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Abstract: Sea State Bias (SSB) contributes to global mean sea level variability and it needs cm-level
range adjustment due to the instrumental drift over time. To investigate its variations and correct
the global and regional sea level trend precisely, we calculate the temporal and spatial variability
of the SSB correction in TOPEX, Jason-1, Jason-2 and Jason-3 missions, separately, as well as in the
combined missions over the period 1993-2017. The long-term trend in global mean operational
2D non-parametric SSB correction is about —0.03 + 0.03 mm/yr, which accounts for 1% of current
global mean sea level change rate during 1993-2016. This correction contributes to sea level change
rates of —1.27 + 0.21 mm/yr and —0.26 + 0.13 mm/yr in TOPEX-A and Jason-2 missions, respectively.
The global mean SSB varies up to 7-10 mm during the very strong ENSO events in 1997-1998 and
2015-2016. Furthermore, the TOPEX SSB trend, which is consistent with recently reported sea level
trend drift during 1993-1998, may leak into the determined global sea level trend in the period.
Moreover, the Jason-1/2 zonal SSB variability is highly correlated with the significant wave height
(SWH). On zonal average, SSB correction causes about 1% uncertainty in mean sea level trend.
At high SWH regions, the uncertainties grow to 2-4% near the 50°N and 60°S bands. This should be
considered in the study of regional sea level variability.
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1. Introduction

TOPEX, Jason-1, Jason-2 and Jason-3 have provided 25-years of continuous and near-global
coverage of sea level measurements. These altimeter sensors can precisely monitor sub centimeter
global mean sea level change and thus obtain its rising rate [1,2]. The Sea State Bias (SSB) is one of
the largest error sources for constructing the global mean sea level (GMSL) time series. The error
is on the order of a few tens of centimeters and it must be properly corrected in satellite altimetry
data [3,4]. For example, the GMSL rise rate changes from 1.7 mm/yr to 2.8 mm/yr when the new
model, BM4 model [5], was updated in TOPEX data reprocessing for the period of 1993-2002 [6].
The altimeter instrumental drift may also induce an error of 0.05-0.10 mm/yr in the GMSL rate through
non-parametric SSB over the period of 1993-2008 (i.e., TOPEX and Jason-1) [7].

The SSB combines an electromagnetic bias, a skewness bias, an instrument tracker bias, and
compensates the bias of the altimeter range measurement towards the troughs of ocean waves. It was
originally simply modeled as a percentage of the significant wave height (SWH). Later, the combined
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SSB effect was estimated using the empirical BM4 model [5], which presents a relationship among SSB,
SWH, and wind speed at a height of 10 m (Uy) or radar cross section og [8-13].

The theoretical modeling of the SSB is still a challenging problem, because SSB is a function of
instrumental error, a wave-height-dependent bias associated with the retracking, and the ocean wind
and wave conditions (e.g., fully developed swell waves and wind waves). The empirical models
do not necessarily represent the actual complexity of the relationship between SSB, SWH and Ujyy.
Tran et al. [9] has pointed out that the operational SSB estimation is base on empirical models for
each sensor. Sea surface height (SSH) without SSB correction is used to determine the relationship
among SSB, SWH and Uy through parametric or non-parametric methods [8,14-17]. Therefore,
the uncertainties in forming SSH can leak into the SSB models and cause artificial and erroneous
features in the SSB estimates [18-20]. To overcome the major drawback, several non-parametric
SSB models have been developed to produce a predictor-response relationship directly from the
regression data without imposition of a specific functional relation between the estimated SSB and the
predictors, and the three-dimensional (3D) nonparametric models were developed using the wave
period data from WAVEWATCH III [21,22] or ERA-Interim model [23] to account for the effects of
wave development on altimetry sea level measurements. Recently, Passaro et al. [24] developed an SSB
model to reduce the re-tracker related SSB noise by applying the ALES retracker and improve the sea
level anomaly retrieval in coastal regions.

Considering the effects of SSB on GMSL trend [7], we further analyzed the spatial and temporal
variability of state-of-the-art 5SB models used in various altimetry missions, to show its effects on
global and regional sea level trend estimation, and compared with results from several recent studies
on the GMSL trend drift in TOPEX (1993-2002) missions (phases A and B) [25-27]. This work improved
our understanding on the determination of GMSL trend in TOPEX and Jason-2 era.

2. Data and Methods

The SSB corrections in operational SSH products are 2D [15] and 3D non-parametric models [21].
RADS (Radar altimetry database system, http://rads.tudelft.nl/rads/rads.shtml) provides consistent
record of sea level from multi-satellite altimetry missions, as well as the applied range and geophysical
corrections. In RADS, the inter-mission biases have been corrected to provide continuous sea level record.

