 2013 with a full set of quality controls were obtained from the National Oceanographic Data Center (Conkright et al., 2002; Garcia et al., 2010). The temperature and salinity profiles of the Argo float at a depth near the sea surface (3–5 m) were analyzed to investigate the upper ocean response during the typhoon period. The annual mean salinity of the WOA 2018 with a spatial resolution of 0.25° × 0.25° from 2005 to 2017 was also used for the overall comparison of salinity distribution.

 
  2.4. Matchup procedure.

 Satellite SSSs at temperatures of less than 5°C are relatively inaccurate because of the low sensitivity of the L-band sensor to surface radiance (Yueh et al., 2001; Abe and Ebuchi, 2014). Therefore, we eliminated the SSSs observed in regions with low SSTs (<5°C) prior to the estimation of its accuracy. A quality control process was applied to exclude the SSS values under poor atmospheric and oceanic conditions (Abe and Ebuchi, 2014). In addition, pixels with a large fraction of land (>0.0005) near the coast were removed from the satellite SSS values to maintain good quality in the matchup procedure, considering land contamination in the coastal region (Reul et al., 2012; Abe and Ebuchi, 2014).

 Each individual satellite salinity value was collocated with the in situ observations of the Argo data within a 12 h temporal interval. The spatial window of the matchup procedure was within a distance of 100 km and 40 km for the Aquarius and SMAP SSS, respectively. The matchup database was composed of the satellite SSS, in situ salinity, temporal information, geolocation information, and depths of the in situ salinity. Other auxiliary data, such as wind speed, SST, and rain rate, were also obtained from collocations among the satellite SSSs, in situ measurements, and passive microwave sensor data. In addition, the distance of each matchup point from the nearest coast was calculated to examine the potential effects of the coastal region.

 
  2.5. Typhoon data.

 Information on typhoons over the Northwest Pacific Ocean from the Aquarius and SMAP satellites from 2012 to 2020 was obtained from Korea Meteorological Agency (KMA) Open Met Data Portal (https://data.kma.go.kr/data/typhoonData/typList.do?pgmNo=688). A graphical representation of the typhoon tracks is shown using colored lines in  Figure 2 . The typhoon information of KMA revealed that 240 typhoons occurred in the Northwest Pacific during the study period. We applied a few criteria on the characteristics of the typhoons to select the appropriate tracks for the response of the upper ocean salinity. In particular, typhoons that deviated from the study area (120–180°E, 10–50°N) and occurred from December to June were excluded. Typhoons with parabolic paths open to the east were selected by avoiding typhoons moving westward and landing on land with a relatively short path over the ocean. To select typhoons with a smooth parabolic curve, we least-square fitted optimally the latitude  Y  (°N) and longitude  X  (°E) values of the typhoon trajectory to the following Equation (1) and derived coefficients (a 1, a 2, and a 3).

  

 Figure 2 | Spatial distribution of the representative typhoon passage tracks used in this study for (A) Aquarius (2011–2015) and (B) Soil Moisture Active Passive (SMAP) (2015–2020) in the Northwest Pacific. 

 

  (1)

 Typhoons with a negative or weakly positive coefficient (a 1< 0.0173) were eliminated. In addition, we examined the locations of the inflection points of the typhoon paths, giving a range of 120-145°E. The inflection points of all typhoons that satisfied the limit of coefficient a 1 were located in the west. The mean longitude of the 20 inflection points was approximately 130.6°E. Finally, 20 typhoons satisfied these conditions.  Table 1  summarizes the characteristics of the typhoons used for the study of salinity responses. The mean radius with maximum radius above 15 m s-1 of the 20 typhoons was approximately 312 km. Most of the typhoons with small radius (<300 km) were automatically removed through the parabolic test. Typhoons passing within (<200 km) of the coastal region in low-latitude regions between 10°N and 30°N were eliminated through the above test.

  Table 1 | Information of the typhoons used in this study in the Northwest Pacific from Aquarius and Soil Moisture Active Passive (SMAP) satellites during 2011 to 2020. 

 

 It is hypothesized that the SSS signal would be relatively high over regions with a large amount of precipitation. Considering this hypothesis, we eliminated relatively weak typhoons with high central pressures (>975 hPa) and low wind speeds (<35 m s-1) at their peak values during the lifetime of each typhoon. Ultimately, 10 typhoons remained for Aquarius after passing the rejection criteria, including Sanba, Jelawat, Pabuk, Danas, Wipha, Francisco, Lekima, Neoguri, Halong, and Nuri, during 2012–2015 as shown in  Table 1  and  Figure 2A . In the case of SMAP, additional 10 typhoons, such as Halola, Krovanh, Champi, Malakas, Talim, Lan, Saola, Jebi, Trami, and Hagibis, from 2015–2019 remained after passing the rejection criteria ( Table 1 ). To investigate the occurrence of oceanic responses, we set a time limit of up to 10 days before and after the arrival of each typhoon. Details of the 20 typhoons (period, minimum central pressure, maximum surface wind speed, and radius of maximum wind speed) used in this study are shown in  Table 1 . The oceanic and atmospheric responses to the typhoons were investigated by transforming the coordinate system in the typhoon path direction.

