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Natural disasters such as earthquakes and/or tsunamis may cause disturbance to the ocean, which can possibly lead to changes in the ocean properties. Here, we review the literature for the reported pre- or post-event changes of such properties, which include chlorophyll-a concentration, temperature, and turbidity in the surface ocean. Most of the reported changes were based on remotely sensed ocean properties, and such changes were attributed to the ocean’s response to the events. Here, by using the same remote sensing data collected in non-event years as the ‘control’ experiments or by analyzing the same remote sensing data at different spatial scales, however, it is found that similar changes also occurred in non-event years or could not be observed at different spatial scales. Therefore, the before-after changes detected in remote sensing imagery do not appear to be sufficient to infer causality but are more likely a result of natural variability.
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1 Background

A tsunami is a long wavelength surface gravitational wave with wavelengths of approximately 100 km and periods of approximately 102 – 104 s (Levin and Nosov, 2016). Tsunamis are usually caused by a large disturbance such as an earthquake, landslide, or volcanic eruption and can propagate outward from their source for thousands of kilometers at speeds of approximately 200 m s-1 (Levin and Nosov, 2016). Tsunamis large enough to cause damage or death occur approximately twice per year (National Geophysical Data Center, 2021). These waves displace massive amounts of ocean water and in theory could induce changes in ocean properties such as turbidity (NTU), sea surface temperature (SST, °C), and chlorophyll-a concentration (chl, mg m-3), among others. Likewise, seismic changes before earthquakes such as changes in surface latent heat flux (SLHF) could affect these ocean properties (Singh et al., 2006; Alvan et al., 2012) as well. However, the findings from these earlier reports are mixed, thus posing the question of whether there is a remotely sensible signal related to earthquakes or tsunamis.

The objective of this study is to provide a review of the published literature, including their methodology and findings on this subject, with particular emphasis on the following question: did tsunamis lead to changes in any ocean properties? From this review, gaps will be identified and pathways toward future efforts will be discussed.




2 Methods



2.1 Literature review

The Web of Science Core Collection was queried for all fields using the following combinations of keywords:

	(tsunami* OR earthquake*) AND (chlorophyll OR chl-a OR “ocean color” OR “sea surface temperature” OR SST)

	(tsunami* OR earthquake*) AND (turbid* OR (suspended AND sediment*)) AND (satellite OR (remote AND sens*))



The purpose of the literature review was to summarize the findings of earlier studies on this topic, from which a revisit of these findings could be carried out, as follows.




2.2 Data analysis

To replicate the findings of the earlier studies, time-series analyses were performed using data obtained from the U.S. NASA’s OB.DAAC (https://oceancolor.gsfc.nasa.gov) and Giovanni (doi:10.1029/2007EO020003, https://giovanni.gsfc.nasa.gov/giovanni) in October 2022. The data products were derived from MODIS/AQUA and SeaWiFS satellite observations using the current state-of-the-art algorithms, with the Algorithm Theoretical Basis Documents (ATBDs) and relevant references available at the same OB.DAAC (https://oceancolor.gsfc.nasa.gov/resources/atbd/). Briefly, atmospheric correction was performed to estimate surface remote sensing reflectance (Rrs, sr-1) using the (Gordon and Wang, 1994) algorithm, with updated aerosol models of (Ahmad et al., 2010) and iterations to account for non-zero water signal in the near-infrared wavelengths (Stumpf et al., 2003). Then, a hybrid algorithm was used to estimate surface water chl (Hu et al., 2019; O’Reilly and Werdell, 2019). SST was estimated using the a modified version of the nonlinear SST algorithm (NLSST) of (Walton et al., 1998). Further details of the algorithms and data product uncertainties can be found in the online ATBDs.

For the event reported in Tang et al. (2006), Level 3, 4-km resolution, 8-day composites of chl and SST from MODIS/AQUA were obtained for the area bounded by 3°N – 9°N, 90°E - 96°E for the period of November 1st, 2004 through March 5th, 2005. This is the same selection as in Tang et al. (2006). The same data were obtained for the same seasonal period of other years. All data were spatially averaged over the study area for each composite to assess trends for the months before and after the tsunami, and to compare between tsunami and other years. Additionally, individual 8-day composite chl images were analyzed and compared.

