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altimetry SWH measurements

* Significant wave height (SWH) can be measured
by conventional altimeters as the leading edge
rise time of a waveform

— Since reflections from wave crests returns earlier than
ones from wave troughs

* SWH measurements have been reported quite
accurate in open oceans, but they have not been
fully discussed in areas near lands.

— Unreliable altimeters observations in coastal area
— Larger spatial gradients of wave fields
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Satellite altimeters transmit microwave pulses toward the sea surface below and measure “waveforms”, i.e., time series of the power of received backscattered echoes. Under the presence of sea surface waves, microwave pulse signals reflected at the wave crests reach back to the satellite earlier than ones reflected at the wave troughs. This temporal discrepancy is represented as the leading edge rise time, i.e., duration of the leading edge slope of the waveform, and thus enables to measure significant wave height (SWH). 

SWH measurements have been reported quite accurate in open oceans, but they have not been fully discussed in areas near lands. 
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This is partly because altimeter measurements are often unreliable in coastal areas. In so-called “retracking” processes, an idealized model is fitted to observed perturbed waveforms. The Brown mathematical model is most commonly used as the idealized model in open oceans, but it assumes homogeneous reflectance within a footprint of an altimeter. This assumption, however, tends to be broken in coastal areas since sources of inhomogeneous reflectance (e.g., ships, lands, slicks, or calm water in small bays) are often present within a footprint. Therefore, altimeter measurements in coastal areas could be contaminated by such sources within a footprint.
For example, in the above panels, presence of a smooth surface area is recognized in sequentially assembled waveforms of all along-track points, i.e., the radargram (Left Panel), as an area of extraordinary-strong power of echoes shown with orange and yellow colors around a latitude y0, and which contaminates waveforms of neighboring latitudes as stronger echoes (with green color) from inhomogeneous reflectance within a footprint that do not follow the Brown model. 
In this decade, however, new retracking algorithms have been developed to accurately treat coastal altimetry data. Especially, so-called “subwaveform retrackers”, such as ALES retracker, are promising and widely used in these days. 
The subwaveform retrackers analyze only a part of the waveform near the leading edge slope (i.e., subwaveform estimation window) to reduce possible contaminations of extraordinary microwave reflections from areas of inhomogeneous reflectance within a footprint. Recently, another subwaveform retracker is proposed by Wang, Ichikawa, and Wei (2019) (hereinafter referred as “WIW19”) that refers a radargram to find a largest subwaveform estimation window size that is not affected by contaminated echoes. 

https://www.mdpi.com/2072-4292/11/11/1274

calm semi-enclosed Celebes Sea
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Location of the Indonesian Seas. The Celebes Sea, or the study area of
Jason-2 altimeter data, is highlighted as the green inner box. Four
Jason-2 tracks are present in the Celebes Sea.
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Another reason why coastal altimetry SWH measurements are not fully discussed is due to strong spatial gradient of wave heights in coastal areas. In coastal areas where spatial scales are generally small, it is unrealistic to expect spot buoy measurements, along-track altimeter measurements, and gridded wave model results to be all compatible with each other. 
In this study, therefore, we choose the Celebes Sea as the study area. The Celebes Sea is a deep marginal sea so that spatial gradient would be less significant than in coastal areas near lands. Nevertheless, frequent contaminations of altimeter measurements by presence of areas of smooth sea surface have been reported even in the center of the Celebes Sea, 200 km away from lands, so that performance of subwaveform retrackers could be fully examined.

In the present study, Jason-2 SWH datasets in the Celebes Sea determined by three retracking algorithms (original SGDR , ALES and WIW19) were compared with each other and also with a WAVEWATCH III (WW3) wave model.