 
 
  3. Results.

  3.1. Accuracy of satellite SSS in the Northwest Pacific.

 To understand the gross errors and uncertainties of the satellite-derived SSS in the Northwest Pacific, we estimated the accuracies of the Aquarius and SMAP SSS data by comparing with the collocated in situ salinity measurements, including the Argo data.  Table 2  shows the number of collocated data and accuracies of the satellite SSSs. The number of collocation points of Aquarius and SMAP were 6,279 from January 2012 to December 2014 and 70,120 from April 2015 to August 2020 in the Northwest Pacific.

  Table 2 | Accuracies of satellite-observed sea surface salinity in the Northwest Pacific for Aquarius (2011–2015) and Soil Moisture Active Passive (SMAP) (2015–2020) by using matchup data with salinity data from Argo floats. 

 

   Figure 3  illustrates the time variations in the latitudinal SSS accuracies of the Aquarius and SMAP satellites with respect to the Argo data every 10-degree latitude from 0° to 50°N, where the colors represent the RMSE and bias (satellite SSS minus in situ SSS) in the Northwest Pacific. In both the Aquarius and SMAP satellites, the RMSEs were up to 1.4 psu, with relatively high values (>1.0 psu) at high latitudes above 30°N ( Figures 3A, C ). The Aquarius SSSs had relatively small RMSEs of less than 0.4 psu as a whole; hence, their errors were smaller than those of the SMAP SSSs. However, the extreme RMSEs of Aquarius were up to 1.4 psu and were much higher than those of SMAP. The Aquarius SSSs showed overall negative bias above 30°N. Conversely, the positive biases were distributed over a wide range of latitudes, with some negative biases of approximately − 0.3 psu primarily at 30–40°N in SMAP. The RMSE and bias of the SMAP and Aquarius SSS contained not only dominant interannual variations but also seasonal variations. In general, typhoons occur primarily in the subtropical regions in summer and move towards the northwest and then to the northeast in the mid-latitude region of the Northwest Pacific. Therefore, it is necessary to ensure the reliability of the satellite SSS data in the typhoon regions compared to the other high-latitude regions.

  

 Figure 3 | Latitude-time plots of (A) root mean square error (RMSE) and (B) bias of Aquarius sea surface salinity (SSS) (psu) as compared to the in situ salinity measurements in the Northwest Pacific Ocean from August 2011 to June 2015. (C) and (D) are the RMSE and bias of the Soil Moisture Active Passive (SMAP) SSS data from April 2015 to August 2020, respectively. 

 

 
  3.2. Suitability of satellite SSSs for typhoon study.

 In the previous section, the satellite SSSs in some regions exhibited relatively good RMSE and bias, whereas others revealed poor correlations with the in situ salinity measurements. Therefore, it is important to investigate how the satellite SSSs can be applied to the study of the ocean responses to typhoon forcings. For this purpose, we investigated whether the SSS error over the entire period had a characteristic dependence on the latitude and month.

  3.2.1. Limitation on latitude.

   Figure 4A  presents the RMSE-bias plot of the differences between the Aquarius SSS and the Argo salinity with respect to latitude in the Northwest Pacific from 2012 to 2020. Each dotted circle represents a radius (= ) consisting of the RMSE and bias on the x- and y-axis, respectively. The mean error of the Aquarius SSS reached 1.5 psu at high latitudes, particularly in the range of 40–50°N ( Figure 4A ). Such errors might be attributed to degraded measurement precision and could be improved by averaging with a greater sampling frequency, such as that of a polar orbiting satellite (Vinogradova and Ponte, 2012). However, in tropical and subtropical regions within 20°N from the equator, the errors were greatly reduced and were within a small radius of error (less than 0.5 psu) as illustrated in  Figure 4A . In summary, the negative biases were amplified as the RMSE increased ( Figure 4A ).

  

 Figure 4 | Scatter diagrams of root mean square error (RMSE) and bias between sea surface salinity in (A) Aquarius (August 2011–June 2015), (B) Soil Moisture Active Passive (SMAP) (April 2015–August 2020), and Argo salinity in the Northwest Pacific. Colors represent the latitudes of the matchups from 0°N to 50°N, and the size of each bin is 10 degrees. 

 

 Similar to the Aquarius SSS, the SMAP errors in the Northwest Pacific were high with large scattered points within the higher radius of the error circles, and most of the matchups scattered when the radii of the errors were greater than 0.5 psu or more ( Figure 4B ). Relatively small errors (<0.7 psu) were distributed in the tropical and subtropical regions (<30°N). In contrast, the amplitudes of the errors increased as a function of latitude, amounting to 0.5–0.10 psu at high latitudes (>40°N) ( Figure 4B ). Thus, we concluded that both the Aquarius and SMAP salinity measurements were relatively accurate in the tropical and subtropical regions within 30°N and inaccurate in boreal regions. This suggests that the responses to typhoons in the subtropical regions can be investigated using the satellite SSS data with a certain uncertainty in their differences.

 
  3.2.2. Limitation on time.

 The average monthly satellite SSSs were calculated to determine the season with the smallest satellite salinity error.  Figures 5A, B  show scatter plots of the monthly averaged errors of the Aquarius and SMAP SSSs with error circles in the Northwest Pacific. In both Aquarius and SMAP, the SSS errors indicated a characteristic tendency. Relatively small average errors primarily appeared in the summer, with July having the smallest error, followed by June and August ( Figure 5A ). Conversely, in winter (January, February, and December), the bias were approximately three times greater than those in the summer as denoted by the three dots on the bottom right.