For the event reported in Haldar et al. (2013), Level 3, 9-km resolution, 8-day composite chl anomaly images were generated from SeaWiFS chl data products for the periods of December 11 – 18, 2004, December 26 – 31, 2004, and January 1 – 8 2005 for the area bounded by 4°N - 19°N, 75°E - 103°E. Anomaly images were generated by referencing these 8-day composites against the same periods in ‘normal’ years, which were defined as the average of 1999, 2000, and 2003 for the December composites and as 2000 for the January composites, following Haldar et al. (2013). Similar maps for the 2006/2007 season were also created to provide an additional comparison not included in Haldar et al. (2013).

For the event reported in Sava et al. (2014), Level 3, 4-km resolution, 8-day composite chl from MODIS/AQUA was obtained for the areas 35.5°N – 39.0°N, 140.6°E – 141.5°E and 37.0°N – 38.0°N, 141.0°E – 143.9°E for the period of February 2nd through May 8th, 2011. Chl was spatially averaged over each study area for the composite periods. The same data was obtained for the same date range in other years. Additionally, statistical analysis of the region 35.5°N - 39°N and 140.6°E – 143.9°E was performed using the Robust Satellite Techniques (RST) after (Ciancia et al., 2018). Mean and standard deviation of 3 consecutive 8-day periods starting February 26 of each year were calculated for each pixel. The Absolutely Local Index of Change of the Environment (ALICE) anomaly index for chl for 8-day periods was calculated by subtracting the mean chl from the 8-day composite and dividing by the standard deviation at each pixel.

For the event reported in Yan and Tang (2009), Level 3, 4-km resolution, monthly composite remote sensing reflectance data (Rrs, sr-1) at 547 nm from MODIS/AQUA was obtained for the area 5°N - 25°N, 75°E - 105°E for the year of 2005 and compared to the years of 2002 – 2004 and 2006. As in Yan and Tang (2009), Rrs at 547 nm was used as a turbidity index after (Li et al., 2003).





3 Findings from literature review

Two queries to the Web of Science Core Collection detailed in section 2.1 returned 183 and 38 results, respectively. Results were manually filtered for those related to using remote sensing techniques to observe changes in ocean properties related to tsunami and earthquake events, which resulted in 17 papers. Of these, only two tsunami events were described: the Sumatran tsunami of December 26, 2004 (11 papers), and the Japanese tsunami of March 11, 2011 (4 papers). The remaining two papers include one that described the effects of several earthquakes in the area of the Arabian Sea (Singh et al., 2006), and another one that described the effects several earthquakes across the Pacific coast of the Americas (Alvan et al., 2012). The papers and their main findings are reported in Tables 1–4, while their geographic coverages are summarized in Figure 1. Their findings are presented below.


Table 1 | Current literature in which remote sensing techniques were used to assess post-tsunami changes in chl, including the earthquake/tsunami event, study region, remote sensing data source, data duration, main findings of the study, and magnitudes of the observed changes.




Table 2 | Current literature in which remote sensing techniques were used to assess post-tsunami changes in SST, including the earthquake/tsunami event, study region, remote sensing data source, data duration, main findings of the study, and magnitudes of the observed changes.




Table 3 | Current literature in which remote sensing techniques were used to assess post-tsunami changes in turbidity, including the earthquake/tsunami event, study region, remote sensing data source, data duration, main findings of the study, and magnitudes of the observed changes.




Table 4 | Current literature in which remote sensing techniques were used to assess pre-seismic or pre-tsunami changes in oceanographic conditions, including the earthquake/tsunami event, study region, relevant oceanographic conditions reviewed in the study, remote sensing data source, data duration, and the main findings of the study.






Figure 1 | Summary figure showing study areas of the published papers and those in this review. Letters correspond to the study entries in Tables 1–4 below.





3.1 Post-seismic/post-tsunami phytoplankton blooms

The existing literature reports that there is either no change or an increase in chl during the post-tsunami period, along with a change in the distribution of chl as indicated by remotely sensed data (Table 1). These studies were focused on either the Gujarat earthquake of January 26, 2001, the Sumatran tsunami of December 26, 2004, or the Japanese tsunami of March 11, 2011. The study areas included the epicenter of the tsunami-causing earthquakes and coastal waters near areas heavily impacted by the tsunamis. The spatial coverage of the time series in the studies varied from 1° squared to ~12,000 km2 to 15° squared (~2.8 million km2). Larger areas covering the Bay of Bengal and Andaman Sea were qualitatively inspected for changes in chl concentration and distribution in some studies of the 2004 Sumatran tsunami.