Data

* Jason-2 20 Hz SGDR (ver d)
* From 2008/07 to 2015/04

— 20 Hz data are filtered based on Product
Handbook

e except that SWH=0 data are not used in this study

— Averaged over 18 km along tracks (51 points)
 Median Absolute Deviation (MAD) filter is applied

* nested WW3 models (1/2° outer box,

1/12° inner box) are used for comparisons
* From 2014/01 to 2014/05
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Excellent agreement between WW3 model and both altimeter and buoy data has been reported in open ocean. The correlation coefficients between 1/4° WW3 model and GDR SWH data of several altimeters exceed 0.9 in most areas (Perez et al., 2017), although they slightly decrease to 0.8 in the equatorial area. However, worst correlations are found in the Indonesian Seas as significantly low as approximately 0.5; worst agreement with the altimetry SWH data in the Indonesian Seas is also found in wave hindcasts of ECMWF model. 
On the other hand, Ribal et al. (2020) reported that agreement between 1/20° WW3 model and strictly quality-controlled altimetry SWH data that eliminate all suspicious observations is good even when the Indonesian Seas are included. From comparisons between tropical coastal buoys and WW3 models with different resolutions (1/2°, 1/5°, and 1/20°), they also concluded that correlation values do not change significantly from coarser grids to finger grids, in contrast that the root-mean-squared (RMS) differences decrease by increasing the resolution of the grids; note that temporal variations of wind waves are mainly determined by wind fields themselves and that these models commonly use the same NCEP wind fields. Therefore, the different correlation coefficients would be due to discrepancy of the quality of the altimeter data, not the resolution of WW3 models. 
These results suggest that the capability of Jason-2 retrackers for SWH can be assessed by correlation coefficients with WW3 models, as a consistency with wave fields numerically determined from the NCEP wind fields. 
At the same time, the resolution of WW3 models may affect the other statistics. In the present study, therefore, the ability of the 1/12° WW3 model to represent basic wave physics in the Celebes Seas will be alternately further discussed.



Intercomparison of Jason-2 SWHs
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Scatter density plots of Jason-2 SWH values between WIW19 and ALES datasets (left),
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Data distributions against the other datasets are plotted. 
As shown in the left panel, two subwaveform retrackers, WIW19 and ALES, agree significantly well, except in low SWH ranges. When SWH is larger than 1 m, data points are distributed closely to the reference equivalence line. However, in lower SHW ranges, ALES values (ordinate) tend to be larger than WIW19 values (abscissa). 

Between subwaveform retrackers and SGDR, SGDR SWH values intermittently exceed 2 m even when WIW19 or ALES are less than 1 m (middle and right panels). As anticipated, the original SGDR algorithm seems to suffer intermittent occurrence of unrealistically larger SWH values by waveform contaminations, while subwaveform retrackers would successfully avoid these contaminations. 

Although data points are widely scattered as a whole, clear correlation forming a line of dense distributions can be identified in middle and right panels. Even at relatively high SWH ranges larger than 2 m, trail of the correlated distribution line can be recognized.



Distance from contamination sources

* Discrepancies of three algorithms would
mainly depend on the estimation window size

* Distance from contamination sources (i.e.
slicks or lands) can be identified as the length
of uncontaminated trailing edge (UTE) in
WIW19

— Separate observations by the UTE length

* small UTE (close to contamination sources)
— full-length SGDR should be affected by contamination

* large UTE (far from contamination sources)

— estimation window size in WIW19 is as long as full-length
SGDR, although it is a “subwaveform” retracker
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All three algorithms use the same waveforms, so their discrepancies would mainly depend on the estimation window size. 

If a Jason-2 nadir point is close to contamination sources (i.e., slicks or lands), the contaminated echoes would appear in a waveform at gates close to the leading edge slope, so that the length of the uncontaminated trailing edge (hereinafter, abbreviated as “UTE”) in WIW19 becomes short. On the contrary, if contamination sources are away enough from a nadir point and not included in a footprint, the UTE becomes long enough to use nearly whole waveform values. 

In other words, the UTE length can be used as an index how close the altimeter observation point is to contamination sources. Therefore, the inter-comparisons are replotted for observations close to contamination sources and for uncontaminated observations.