  

 Figure 5 | Scatter diagrams of root mean square error (RMSE) and bias between sea surface salinity in (A) Aquarius (August 2011–June 2014), (B) Soil Moisture Active Passive (SMAP) (April 2015–August 2020), and Argo salinity in the Northwest Pacific. Colors represent the months of the matchups from 0°N to 50°N. 

 

 In the SMAP satellite, it is likely that there was a slight time delay of a month compared to the results of the Aquarius statellite ( Figure 5B ). Nevertheless, the SSS errors were still the smallest in the summer season (August and September) and the largest in the winter season (January, February, and March), regardless of the time delay. Therefore, by combining these two results, we concluded that the uncertainty in the satellite SSSs was relatively small in the summer. Our results support the use of the satellite SSS data for the study of typhoons with elevated reliability in the summer as typhoons develop and proceed during that time.

 In addition, the satellite salinity data have large errors in cold seawater at high latitudes. The causes of the SSS errors at low SST conditions are associated with the less accurate response of the passive microwave SSS sensors at the L-band frequency, which is in contrast to the high-temperature condition with better measurement precision (Lagerloef and Font, 2010). These satellite salinity error analysis results suggest that the SSS errors are the smallest in summer at low latitudes, where the water temperature is higher compared to that of the high latitudes. Therefore, we applied the satellite SSSs with acceptable accuracy and reliability in our study to investigate the responses to changes in the SSS during the typhoon events.

 
 
  3.3. Accuracy of satellite salinity and temperature during typhoon events.

 The results of SSS errors in the previous sections demonstrate that the satellite SSSs produce relatively large errors of approximately 0.2 psu (expected RMSE) or more compared to the in situ salinity measurements. Specifically, these errors are associated with latitude and time. The analysis in the previous section suggested that salinity errors are amplified at high latitudes and therefore are only of use at low latitudes (<30°N) ( Figure 4 ). Furthermore, as shown in  Figure 5 , the analysis of the temporal variability of the SSS errors suggested that the RMSE was smallest in the summer. One of the oceanographic phenomena that satisfies these conditions may occur during typhoon periods. Therefore, we assessed the accuracy of the SST and SSS during the typhoon periods to demonstrate that the satellite SSS can be of great use in tropical regions during the summer ( Figure 6 ).

  

 Figure 6 | Comparisons of (A) satellite sea surface temperature (SST) (°C), (B) Soil Moisture Active Passive (SMAP) sea surface salinity (SSS) (psu) of the 10 typhoons in the Northwest Pacific from August 2011 to June 2015, (C) satellite SST, and (D) SMAP SSS for the 10 typhoons from April 2015 to August 2020. 

 

 The Aquarius satellite-observed SSTs were in agreement with the in situ temperatures observed by the Argo floats with a RMSE and bias of 0.84°C and −0.15°C, respectively ( Figure 6A ). Similarly, negative bias and RMSE of −0.54°C and 0.82°C, respectively, were yielded from the collocated SMAP SSTs ( Figure 6B ). The RMSE of the Aquarius SSSs for typhoons was approximately 0.57 psu ( Figure 6C ), which was a slight improvement compared to the overall RMSE of SSS for all seasons in the Northwest Pacific ( Figure 3A ). The SMAP SSSs were slightly improved with an RMSE of 0.39 psu and a bias of −0.26 psu from 2015 to 2020 ( Figure 3D ). The spatial response of the ocean and atmosphere to the typhoons that passed through the Northwest Pacific from 2011 to 2020 will be investigated in the following section with reference to the error characteristics of the satellite data.

 
  3.4. Response of sea water temperature to typhoon.

   Figure 7A  shows the spatial distribution of the minimum SSTs at each spatial grid during Typhoon Wipha from October 10 to 16, 2013. The spatial distribution had a distinct character between the left and right sides from the path of the typhoon center, as indicated by the red line. It curved northwest and moved towards northeast at approximately 25°N. The distance between the adjacent white dots suggests differential movement of the typhoon along the main track every 6 h. The typhoon moved slowly at the beginning, and after passing 25°N, it advanced rapidly to the northwest as it approached the westerly area ( Figure 7B ). In the region between 15°N and 20°N, the average wind speed to the right of the typhoon was 16 m s-1.

  

 Figure 7 | Spatial distributions of (A) minimum of sea surface temperatures (°C), (B) mean of wind speed (m s-1), (C) minimum Aquarius Sea surface salinity (psu), and (D) mean of precipitation rates (mm h-1) during Typhoon Wipha passage from 10–16 October, 2013. 

 

 Maximum wind speeds above 11 m s-1 appeared on the right side of the typhoon at relatively low latitudes between 15°N and 25°N. The spatial differences in the wind speed induced differential SST responses at lower temperatures on the right side of the typhoon ( Figure 7A ). In this region, with high winds, SST cooling of approximately 2°C was observed on the right side of the typhoon, which is consistent with the previous studies (Cornillon et al., 1987; Vincent et al., 2012).

 To determine whether this cooling occurred in other typhoons observed by the SMAP satellite, we examined SSTs during Typhoon Champi passage from 13–25 October, 2015.  Figure 8A  shows the spatial distribution of minimum SSTs calculated at a given point in the Northwest Pacific during the typhoon passage. In the vicinity of 20°N, substantial SST cooling occurred on the right side close to the typhoon path with enhanced asymmetry. Around 25°N or higher, relatively low SSTs appeared further away to the right side of the typhoon center.  Figure 8B  exhibits the distribution of the mean temporal wind speed during the typhoon period. Relatively strong wind speeds were distributed to the right of Typhoon Champi. Such dominant sea surface cooling responses were due to the strong vertical mixing of typhoons.