The time series duration used in these studies ranged from 16 days to 4 years. Time series used in the studies included daily, weekly (8-day), and monthly aggregated data for chl. A longer time series of weekly averages of chl was included as reference data in one study (Tang et al., 2009). In this study, weekly averaged SeaWiFS chl data from December 26, 1998 - March 30, 2004 were compared to weekly averages before and after the tsunami event.

Reported changes in chl ranged from no change to ~50x pre-tsunami levels, with some studies only reporting a qualitative change in concentration or distribution of chl based on visual inspection of the pre- and post-tsunami images. Tan et al. (2007) and Siswanto and Hashim (2012) noted that high turbidity caused by turbulent mixing in coastal areas may have contributed to higher remotely sensed chl than in situ chl values.

Qualitative changes in chl observed from visual inspection of satellite images were noted in several studies. Tan et al. (2007) noted decreased chl in Malacca Strait after the Sumatran tsunami of 2004, while increased chl was observed near Northwestern Sumatra (near epicenter) during the post-tsunami week. Sarangi (2011) observed increased chl in the eastern part of the Andaman Sea and Bay of Bengal along the coast of Myanmar during the post-tsunami period. The increased chl was observed to last for approximately ten days after the tsunami event. Using images before, during, and after the Japanese tsunami of 2011, Sarangi (2012) observed increased chl in coastal waters.




3.2 Post-seismic/post-tsunami changes in SST

Research concerning tsunami-induced changes in SST has shown mixed results (Table 2). Observed changes in SST included decreased SST during the post-tsunami period, a combination of regional warming and cooling across the affected area, as well as no significant changes in SST during the post-tsunami period.

Of the papers that reported mixed results of both positive and negative SST changes during the post-tsunami period, Yan et al. (2015) reported an increase of up to 4°C in the area southwest of the epicenter of the 2004 Sumatran tsunami during the 4-day period after the event. The area southwest of Sri Lanka exhibited cooling of up to 2°C during the same period, after which increased SST was found, due to advection of surface waters from the epicenter. During this time, the southern Bay of Bengal encompassing the northern part of the study region exhibited no significant changes in SST.

Another study showing mixed results is Tang et al. (2006), where an increase in SST of 0.5°C to 1°C was found near the epicenter region, while significant cooling (up to 2°C) near the affected areas of Eastern India in the Bay of Bengal was found.

Tang et al. (2009) reported a decrease in SST near the epicenter region leading up to the tsunami, with a 1°C decrease in SST on the day of the tsunami event. Following this, an increase in SST of 1°C was reported in the week after the tsunami event. Low SST was observed in areas affected by the tsunami wave, such as the eastern coast of India in the Bay of Bengal. A lowering of SST of 1°C near the Andaman and Nicobar Islands in the eastern Bay of Bengal was reported on the day of the tsunami.

Three studies (Agarwal et al., 2007; Zhang et al., 2010a; Sarangi, 2011) reported an overall decrease of SST in the days following the tsunami. Agarwal et al. (2007) reported a decreased SST by an average of -0.5°C across the study regions during the 4-day period following the tsunami event. Zhang et al. (2010a) reported the lowest SST during the 8-day period after the tsunami event. Sarangi (2011) reported an overall decrease in SST of -0.5°C to -1.0°C.

After the 2011 Japanese tsunami event, the study by Siswanto and Hashim (2012) did not find any observable changes in SST as compared to pre-tsunami conditions. It should be noted that this study covered the smallest geographic study area (~1° × ~1°) among similar articles.




3.3 Post-seismic/post-tsunami changes in turbidity

Several papers showed an increase in nearshore turbidity in tsunami-affected and earthquake-affected areas (Table 3). Offshore turbidity was noted not to increase substantially during the post-seismic period. Proposed mechanisms for the increased turbidity included backwash from tsunami-affected land areas (Tan et al., 2007) as well as resuspension of coastal sediments (Yan and Tang, 2009). One paper showed an increase in backscattering coefficient in terrestrial water bodies surrounding the epicenter of a seismic event, inferring that this increase was due to high turbidity in these water bodies caused by the earthquake (Jing et al., 2022).