For contaminated observations
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Use 20 Hz observations with the UTE length less than 15 gates (equivalent horizontal distance is 4.5km). These observations account approximately 17% of the whole 20 Hz data, but only 6.4% of WIW19 18-km averaged data correspond to this category since two thirds of these 20 Hz observations are discarded as outliers by the MAD filter in the 18-km averaging process. Reduction by the MAD filter is most significant in SGDR data, for which only 3.3% of 18-km averaged data correspond to this category, suggesting 80% of the 20 Hz observations near contamination sources are removed by the MAD filter. 
Since contaminated echoes are present near the leading edge in waveforms, full-waveform retracker SGDR is affected by these contaminations. As suggested in middle and right panels, SGDR would occasionally overestimate SWH values as outliers. In other words, the MAD filter could miss discarding 20% of observations near contamination sources, and these contaminated observations occasionally provide unrealistically large SWH outliers in SGDR data under calm wave conditions.
Meanwhile, since subwaveform estimation window sizes of ALES and WIW19 are similar in this category, these two algorithms become nearly identical, except for estimation of the slope of the trailing edge in the Nelder-Mead optimizations during fitting process of the Brown model. The orthogonal regression line in the left panel indicates that ALES estimation has a positive bias with respect to WIW19 only when SWH is less than 1.0 m, i.e., when the leading edge slope is steep in waveforms and the subwaveform estimation window size of ALES, proportional to SWH, would be less than six gates. Due to this positive bias, ALES does not include SWH values less than 0.5 m. Note that an improved version of ALES, i.e., WHALES, has been recently developed that has modified fitting process of the leading edge slope; the positive bias in low SWH conditions found in ALES could be modified in WHALES.


For uncontaminated observations
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Dotted blue lines are orthogonal regression lines separately
calculated for x>1.5m and x<1.5m.
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For uncontaminated observations, 20 Hz waveforms are selected when the UTE length is greater than 60 gates, or more than nearly 90% of full waveform length(corresponding horizontal distance is approximately 9 km). These observations account approximately 28% of the whole 20 Hz data; in other words, the rest 72% of the 20 Hz waveforms in the Celebes Sea are contaminated to some extent. Since almost full-length waveforms are used in WIW19 in this category, WIW19 and SGDR algorithms now become similar, except for the fitting processes of the Brown model. Agreement of two algorithms is significant (middle panel), except that the slope of the orthogonal regression line (0.86) is slightly smaller than the unity. 
Meanwhile, although the subwaveform estimation window sizes of ALES are much smaller than those of WIW19 and SGDR in this category, ALES estimations are also well correlated with the other two retrackers using full-length waveforms, except for relative positive biases in a SWH range smaller than 1 m, as suggested before.
When comparison is limited to a section where the abscissa SWH is larger than 1.5 m so that the relative positive biases in ALES data are excluded, agreement of WIW19 and ALES data sets (right panel), despite that the subwaveform estimation window sizes are significantly different. Meanwhile, agreement of ALES and SGDR (right panel; slope=1.96) is slightly better than that of WIW19 and SGDR (middle panel; slope=0.91). Note that ALES does not estimate the slope of the trailing edge in Nelder-Mead method but takes the value from the SGDR products; in other words, difference in estimations of the slope of the trailing edge contributes to the agreement of data sets. 
These results would suggest that difference of the subwaveform estimation window sizes is less important than choice of the fitting algorithms for similarity of SWH, as far as uncontaminated observations are used.


Filtering sigma0 blooms in SGDR
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and sigma0 values of 18-km averaged SGDR data.
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Unlike subwaveform retrackers, contaminations of waveforms significantly affect SGDR estimations, especially when contamination sources are close to altimeter observation points. Lengths of the UTE introduced in WIW19 have been successfully used in the present study to identify the distances from contamination sources. 
On the other hand, from original definitions of “sigma0 blooms”, larger sigma0 values would correspond to the presence of contamination sources near altimeter observation points. Therefore, relationship between the UTE length and sigma0 is plotted for all 30,927 points of 18-km averaged SGDR data. 

When the UTE length becomes larger than 20 gates, sigma0 of most data points concentrates between 13 to 17 dB, although larger sigma0 values than 20 dB occasionally exist. Meanwhile, if the UTE is shorter than 20 gates, the sigma0 values tend to increase as the UTE becomes shorter, e.g., for observations near contamination sources plotted in Figure 9b (UTE < 15 gates), most sigma0 exceeds 16 dB. Therefore, if SGDR data are filtered when sigma0 is larger than a certain value (e.g., 19 dB), more waveforms with shorter UTEs will be removed than those with longer UTEs. 
However, since UTE length and sigma0 are related but not equivalent, sigma0 filters would fail to remove contaminated waveforms with smaller sigma0 values and also unnecessarily discard uncontaminated waveforms with larger sigma0 values.



Examples of sigma0 filters to SGDR
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The panels are examples of various sigma0 filters applied to SGDR data. 