  

 Figure 8 | Spatial distributions of (A) minimum sea surface temperatures (°C), (B) mean of wind speed (m s-1), (C) minimum SMAP sea surface salinity (psu), and (D) mean of precipitation rates (mm h-1) during Typhoon Champi passage from 13–25 October, 2015. 

 

 
  3.5. Response of sea surface salinity.

 To investigate the effect of typhoons on salinity distribution, we analyzed the Aquarius SSS by calculating the minimum SSS during Typhoon Wipha passage ( Figure 7C ). A low salinity of approximately 33.5 psu appeared west to the central track of the typhoon at 13–19°N latitudes. This pattern was clearly in contrast to that of 34.5 psu on the eastern side. The zonal difference in salinity across the typhoon center amounted to 1.0 psu. A similar tendency was detected during the initial stage of the typhoon at ~11°N latitudes ( Figure 7C ). However, as the typhoon moved closer to land, salinity data could not be obtained due to thick clouds and extremely strong precipitation in the westerly wind region. This resulted in many missing pixels of the Aquarius SSS, as denoted in black near the typhoon passage. During Typhoon Champi, the SMAP SSS revealed weak freshening on the left side and saline responses on the right side ( Figure 8C ).

 The upper ocean response observed by satellite data can be observed from the in situ salinity measurements near the sea surface by Argo floats (Park et al., 2005).  Figures 9A, C  shows a scatter plots of the Argo temperatures at depths (approximately 3–5 m) nearest to the surface, which were obtained near the typhoon tracks of Wipha and Champi within 24 h. The Argo SST indicated weak surface cooling on the right side at latitudes >30°N compared to that on the left side. Notable freshening (34.2 psu) on the left side of Typhoon Wipha was observed at latitudes <20°N, particularly during the initial stage from October 10 to 13, 2013, in the Argo salinity ( Figure 9B ). The high salinity points above 34.8 psu on the right side of the typhoon are in contrast with the dominant freshening with a low salinity of approximately 34.2–34.4 psu on the left side.

  

 Figure 9 | Scatter plots of (A) surface temperature (°C) and (B) surface salinity (psu) observed by Argo float during Typhoon Wipha from 10–16 October, 2013. (C) and (D) are the same as (A) and (B) for Typhoon Champi from 13–25 October, 2015. The black and red lines represent the typhoon tracks. 

 

 During Typhoon Champi, the Argo data exhibited that the SMAP SSS freshening occurred on the left of the typhoon. In the early stage of the typhoon, the salinity (34.6 psu) near 16°N was at least 0.2 psu lower than that of the surrounding area ( Figure 9D ). The trend of spatial differences in typhoon-driven salinity changes is consistent with the satellite salinity observations, as noted above. This emphasizes that the salinity measurements by satellites can be of great use in studying the oceanic responses to typhoons.

 
  3.6. Changes in vertical structure.

 The changes in vertical structure of temperature and salinity from Argo floats after the typhoon events are shown in  Figure 10 . The temperature profile at a specific location (24.86°N, 134.44°E) before the landing of the typhoon Wipha on 6 October 2013 showed an almost constant temperature of about 28.3°C in the mixed layer to 40 m as indicated by the red line in  Figure 10A . After the typhoon passed, the vertical profile at a distance of about 57.7 km from the previous location (25.15°N, 134.85°E) shifted a temperature of about 24.1°C, more than 4°C lower than the previous profile, as indicated by the blue line in  Figure 10A . An obvious deepening of the mixed layer depth from 40 m to 70 m was indicated after the typhoon Wipha passed. The temperature difference (post minus previous) varied by −4.2°C at the upper layer at (<50 m) ( Figure 10B ).

  

 Figure 10 | Vertical profiles of (A) Argo temperature (°C), (B) temperature difference (°C), (C) Argo salinity (psu), and (D) salinity difference from Argo measurements before and after Typhoon Wipha passage. (E–H) are the vertical profiles of Typhoon Champi in the Northwest Pacific. 

 

 The vertical Argo profile of salinity demonstrated an obvious oceanic response of freshening, as shown by the shift of the red line at a location (14.43°N, 135.61°E) on 7 October 2013 to the blue line at (14.18°N, 136.07°E) on October 16 before and after the typhoon Wipha, respectively ( Figure 10C ). The surface salinity changed by 0.3 psu, from 34.43 psu to 34.13 psu, as a result of the typhoon activity. The freshening amounted to 0.29 psu at the upper layer of the sea surface to 40 m ( Figure 10D ). These changes in Argo temperature and salinity profiles of the surface layer show good agreement with the satellite measurements, as shown earlier in  Figures 7  and  8 . In situ glider observation in previous studies showed deepening of the mixed layer and salinity reduction of 0.15 psu at depths of up to 80 m (Hsu and Ho, 2019), as well as a salinity decrease of approximately 0.074–0.152 psu (Liu et al., 2020). Yue et al. (2018) also pointed out a salinity decrease of 0.02–0.41 psu above 70 m on the left side of typhoons.

 For the typhoon Champi, the Argo temperature and salinity data prior to and post the typhoon passage were compared by using the two profiles at 20.36°N, 135.86°E on 9 October 2019 and 17.87°N, 137.40°E on 21 October. Argo temperatures of the mixed layer were slightly decreased by about –0.3 psu within upper 60 m layer ( Figures 10E, F ). Salinity freshening was also detected by –0.2 psu from 34.9 psu to 34.7 psu within a mixed layer of about 60 m thickness ( Figures 10G, H ).