3.4 Pre-seismic/pre-tsunami changes in oceanographic conditions

Several studies noted changes in oceanographic conditions before the earthquake or tsunami events (Table 4). Both chl and SST were observed to change during the lead-up period to the seismic event. Chl was generally observed to increase before the seismic event, sometimes negatively correlated with SST in their spatial patterns (Tang et al., 2009; Zhang et al., 2010b). Although chl was observed to increase in all studies analyzing pre-seismic changes, changes in SST were mixed. SST was observed to increase before the seismic event reported in Singh et al. (2007); Alvan et al. (2012), and Zhang et al. (2022). However, SST was observed to decrease prior to the seismic event reported in Tang et al. (2009) and Zhang et al. (2010a).

One explanatory mechanism for the increased SST is a change in surface latent heat flux (SLHF) caused by a buildup of stress in the crust preceding the release of seismic energy (Singh et al., 2006; Singh et al., 2007; Alvan et al., 2012; Zhang et al., 2022). SLHF has been proposed by some to be a precursor signal for earthquakes (Dey and Singh, 2003). The increase in chl observed prior to the seismic event was attributed to increases in upwelling induced by changes in the thermal structure of the ocean indicated by changes in SLHF (Singh et al., 2006; Alvan et al., 2012; Zhang et al., 2022).

Zhang et al. (2010a) observed an increase in spatial correlation distance in chl distribution prior to the tsunami event, possibly a result of local transport via surface currents. The study stated that it was not clear whether this observation was a predictive precursor to the tsunami event.

Zhang et al. (2022) observed anomalies in SST and chl, among other atmospheric, land-based, and oceanic parameters. These anomalies were determined by a method modified from (Genzano et al., 2021) comparing the observed conditions compared to variation within a 10-year period. SST was observed to increase anomalously near the earthquake epicenter preceding the event and anomalous values, both positive and negative, were observed near plate boundaries preceding the event. An anomalous increase in chl was observed coinciding with the SST anomaly near the epicenter.




3.5 In situ observations

In addition to the remote sensing studies listed in Tables 1–4, there have also been in situ observations of post-tsunami changes in oceanographic conditions. These scarce observations yielded inconclusive results for chl and SST, but showed increased turbidity after the tsunami events (Table 5). However, it is difficult to know whether the increased turbidity was due to disturbance by the tsunami or other factors such as rainfall, while rainfall was discounted by Fiedler et al. (2014) as a possible factor leading to the post-tsunami changes in turbidity.


Table 5 | Current literature in which in situ techniques were used to assess post-tsunami changes in chl, SST, and turbidity, including the tsunami event, study region, data collection method, data duration, and main findings of the study.







4 Data reanalysis: coincidence or causality

From these earlier studies, it is clear that certain ocean properties, either chl, turbidity, or SST, have been shown to change either before or after the earthquake/tsunami events. The question is whether such changes imply causality or simple coincidence. The former is of particular importance because if certain anomalies can be captured before earthquake/tsunami, such anomalies can be used as indicators to forecast earthquakes/tsunamis (Jiao et al., 2018; Picozza et al., 2021), which has significant implications on disaster management.

Recent reviews suggest that pre-seismic indicators are not consistent enough to forecast events regardless of magnitude (Picozza et al., 2021). Here, although some of the studies listed in Tables 1–4 attempted to elucidate precursory signals or other pre-seismic trends, it is unclear whether these signals are caused by the seismic events through some unexplained mechanisms or simply due to coincidence. Likewise, it is unclear whether the post-event anomalies are also a result of coincidence.

Indeed, determining causality in complex ecosystems is always challenging (Sugihara et al., 2012). For post-event response evaluations, the Granger causality paradigm (Granger, 1969) is difficult to achieve due to lack of complete time series of several independent variables to explain the dependent variable. Under such circumstances, a ‘control’ experiment may be conducted, where the ocean variables in the same region are examined in the absence of the Tsunami (or other) events. Unfortunately, although such a ‘control’ experiment or similar analysis was used to study changes in atmospheric or terrestrial parameters (Piscini et al., 2017; Jing et al., 2022), it was lacking in nearly all published papers listed in the above tables when evaluating post-tsuanmi ocean changes. Here, using two examples, we show the importance of such a ‘control’ experiment in determining (or disapproving) causality.