In this work, we analyzed over 24 years (from 1993 to 2017) of along-track data consisting of SSHA,
SWH and SSB from the TOPEX-A, TOPEX-B (started on February 10, 1999, cycle 236) and Jason-1/2/3
missions. We applied the RADS default state-of-the-art range and geophysical corrections to altimetric
data, i.e., the CLS 2D non-parametric SSB, GOT4.8 tide model, etc. Table 1 lists all valid SSB in RADS.

Table 1. SSB corrections available in RADS (the symbol ‘Y’ denotes the model is valid in RADS to the
specific altimetry mission). The 2D non-parametric SSB correction is the default method in RADS for
TOPEX, Jason-1/2/3 altimetry data processing. The codes denote the various SSB corrections in RADS.

. TOPEX
SSB (Code in RADS) (CO11-C343) Jason-1 (C001-C239)  Jason-2 (C001-C303)  Jason-3 (C001-045)
Parametric (1501 [5]) Y
CLS 2D non-parametric *
(1502 [8,15) Y Y Y Y
CSR BM4 (1503 [6]) Y
CLS non-parametric v Y
(MLE3 1512)
3D non-parametric
(1513 [21]) Y Y Y

* Default SSB correction in RADS.

Subsequently, to investigate the long-term trend in SSB and its relations with SWH, we did
monthly average of the along-track data and processed the data into 2° x 2° latitude-longitude cell to
account for track density [7]. Then, the monthly data are used to determine the trend using the linear
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least square method. The global mean time series of the parameters are determined by geographically
averaging data of each cycle (cosine latitude weighted).

3. Global mean SSB Evolution Analysis

Figure 1a shows the global mean SSB time series between 1993 and 2017 in TOPEX, Jason-1/2/3
missions. Comparing BM4 (correction code 1503 in RADS) with parametric SSB correction (1501),
obvious differences are observed in TOPEX-B era. The SSB drops remarkably during La Nifia event in
1999, which has been emphasized in a previous study [7]. In TOPEX, the change of altimeter from side
A to side B in January 1999 was also related to the trend [27]. Besides, note remarkable drops of SSB
(to 7 mm, Figure 2a) captured by Jason-2/3 during very strong El Nifio event in 2015-2016 (Jason-2
phase A mission ends in 2 October 2016), moderate El Nifio event in 2009-2010, and increases in the
following La Nina events.

For Jason-1 mission, coherent variations are observed between the two SSB models. The three
corrections (CLS 2D non-parametric 1502, CLS non-parametric MLE3 1512 and 3D non-parametric
1513) in Jason-2/3 missions show similar variability but different mean values of the long time series.
Furthermore, Jason-3 demonstrates consistent variability in the three SSB corrections with Jason-2
since February 2016 (cycle 001 of Jason-3).

Figure 1b shows the time evolution of GMSL with various SSB corrections in Table 1. The discrepancies
among the time series are attribute to SSB in each mission. In RADS, the default SSB is CLS 2D non-parametric
SSB. There is no obvious bias observed in the combined TOPEX, Jason-1/2/3 SSHA time series (Figure 1b,
blue curve). The time series with and without SSB correction are shown in Figure 1c, which exhibits trends
of 2.89 + 0.06 mm/yr and 2.96 + 0.06 mm/yr (+0), respectively. The values agree with the GMSL rise trend
of 2.9 mm/yr from NOAA very well (without Glacial Isostatic Adjustment).

To examine the possible trends in the SSB corrections, we plotted the temporal variations of 2D
and 3D non-parameter SSB corrections with each mission mean removed in Figure 2a,b. In Figure 2,
very similar variations are shown from default and alternative SSB corrections. The trend in 2D
non-parameter global mean SSB anomaly (Figure 2a) is not significant from zero (0.03 + 0.03 mm/yr)
while significant trends of —1.27 + 0.21 mm/yr, —0.61 + 0.57 mm/yr and —0.26 + 0.13 mm/yr appear in
TOPEX-A, TOPEX-B and Jason-2 SSB corrections. Alternatively, the BM4 and 3D non-parameter SSBs
exhibit consistent rates in the same time period (1993-2016, Figure 2b). Hence, the trends in SSB may
affect the determined GMSL trends in the according periods.
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Figure 1. (a) Time evolution of cycle averaged SSB corrections (m) applied to TOPEX, Jason-1/2/3
missions. (b) SSHA (m) time series with various SSB corrections shown in (a). (¢) SSHA (m) time series

with and without operational 2D non-parametric SSB correction. Refer Table 1 for the codes in the

legend of (a,b). For each cycle, the values were weighted by cosine latitude.
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Figure 2. Time series of cycle averaged SSB anomaly (m, weighted by cosine latitude) computed
from (a) 2D non-parameter correction (1502), (b) BM4 (TOEPX) and 3D non-parameter SSB corrections

(Jason-1/2/3). The mean in each mission is removed.
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4. Spatial Pattern of SSB Trend

Considering the remarkable trends in TOPEX mission, we present the spatial pattern of SSB
trend after the 2D non-parametric SSB correction in Figure 3a (TOPEX-A, 1993.01-1998.12), Figure 3c
(TOPEX-B, 1999.02-2001.12), Figure 3e (Jason-1) and Figure 3g (Jason-2). In TOPEX-A, obvious negative
trends are shown in Southern Pacific Ocean, which means that the correction decreases the ‘real’ spatial
trend from the altimetry data in the regions [18-20].