 
  3.7. Relation of SSS and precipitation.

 The mechanism of spatial differential freshening on the left side of the typhoon center might have been caused by the precipitation around the typhoon (Yue et al., 2018; Hsu and Ho, 2019; Liu et al., 2020).  Figure 7D  shows the spatial distribution of the mean precipitation rate at each location, averaged over the typhoon period. It revealed overall rainfall rates over 2.5 mm h-1 in the left side, with high precipitation mean amounting to 5 mm h-1 during the early passage of the typhoon on October 11, 2013. The location of the strongest rainfall rate was not coincident with the lowest SSS, however, it was located near the highest response of salinity, as shown in  Figures 7C, D .  Figure 8D  demonstrates that the precipitation was much higher in the left side throughout the entire period of Typhoon Wipha. The overall precipitation rate on the left side was approximately thrice of that on the right side. According to the theoretical model of atmospheric conditions, the core of the intensive rainfall was apparent on the forward left side of the typhoon (Lonfat et al., 2004). Thus, the rainfall pattern manifested in the spatial distinction between the left and right sides reflects the actual atmospheric conditions during the typhoon passage. This tendency was also observed in Typhoon Champi ( Figures 8C, D ). Along the entire path of the typhoon, the salinity on the left side was much lower than that on the right side, whereas the precipitation was higher than that on the right side. Thus, this asymmetry of precipitation between the left and right sides may be the source of the differential SSS distribution across the typhoon center.

 To examine the relationship between the salinity difference and the precipitation, we analyzed a composite of zonal profiles of the salinity values from 135°E to 145°E and the precipitation during Typhoon Wipha by investigating the averages along latitudes between 10°N and 20°N ( Figure 11A ). A high peak of precipitation, denoted by the red line in  Figure 11A , was detected on the left side of the typhoon, approximately 180 km from the typhoon center. In summary, the left side had a mean precipitation rate of 7.66 mm h-1 within 400 km distance from the typhoon center, which was considerably higher (61.57%) than that on the right side (4.74 mm h-1). The mean value of the satellite SSS on the left side was 33.59 psu, which was remarkably lower than that on the right side (1.35 psu). A cross-section of the satellite SSS along the same zonal lines showed it was considerably lower, with a peak value of approximately 33.2 psu on the left side. The relationship between the SSSs and the precipitation rates exhibited a slope of −0.0261 psu mm-1 h-1 ( Figure 11B ), which was lower than the freshening bias of −0.05 psu mm-1 h-1 described by Meissner et al. (2014). As the precipitation increased, the satellite-observed SSS decreased, leading to surface freshening as the typhoon passed.

  

 Figure 11 | (A) Zonal distribution of sea surface salinity (a black line) (°C) and precipitation rate (a gray line) (mm h-1) across Typhoon Wipha track at a cross section within a range of 10–20 °N, 130–150 °E, and (B) relationship between satellite salinity difference (after minus before the arrival of Typhoon Wipha) and precipitation rate. 

 

 
  3.8. Response across typhoon center.

 In the previous sections, examples of the oceanic responses to Typhoon Wipha were presented. To confirm and generalize the results, we investigated the statistical results of other typhoons using the Aquarius and SMAP data. A total of 20 typhoons were included to meet the criteria for the analysis of the response statistics, as illustrated in  Figure 12 .

  

 Figure 12 | Distributions of (A) SST (°C), (B) wind speed (m s-1), (C) salinity (psu), and (D) precipitation rate (mm h-1) as a function of distance from a typhoon center in the Northwest Pacific. SSS difference (Aquarius – Argo) as a function of the maximum precipitation rate over time in (E) the left and (F) right side of each typhoon, where the error bar represents a mean error ( )), N is the number of the matchup data points in each interval, and the dashed line represents a least-squared linear fit. 

 

 Typhoons are accompanied by extreme atmospheric and oceanic conditions. Thus, many satellite observations become heavily contaminated due to backscattering or absorption attributed to heavy rainfall or unknown causes (Kaufman et al., 2005). Such severe conditions result in insufficient satellite measurements for examining the upper ocean responses to typhoons. Therefore, we took the averages of satellite-observed oceanic and atmospheric variables, such as the SSTs, wind speeds, SSSs, and precipitation rates, for the regions near the typhoon during its entire lifetime, as illustrated in  Figure 12 . The SST distribution indicated spatially differential cooling on the right sides of 10 typhoons compared to the left sides ( Figure 12A ), which is consistent with previous studies (Cornillon et al., 1987; Sakaida et al., 1988; Wada, 2005; Jiang et al., 2006), The mean Aquarius SST of 10 typhoons on the right side was approximately 26.8°C at distances of 0–300 km from the typhoon center, which was in contrast to the high SST of approximately 28°C far from the typhoon center. This might be attributed to the higher mean wind speeds (>12 m s-1) on the right side than on the left side, as addressed in previous studies (Price, 1981; Shay et al., 1992; Monaldo et al., 1997; Lin et al., 2003; D'Asaro et al., 2011) ( Figure 12B ).