Intermittent SHW outliers are significantly reduced by changing the sigma0 criteria from original 30 dB to 22 dB (top left and middle), although several of them are still remained. 
As the sigma0 filtering criteria decrease, those scattered outliers are obviously removed and thus the correlation coefficient and the RMS difference with WIW19 steadily increases and decreases, respectively. 

At the same time, however, the number of data also significantly decreases; more than a half of original data are removed if sigma0 criterion is set as 15 dB. As colors of the scatter density near the reference equivalence line show, strict sigma0 filters remove uncontaminated observations unnecessarily, although they improve the quality of observations.
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When comparisons with WW3 model are restricted to the uncontaminated observations, all three algorithms achieved similar good agreement (C.C.=0.77-0.79; RMS diff=0.27-0.30 m).




Statistics of agreement with WW3 model

S Statistics | WIWIC AT —— o:
2010 2125 2018
— _ RVSDiff. | 0.30 m 0.30 m 0.40 m
1.23 0.87 1.30
-0.17 m 0.22m -0.20 m
0.76 0.74 0.55

Whole data (top)
and
with UTE filter >60 (bottom)

WIW1S . ALES | I

Number of data 583 580 537
VISD 0.30m 0.27 m 0.28 m

ope of reg. line 1.23 0.95 1.05
ntercept of reg. line -0.18 m 0.13m -0.10 m

Pearson Corr. Coef. 0.78 0.79 0.77
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The statistics of agreement with the WW3 model is summarized in the table.

Note that statistics of SGDR become considerably improved after filtering observations with UTE >60 gates, due to elimination of outliers, whereas improvements for WIW19 are less significant since no outliers are originally included even before the restriction. 



non-nested WW3 vs nested WW3
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The good agreement of WW3 with altimetry SWH data in the calm Celebes Sea would encourage us to further study on wave dynamics and WW3 model representability in semi-enclosed seas. 
As an example, quantitative investigation on swells from the Pacific in the semi-enclosed Celebes Sea is investigated in this study. We have prepared the same WW3 model but calculated without nesting: the waves in the semi-enclosed Celebes Sea in the non-nested model are generated by local winds, but do not account swells from the outside of the calculation domain. 

For each algorithm, the slope of the orthogonal regression line is similar to the value for the nested model results, but the intercept is obviously increased by 0.22 m to 0.28 m, as if the whole points are shifted toward the left by a negative bias of abscissa, suggesting actual presence of swells even in the semi-enclosed Celebes Sea. 

Swells larger than 0.6 m are occasionally found in the nested WW3 (bottom panel), which are only along Path 101 closest track to the Pacific. Meanwhile, Jason-2 data are characterized by broader scattering at all SWH ranges (top panels). This would suggest either that these localized larger swells are present only in the WW3 model and actual larger swells are spread broader, or that Jason-2 observations are too noisy to identify the isolated larger swells. 


Example of localized SWH )
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The SWH field in the nested WW3 model (left) and the NCEP wind field
(middle) at 10:00 on 2014/01/12. Jason-2 passed along Track 190
(shown by purple broken lines) six minutes before, as shown in the
right panel; SWH values by WIW19 (green), ALES (red), and

SGDR (blue) are plotted together with WW3 model value (orange).
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As another example of local distributions in WW3 model, the left and middle panels shows the WW3 SWH field and NCEP wind field at 10:00 on 12 January 2014, six minutes after the Jason-2 observation along Track 190 (right panel). 

Near Track 190, strong winds exceeding 10 ms−1 speed blew from the Sulu Sea (middle), as a part of a tropical low pressure area (System 91W) centered at 123°E and 6°N, which eventually became Typhoon 201401 “Lingling”. Associated with these strong winds, large SWH area exceeding 2 m were appeared in Figure 16a, but which was slightly shifted from locations of Track 190. 

Right panel indicates that the altimetry SWH data of all retrackers exceeded 2 m south of 4°N, although they were smaller than 1.5 m around 4.4°N (downwind area of the Sulu Archipelago). 
Meanwhile, the WW3 model values were spatially uniform and less than 2 m, which could be related to the spatial displacement of larger SWH area with respect to Track 190. Since presence of archipelagoes may affect not only swells but also wind fields, better representation of wave fields in models in this region would require higher resolutions in both wave model and wind fields.
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 Two subwaveform retrackers (ALES and WIW19) are compared
with SGDR data in the calm semi-enclosed Celebes Sea.