The first example is for the Sumatran tsunami of December 26, 2004. Figure 2 shows the changes in chl and SST before and after the tsunami event for a region of the Indian Ocean and Bay of Bengal bounded by 3°N - 9°N and 90°E - 96°E. This study area is the same as was used in Tang et al. (2006) and Tang et al. (2009). For the period of November 2004 – February 2005 encompassing the tsunami event, the results are similar to those reported in Tang et al., 2009, i.e., dramatic changes in Chl before the tsunami and minor changes in SST before and after the tsunami (red curves in Figure 2). These changes might infer causality at first glance. However, similar changes also occurred in other years in the absence of tsunami events (blue and green curves in Figure 2). Therefore, when these other years are used as the ‘control’ experiments, it is clear that the chl and SST changes around the tsunami event in December 2004 cannot be used to infer causality, but are likely due to a coincidence of natural variability.




Figure 2 | Time series of 8-day average values of (A) chl and (B) SST for November 1st through March 5th before and after the Sumatran tsunami of December 26th, 2004 (red curve, with the event annotated by a black arrow), in the area bounded by 3°N - 9°N and 90°E - 96°E. This bounding box was chosen to encompass the coastal, open ocean, and epicenter regions affected by the Sumatran tsunami of December 26, 2004, after Tang et al., 2006. Letters (a), (b), and (c)  represent peaks in chl, which were preceded by a dip and then increase in SST, as annotated by (a′), (b′), and (c′).



One anomalous ‘spike’ in chl is present in the week before the tsunami during the tsunami season (Figure 2A). Inspection of the 8-day composite images suggests that this spike likely a result of spatial aliasing due to different cloud cover in the sequential composite images. As seen in Figure 3A, a large portion of the cloud-free data during the week of the chl spike (before tsunami) was in the near-shore areas around the Andaman and Nicobar Islands as well as in the northwestern Malacca Strait, which have relatively higher chl than in the nearby offshore waters to the southwest of Sumatra that were cloud free in the following week (Figure 3B). Such a difference in the distribution of cloud free data led to the dramatic changes in the average chl before and after the tsunami event (Figure 4 left side). However, if the comparison is restricted to the overlapping cloud free pixels in both periods (Figures 3C, D), the mean and median chl values are indeed similar between the two periods. Although there has been no field measurement or other source to validate the satellite observations, earlier evaluation results suggest that satellite-derived chl values in coastal waters typically have uncertainties of 25% - 75% (e.g., Cannizzaro et al., 2013), and their interpretations here should be valid especially when they are used as a relative index.




Figure 3 | MODIS/Aqua 8-daily composite chl for (A, C) December 18-25, 2004, and (B, D) December 26-31, 2004, before and after the Sumatran Tsunami of December 26, 2004, respectively. (A, B) show the full extent of available cloud-free chl data while (C, D) show only those pixels with data available for both composites. Tsunami epicenter location is labeled by a black dot.






Figure 4 | A quantile boxplot of chl values of the before-after composites from all available pixels (left, see Figures 3A, B) and from the overlapping pixels (right, see Figures 3C, D). The bottom, middle, and top bars of the boxes represent the 25%, 50%, and 75% percentile values, while the crosses represent the arithmetic averages.



Similar results were obtained for the Haldar et al. (2013) study when a ‘control’ experiment was conducted using non-tsunami years. Following Haldar et al. (2013), in the tsunami year, elevated chl was indeed found in the Bay of Bengal and Andaman Sea in the post-tsunami period (compare Figures 5A, C, E), especially the Eastern Andaman Sea and Malacca Strait regions (red ellipses in Figure 5) which comprise the continental shelf and slope regions. Based on this observation, one may speculate that the post-tsunami increases in chl could be due to the tsunami disturbance. However, similar elevated chl in the same regions was also found in the same periods but in non-tsunami years (Figures 5B, D, F). Therefore, from the chl changes alone, it is difficult to conclude whether the changes were due to the tsunami disturbance or due to natural variability.