   Figure 12C  shows the Aquarius SSS distributions averaged over 10 typhoons as a function of the distance from the center of each typhoon. The mean SSS value on the left side was approximately 33.38 psu, which was 0.62 psu lower than that on the right side (34.0 psu) ( Figure 12C ). The lowest peak of salinity coincided with the highest peak of precipitation rate (approximately 4.66 mm h-1) at a distance of 0–100 km on the left side of the typhoon ( Figure 12D ). As the precipitation rate increased, the satellite SSSs decreased as hypothesized. To examine the role of precipitation in SSS changes, the maximum precipitation rates for a 3-day period were compared with the satellite SSS differences before and after the passage of each typhoon. The satellite SSS differences (values before the typhoon minus those after its passage) in 10 typhoons decreased at a rate of −0.1610 psu mm-1 h-1 (p = 1.0×10−3) on the left side of typhoons ( Figure 12E ), indicating that freshening of the SSS strengthened as rainfall increased. Similar freshening was detected on the right side at a lower rate of −0.0904 psu mm-1 h-1 (p = 8.3×10−3). These decreasing trends are in reasonable agreement with the freshening bias of −0.05 psu mm-1 h-1 reported previously (Meissner et al., 2014). As precipitation increased, the Aquarius-observed SSS decreased, leading to freshening near the typhoon. The oceanic responses of this type exhibited good agreement with the analyses of the Argo data and the results of model simulations reported in previous studies (Sun et al., 2012; Liu et al., 2014; Sun et al., 2015).

 To confirm whether this trend was consistent in the SMAP data, 10 typhoons were selected and analyzed. Results confirmed that the SMAP SSSs responded to the typhoons similarly as the Aquarius SSSs ( Figure 13 ). Averaging the variables of 10 typhoons showed that the SST was 27.08°C and approximately 26.46°C on the left and right (within 500 km from the center of the typhoon) side, respectively ( Figure 13A ). This trend coincided with the distribution of winds on the right side, with an average wind speed of 11.86 m s-1, which was higher than that on the left (11.05 m s-1) ( Figure 13B ). The average SSS on the left side was 34.27 psu, which was considerably lower than that on the right side (34.55 psu) ( Figure 13C ). This was consistent with the asymmetric distribution of precipitation at 4.6 mm h-1 and 3.52 mm h-1 on the left and right side, respectively ( Figure 13D ). The rate of change of salinity with respect to precipitation decreased to −0.0141 psu mm-1 hr-1 as the precipitation rate increased on the left side of the typhoon ( Figure 13E ). This rate was similar to the result of Yue et al. (2018), who reported that a rain rate of 6.8 mm h-1 led to a salinity decrease of 0.02–0.41 psu above 70 m on the left side of typhoons. In contrast, there was a slight increase on the right side, however, it was much lower than that on the left side by O(1) and did not have any statistical significance ( Figure 13F ).

  

 Figure 13 | Distributions of (A) SST (°C), (B) wind speed (m s-1), (C) salinity (psu), and (D) precipitation rate (mm h-1) as a function of distance from a typhoon center in the Northwest Pacific. SSS difference (SMAP – Argo) as a function of the maximum precipitation rate over time in (E) the left and (F) right side of each typhoon, where the error bar represents a mean error ( ), N is the number of the matchup data points in each interval, and the dashed line represents a least-squared linear fit. 

 

 
 
  4. Discussion.

  4.1. Spatial structure of environment near the typhoon center.

 Although it is known that typhoons decrease the SST due to strong winds on the right side of their center, the extent to which the typhoons influence the changes in salinity, rain rate, wind, and water moisture around their center remains unclear. Therefore, for understanding the typhoon-related phenomena comprehensively, it is necessary to analyze the oceanic responses around the center of the typhoon in a 2-D synoptic view as typhoons are spatially distributed over a wide area. As seen previously, salinity freshening was detected on the left side of the typhoon center. However, each tropical storm has a characteristic path with extensive spatial and temporal variability. Our findings raise questions about the credibility of severe freshening sites related to prominent rainfall sites. Therefore, the environmental changes around the typhoons were investigated by transforming the coordinates such that the path of typhoon direction was upward (90°), and the differences in response after the typhoon passed were examined and discussed.

   Figure 14  shows the spatial distribution of the oceanic and atmospheric variables in the rotated coordinate system with a particular focus, where the upward direction coincided with the moving direction of the typhoon. The coordinate transformation provided additional insights for a fundamental understanding of the oceanic responses around the typhoon center and its passage. The x-axis and y-axis of each plot in  Figure 14  represent the distance ratio of the left/right side and front/behind distances from the center of the typhoon, respectively, divided by the radius of the typhoon’s maximum wind gust. For the typhoons observed by the Aquarius satellite ( Table 1 ), the average SST was in the range of 25.0–26.0°C at a distance of approximately 1.0 r/Rmax  (r: distance from the center, Rmax : radius with maximum wind speed) from the center of the typhoon, which was in contrast to the surrounding SSTs (27.0–28.0°C) ( Figure 14A ). The SSTs near the center were relatively low, with more enhanced cooling on the right side of the typhoon, as noted in numerous studies (e.g., Cornillon et al., 1987).

  

 Figure 14 | Spatial distributions along-typhoon components of (A) SST (°C), (B) wind speed (m s-1), (C) precipitation rate (mm h-1), and (D) total column water vapor (or total precipitable water vapor) (mm) in the rotational coordinate system as a function of distance ratio from a typhoon center in the Northwest Pacific using Aquarius data. (E–H) are the cases using SMAP data. 