* Using radargrams, an optimal index can be obtained how Jason-
2 observation points are close to contamination sources (e.g.
slicks and lands)

— When observations are close to these contamination sources,
* SGDR occasionally estimates unrealistic SWH values due to contaminated
echoes. They could be partly filtered by sigma0O criterion.

— Strict sigma0 filtering certainly reduces SWH outliers and improves data quality, but
unnecessarily removes uncontaminated observations at the same time.

* Subwaveform retrackers successfully avoid to use contaminated echoes
within the trailing edge of the waveforms

— When uncontaminated full-length waveforms are available,
* All algorithms are well correlated
* Except that ALES retracker has a positive bias in a calm sea state (SWH < 1 m),

whose state is not unusual in the calm semi-enclosed Celebes Sea.

— Estimation window sizes of ALES could be too short in the calm sea states to properly
fit the Brown model to a waveform with the steep leading edge.

» Improved algorithm WHALES could treat this low SWH problems.
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In the Celebes Sea where waveforms of satellite altimeters are often contaminated, two subwaveform retrackers, ALES and WIW19, are applied to Jason-2 20 Hz SGDR data. 
The estimated SWH datasets are first compared with the original SGDR SWH data that use full-length waveforms. Using radargrams, or a series of adjacent waveforms along Jason-2 tracks, WIW19 can provide an optimal index how Jason-2 observation points are close to contamination sources such as slicks and lands.
When observations are close to these contamination sources, SGDR tends to estimate unrealistic SWH values with respect to two subwaveform retrackers, but the subwaveform retrackers avoid to use contaminated echoes within the trailing edge of the waveforms. These contaminated observations could be filtered by sigma0 criteria since they tend to have larger sigma0 values as “sigma0 blooms”. Strict sigma0 filtering certainly reduces SWH outliers and improves data quality, but unnecessarily removes uncontaminated observations at the same time (accuracy vs availability). 
When uncontaminated full-length waveforms are available, all algorithms are well correlated, except that ALES retracker has a positive bias in a calm sea state (SWH < 1 m), whose state is not unusual in the calm semi-enclosed Celebes Sea. Due to this positive bias, ALES data include no SWH estimations smaller than 0.4 m, which is rather unrealistic in this calm study area. Under the calm sea state condition, ALES limits the subwaveform estimation window size to less than six gates, even though a longer window size were actually available since observations are uncontaminated. Meanwhile, WIW19 retracker extends the size of the uncontaminated estimation windows as long as possible.
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* Agreement with WW3 model is good even in the Celebes Sea

— Especially when limited to uncontaminated observations.

* WIW19 retracker can achieve similar agreement with all available
observations without strict limitation, providing better data availability

— data availability would be especially important e.g., in assimilating fast-varying SWH
field in coastal areas.

— Agreement becomes worse if swells from the Pacific is excluded in the
WW3 model

* suggesting that the swells are almost always present in the Celebes Sea, in
spite of its semi-enclosed nature.

— Comparisons with individual Jason-2 data also reveal discrepancies
that may be caused by insufficiency of the present WW3 model
calculated from the NECEP wind fields

* e.g., displacements of locally-confined SWH events with respect to Jason-2
tracks.

 Together with improved quality of the altimetry SWH data,
better wave models with better wind field inputs would further
improve wave fields descriptions in semi-enclosed coastal seas.
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These datasets are then compared with WW3 model results, resulting in good agreement especially when comparisons are limited to uncontaminated Jason-2 observations. 
Note, however, that WIW19 retracker can achieve similar agreement with all available observations without such strict limitation, providing better data availability; data availability would be especially important e.g., in assimilating fast-varying SWH field in coastal areas.

The agreement, however, becomes worse if swells from the Pacific is excluded in the WW3 model, suggesting that the swells are almost always present in the Celebes Sea, in spite of its semi-enclosed nature. 
Comparisons with individual Jason-2 data also reveal discrepancies that may be caused by insufficiency of the present WW3 model calculated from the NECEP wind fields, such as displacements of locally-confined SWH events with respect to Jason-2 tracks. 

Together with improved quality of the altimetry SWH data, higher resolutions of both wave models and wind fields would further improve wave fields descriptions in semi-enclosed coastal seas.
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