Figure 5 | Composite chl anomaly images for the area bounded by 4°N - 19°N, 75°E - 103°E for the periods (A) December 10 -17, 2004, just before the Sumatran Tsunami of December 26, 2004; (B) December 11 – 18, 2006, the same period two years later; (C) December 26 – 31, 2004, just after the tsunami; (D) December 27 – 31, 2006, the same period two years later; (E) January 1 – 8, 2005, after the tsunami; and (F) January 1 – 8, 2007, the same period two years later. Red ellipse indicates the Eastern Andaman Sea region of interest.



The same findings were obtained for the case of the Japan tsunami of March 11, 2011 when a control experiment was used to diagnose the reason. Following Sava et al. (2014), chl showed substantial increases in both the epicenter region and affected coastal region, as shown in Figures 6A, B, respectively. Yet in other years without tsunami (2004, 2008, 2013), similar increases of chl in both regions were also found during the same periods. The timing and magnitude of the chl increases after the tsunami event were not unique as compared with those in the non-tsunami years, suggesting that it is difficult to relate the post-tsunami chl changes to tsunami disturbance. For example, in region A, chl values did not exceed 1 standard deviation from the historical mean (2003-2022) for any 8-day period following the tsunami (Figure 6A). In region B, while chl values did exceed 1 standard deviation on three occasions, several other years without a tsunami event also showed similar variation (Figure 6B). Expanding the analysis to the entire year further shows that the 2011 tsunami occurred right before the spring bloom (Figures 6C, D). Therefore, it is difficult to attribute the post-tsunami increase in chl to the 2011 tsuanmi.




Figure 6 | Time series of 8-day average chl in the area bounded by (A) 35°N - 39°N and 140°E - 141°E and (B) 37°N - 38°N and 141°E - 143°E. These bounding boxes were chosen to represent (A) the coastal regions of Japan affected by the Japanese tsunami of March 11, 2011, and (B) the epicenter and open ocean regions of Japan affected by the Japanese tsunami of March 11, 2011, after Sava et al. (2014). For comparison, the tsunami year and three other years as well as the 2003 – 2022 mean (vertical bars represent standard deviations) are shown in these graphs. In (C, D), the time series is extended to the entire tsunami year and the 2003 – 2022 climatology.



Similar findings were obtained from the RST-based spatial analysis (Ciancia et al., 2018) and the ALICE anomaly index (Sava et al., 2014) (Figure 7). While there are some areas of anomalously high chl in the regions, such anomalies also occur in non-tsunami years during this time of year with similar intensity and scale.




Figure 7 | Chl anomaly off the coast of eastern Japan for the area 35.5°N - 39°N and 140.6°E – 143.9°E derived from the Robust Satellite Techniques (RST) after (Ciancia et al., 2018). Red and blue rectangles represent study areas R1 and R2, respectively, from (Sava et al., 2014). The tsunami year, 2011, is highlighted with a black rectangle. Color scale represents the Absolutely Local Index of Change of the Environment (ALICE) after (Tramutoli, 2007).



On exception in the published literature is Zhang et al. (2022), where a 10-year mean SST was used as the background to determine SST anomalies in the years with earthquake (2021) and without major seismicity (2011, 2014, 2017). Compared with these three other years, SST anomalies in selected regions right before and after the earthquake were apparent, thus being used to infer causality. However, we believe that in order to rule out other possible causes, one would need to examine all individual years instead of just 3 years. If no other year showed similar SST anomalies, then the argument for the causality would be stronger.

In addition to the counter arguments on the possible causality, this study also found that the published results cannot always be reproduced here, possibility due to different data reprocessing to account for instrument changes in calibration and stability. For example, Yan and Tang (2009) used a turbidity index to compare the concentration of suspended solids in the Bay of Bengal during the post-tsunami year and the same turbidity index in an average of other years, with the latter being used as a reference year. An increase in the turbidity index was found in each month during the post-tsunami year. However, this observation could not be reproduced here, as shown in Figure 8 where the post-tsunami year (green bars) did not stand out from the reference (red bars). Although the turbidity index in the post-tsunami year was greater than the reference for seven out of twelve months, most values were within one standard deviation of the reference, suggesting non-substantial changes.