 

 In general, the wind speed on the right side of the typhoon center is stronger than that on the left side. The average pattern of typhoons observed by the Aquarius satellite showed higher wind speed of 12.0–14.0 m s-1 on the right side near rx/Rmax  of 1 (rx : a zonal distance from the center) than near the typhoon center (low wind speed of ~8.0 m s-1) ( Figure 14B ). However, the maximum value of precipitation existed in the vicinity of 0.8–0.9 ry/Rmax  (ry : a meridional distance from the center) in the forward moving direction of the typhoon ( Figure 14C ). The water vapor distribution was circular, with the largest peak in the forward direction of the typhoon, a sharp decrease on the left side, and a smooth decreasing extension on the right side of the typhoon center ( Figure 14D ). When the water vapor rises upward toward the typhoon center due to strong winds, a phase change that generates latent heat occurs, which plays an important role in the development and evolution of typhoons. Since water vapor is used as an energy source south of the typhoon center, it is assumed that there is a relatively low water vapor content behind the typhoon. Precipitation is extensive in areas with a large amount of water vapor in front of the typhoon.

 Results of the SMAP data analysis exhibited similar results as Aquarius to the environmental and oceanic responses around the typhoon. In the typhoons observed by SMAP, a much larger SST cooling occurred than that of Aquarius on the forward and right sides of the typhoons at overall approximately 24–25 °C ( Figure 14E ). The maximum wind gust appeared at ry/Rmax  (0.8–1.0) in the forward direction and right side of the typhoons, with an overall stronger pattern (rx/Rmax  ~ 0.5) than on the left side ( Figure 14F ). Similarly, the spatial pattern of rainfall revealed that there was an intensive rainfall area on the weakly left (rx/Rmax  = –0.1) and forward region (ry/Rmax  = 0.8–0.9) from the typhoon center ( Figure 14G ). In the spatial distribution of water vapor, there was a peak at similar forward locations (0.5< ry/Rmax <1) from the center of the typhoon, similar to the results of Aquarius ( Figure 14D ).

 Our results are consistent with the results of observations and simulations of the spatial structure of tropical cyclones. The rain shield is reported to be well-developed in the northern half of the typhoon system (Fogarty, 2002). Water vapor condenses to generate latent heat and is used as an energy source for the development of a tropical cyclone and its movement. Therefore, changes in the atmospheric environment around the typhoon center based on the satellite data are consistent with the results of the model simulations and observations, implying that satellite data can be used to reveal some degree of ocean response even in extreme conditions, such as typhoons.

 
  4.2. Spatial structure of salinity response around the typhoon center.

 As illustrated earlier, the environment along the direction of the typhoon passage exhibited that the maximum precipitation core was located slightly to the forward left part. This spatial distribution of precipitation produced a differential distribution of salinity around the typhoon center. Therefore, by analyzing the spatial structure of the salinity response, we investigated the relationship between the precipitation and satellite SSS distribution using swath data from satellite salinity observations at each pixel, instead of temporally averaged gridded salinity data. In the Aquarius SSS, the amount of swath data was not sufficient. Therefore, only SMAP data with high spatial sampling frequency were used to investigate the salinity response in the along-track coordinates that slowed the typhoon movement.

   Figure 15A  shows the average SSS field around the typhoon centers in the non-rotated system without coordinate transformation. Satellite SSS was distributed in the overall range of 33.5–36.0 psu, and relatively large salinity of 35.0–36.0 psu was distributed in most areas northeast of the typhoon center. Salinity was relatively low at approximately 34.0 psu southwest of the typhoon center, and the minimum value (< 34.0 psu) was shown at 150 km west of the typhoon. As this average field contained different responses depending on the direction of each typhoon, the responses surrounding the typhoon were investigated by tracking the directions of the typhoons ( Figure 15B ). The mean distribution of rotated salinity was much higher (1–1.5 psu) in the east of the moving directions due to the salinity enhancement by vigorous evaporation because of the strong wind speed on the right side of the typhoons. The evaporation process also magnified the changes in the salinity. Relatively low salinity values appeared in the forward (Ry/Rmax = 0.3–0.8) and weakly to the left side (Rx/Rmax = 0.1) of the typhoon center. This was consistent with the location of the salinity minimum core shown in  Figure 14G . The difference between the minimum and maximum salinity values around the typhoon was approximately 2.5 psu. These findings are in good agreement with those of previous studies, such as the schematic diagram of hurricanes (Fogarty, 2002). As the typhoon progressed, dry air existed on the left side of the typhoon, and large amounts of water vapor were present on the foreside of the typhoon, forming an intensive precipitation band. The core of the precipitation zone was distributed on the left side of the typhoon, as shown in  Figure 14G . The higher salinity values on the right side demonstrate that strong winds have a much greater effect on the salinity changes in the eastern region than precipitation. Therefore, we estimated that the spatial distribution patterns of wind speed and precipitation bands were combined to show a spatially specific response pattern of the SSS around the center of the typhoon ( Figure 15B ). All of these results provide insight into understanding the two-dimensional and synoptic feature of oceanic and atmospheric environments around the tropical strom center.

  

 Figure 15 | Spatial distributions of sea surface salinity (psu) responses in (A) non-rotated and (B) rotated coordinates in the direction of typhoons as a function of distance ratio from the typhoon center in the Northwest Pacific using SMAP data. 