Figure 8 | Monthly composite Rrs 547nm for the area 5°N - 25°N, 75°E - 105°E, used as a turbidity proxy comparing the year after the Sumatran tsunami (2005) to an average of the years 2002-2004 and 2006. Error bars represent the standard deviation of the monthly turbidity across the years used in the average. The Sumatran tsunami occurred on December 26, 2004, 5 days before the start of the post-tsunami year.



Note that all these new observations and arguments in this study are simply stating that, based on the before-after changes in the oceanographic properties (chl, SST, turbidity), one cannot jump to the conclusion that such changes are due to the seismic/tsunami events. This is certainly different from stating that these changes are not due to the seismic/tsunami events. This is because the former arguments only need to show that similar changes also occurred even without the seismic/tsunami events, but the latter arguments require further evidence to show that factors other than the seismic/tsunami events were indeed the reasons leading to the observed changes, and such evidence are typically very difficult to find. For example, two factors that can possibly lead to increased chl are photosynthetically available radiation (PAR) and winds, as the former is required by phytoplankton photosynthesis and latter may make deep-water nutrients available in surface waters to stimulate phytoplankton growth through either upwelling or deep mixing (Kahru et al., 2010). While PAR shows no apparent changes in the Sumatran tsunami year as compared with other years (Figure 9), the Sumatra study area experienced high winds in the Northern part of the study region in the weeks before the observed chl spike during the week of December 18 – 25, 2004 (Figure 10). Therefore, although such strong winds could not be used to disapprove the hypothesis that the increased chl was due to the tsunami disturbance, they did not approve the hypothesis either. Rather, they indicate that increased chl could be due to the strong winds.




Figure 9 | Time series of 8-day average PAR for November 1st through March 5th before and after the Sumatran tsunami of December 26th, 2004 (red curve), in the area bounded by 3°N - 9°N and 90°E - 96°E. Also plotted are the 8-day average PAR for other years.






Figure 10 | 8-day wind speeds and directions in the area bounded by 3°N - 9°N and 90°E - 96°E for the periods before and after the Sumatran tsunami of December 26, 2004.



In short, although the existing evidence cannot rule out the possibility that the pre- or post-seismic/tsunami changes in ocean properties were due to the events, there is no evidence to suggest causality either. Furthermore, from the ‘control’ experiments conducted in this study, it is more likely that the observed changes are due to natural variability rather than the seismic/tsunami events. Therefore, the answer to the original question of “did tsunamis lead to changes in any ocean properties” is: maybe not.




5 Concluding remarks

Several studies in the published literature have proposed a causal relationship between seismic events and changes in ocean properties such as chlorophyll concentration, sea surface temperature, or turbidity. However, although most of these changes can be reproduced through the reanalysis here, similar changes are also found in other years without seismic events. It is therefore difficult to draw conclusions on the causality, but coincidence due to natural variability appears to be the possible reason behind the observed changes. Further work to differentiate potential seismic effects on ocean properties from natural variability is required to make claims about potential causal relationships. From this reanalysis, it is suggested that when causality were to be inferred from pre- or post-event changes, a ‘control’ experiment would be a minimal requirement to serve as a reference to contrast the observed changes. Although such a ‘control’ experiment is not able to show the exact reasons behind the observed changes in ocean properties, it does show that changes alone prior to or after the events are insufficient to infer causality.
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Sumatran tsunami of 112N, Surface January 2004 - June 2005 | No significant change in chl. Increased turbidity
December 26, 2004 79°59’E water samples post-tsunami.
Chilean tsunami of 21.3°N, Nighttime February 24, 2010 - Decreased nighttime chl. Lower SST after Chilean
February 27, 2010; Japanese | 157.8°E fluorescence March 3,2010; March 8, tsunami, but not after Japanese tsunami. Increased
tsunami of March 11, 2011 from 2011 - March 18, 2011 turbidity, possibly not caused by rainfall.
deployed sensors
Fuka Japanese tsunami of March  39°20'N,  Niskin sampler May 27, 2011 - March No significant change in chl. Increased turbidity for
et 11, 2011 141°54E - through 4,2014 an extended time post-tsunami.
141°57E water column

Studies covering several oceanographic-conditions were included ina single table:due to the low:number of insitu: studies.