 

 
 
  5. Conclusion.

 Changes in the SSS have major effects on the flow of oceanic currents through changes in seawater density and control of heat and circulation movement. Typhoon-driven freshening of the SSS can lead to changes in the vertical stratification of seawater, thereby affecting the local marine ecosystem. To further understand the mechanisms of typhoon-caused forcings and oceanic responses, we investigated the accuracy of the satellite SSS in the Northwest Pacific over the past decade (2011–2020) by comparing it with the in situ salinity measurements from the Argo float measurements. The satellite SSS errors of the Northwest Pacific Ocean presented a characteristic dependence on the latitude. The errors tended were reduced in the low-latitude tropical regions, where typhoons developed. In addition, the SSS errors were relatively small in the summer.

 Despite such uncertainties in the SSS values, satellite-observed SSSs in the subtropical regions exhibited more surface freshening on the left side of the typhoon compared to the center of the typhoon. The spatial distinction of surface freshening on the left side of the typhoon coincided with that of the higher precipitation rates on the same side. The differential spatial distribution of the SSS was considerably related to that of the precipitation rates. The SSSs were affected by a precipitation rate of approximately −0.04 psu mm-1 h-1. The freshening did not always appear during the entire period of the typhoon, however, it was clearly indicated during its initial stage with the slow movement of typhoons at 10–20°N in the Northwest Pacific. The Argo profile data explained the vertical changes in temperature and salinity, such as the processes of deepening, cooling, and freshening mechanisms of the mixed layer after the typhoon passage, which was consistent with the analysis results of the satellite SSS observations.

 However, a partial correlation between the satellite and Argo SSS does not signify that satellite salinity can be directly applied over the entire ocean region. The method still has many limitations in latitudinal regions (>40°N), with very low water temperatures. Therefore, satellite SSS should be used with caution in other applications. One of the objectives of our study was to determine the possibility of using the satellite SSS data in typhoon research. Despite the freshening of surface water during the typhoon periods presented in our study, the limitations in satellite salinity data can prevent universal usage. Nevertheless, the accuracy and error characteristics of the SSS disclosed herein are expected to enhance our understanding of the potential sources of SSS variations and freshening in the Northwest Pacific during typhoon passages. We found that a circular core with a high water vapor content existed in the front part of the typhoon direction in the along-typhoon coordinate system. In the SMAP observations, the positions of the two cores with high precipitation rates and low salinity appeared in the front and slightly to the left of the typhoon paths, showing a significant correlation. In addition, relatively high salinity was observed on the right side of the typhoons, where the wind speeds increased considerably. This was caused by a vigorous evaporation process due to prominent winds on the right side of the typhoons. The correlation between the environmental variables surrounding the typhoons demonstrated the dynamic ocean-atmosphere interactions and salinity responses of the seawater along the path of each typhoon during the past two decades. These findings coincide with previous results that rainfall is concentrated ahead of and to the left of the storm and much less to the right of the track because of the intrusion of dry air from the southern part (Klein et al., 2000; Fogarty, 2002; Fogarty and Region, 2002)

 Better SSS estimates under high SSTs and low-latitude regions will provide preferable conditions for typhoon research. Continued validation of satellite SSS has the potential to further enhance the investigation of the oceanic responses to typhoons. The usefulness of satellite salinity measurements for studying oceanic phenomena has been partly limited by uncertainties and errors. Nevertheless, our study provided reasonable observational evidence of oceanic responses to typhoons in the Northwest Pacific. It will further contribute to the understanding of atmospheric and oceanic processes related to tropical storms or hurricanes in any region for future in-depth and diverse studies.
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Minimum central

Maximum

Radius of maximum

pressure (hPa) SR el winds (km)
Sanba 11 Sep 2012 - 18 Sep 2012 910 56 530
Jelawat 21 Sep 2012 - 01 Oct 2012 905 57 400
Pabuk 21 Sep 2013 - 27 Sep 2013 965 38 450
Danas 04 Oct 2013 - 09 Oct 2012 935 48 400
Wipha 10 Oct 2013 - 16 Oct 2013 940 47 450
Francisco 16 Oct 2013 - 26 Oct 2013 920 53 380
Lekima 21 Oct 2013 - 26 Oct 2013 900 59 400
Neoguri 04 Jul 2014 - 11 Jul 2014 915 54 490
Halong 29 Jul 2014 - 11 Aug 2014 915 54 500
Nuri 01 Nov 2014 - 06 Nov 2014 900 59 350
Halola 13 Jul 2015 - 26 Jul 2015 960 39 320
Krovanh 14 Sep 2015 - 21 Sep 2015 950 43 300
Champi 13 Oct 2015 - 25 Oct 2015 935 49 370
Malakas 13 Sep 2016 - 20 Sep 2016 935 49 320
Talim 09 Sep 2017 - 18 Sep 2017 940 47 420
Lan 15 Oct 2017 - 23 Oct 2017 925 51 530
Saola 24 Oct 2017 - 29 Oct 2017 970 35 350
Jebi 27 Aug 2018 - 05 Sep 2018 910 56 340
Trami 21 Sep 2018 - 01 Oct 2018 920 53 430
Hagibis 07 Oct 2019 - 12 Oct 2019 915 55 510






OEBPS/Images/fmars-09-1037029-g004.jpg
Bias (psu)

0.5 -

-1.5 +

0.5 1

RMSE (psu)

15

Bias (psu)

0.5 -

-1.5 +

0.5 1 15
RMSE (psu)

50°N

40°N

30°N

20°N

10°N

0°N