Compared with Figure 3a, the trend in TOPEX-B era (Figure 3c) is larger with positive patterns in
the southern oceans and along the equator. In Jason-1 mission (Figure 3e), high positive and negative
trends are observed in e.g., Western/tropical Pacific, South of Australia, Gulf of Alaska and southwest
of South America. In Jason-2 era, the patterns (Figure 3g) are almost reversed with positive trends
presented in Gulf Stream and the trend in Gulf of Alaska disappeared.

Figure 3b,d,f h denote the differences of trends between alternative SSB corrections (e.g., parametric
for TOPEX, 3D non-parametric for Jason) and the default one. In TOPEX-A (Figure 3b), the discrepancies
are mainly presented in the regions with high SWH (e.g., Southern Ocean and Gulf of Alaska). In the
northern Atlantic Ocean and along the equator of east Pacific, the alternative correction exhibits higher
trend than the default SSB. In Figure 3d, the changes of trends are observed in Pacific and Atlantic
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Oceans and along the equator of east Pacific. The 3D non-parametric correction shows similar spatial
patterns as the default SSB in Jason-1/2 missions, but a slightly decreased (Figure 3f) or increased trend
(Figure 3h).
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Figure 3. (Left panels) Spatial pattern of 2D non-parametric SSB correction trend (mm/yr) in (a) TOPEX-A,
(c) TOPEX-B, (e) Jason-1 and (g) Jason-2 missions. (Right panels) The difference between parametric
(b), 3D non-parametric (d,f,h) and 2D non-parametric SSB correction trends.

5. Zonal SWH and SSB Trends

Compared with the wind speed, SWH affects SSB even more. To further illustrate the correlation
between two parameters, we show the variation of spatial coherency between 2D nonparametric SSB
trend and SWH trend along the latitude in Figure 4. The Jason-1/2 missions demonstrate stronger and
more stable coherency with SWH than TOPEX. For each altimetry mission, lower spatial coherency
patterns are found in the tropical regions (20°S-20°N). The dynamic processes are the main contributors
to the SSH changes over the regions and caused lower coherency over the regions in TOPEX era. Note
that the highest coherency (<-0.95) appears from Jason-1/2 mission, especially outside +30° parallels.
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However, the coherency decreases in TOPEX missions, which implies that the SSB trend is not only
dependent on the SWH trend over the regions.

0.4
—TOPEX-A
—TOPEX-B
-0.5] — Jason-1
—Jason-2

Coherency

Latitude (°)

Figure 4. The variation of spatial coherency between 2D nonparametric trend and SWH trend from
TOPEX-A, TOPEX-B, Jason-1 and Jason-2 missions.

Moreover, Figure 5 presents the variations of zonally averaged 2D nonparametric SSB and SWH
trends from various altimetry missions, which have been weighted by the cosine latitude. The zonally
averaged SWH trends are multiplied by a factor —0.03. In terms of Jason-1/2 missions, the zonally
averaged SSB trend is coherent to SWH trend along the latitude except at 10°S-30°N due to the dynamic
progress over the regions. Compared with the results from Jason-1/2 mission, dramatic differences
between zonally averaged SSB trend and (-0.03 x SWH) trend are found from TOPEX-A mission.
TOPEX-B shows a temporal variation quite different from the other missions but high discrepancies
are also clearly seen in tropical regions (20°S-20°N). Consequently, unlike that from Jason-1/2 mission,
the SSB trend does not depend on SWH in TOPEX mission.
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3 ‘ —SSBTrend | T
- - TOPEX-B SWH
2k —8SB Trend |
E ) - - SWH Jason-1 -
‘é —8SB Trend i
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Figure 5. The variation of zonally averaged 2D nonparametric SSB and SWH X (-0.03) trend (mm/yr)
from TOPEX-A, TOPEX-B, Jason-1 and Jason-2 missions.

6. Discussion and Conclusions

It is still unclear to what extent SSB depends on errors in parameter estimations or to the wave
physics. The wave periods measured by altimeters are generally shifted from that measured by surface
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buoys due to different cut-off frequencies [25], which could result in a discrepancy between wave
models such as WAVEWATCH III and ERA-Interim. The inaccuracy of numerical wave model outputs
and wind fields may cause inaccurate theoretical modelling of SSB, especially in tropical regions.
On the other hand, poor SWH estimation in TOPEX retracking due to poor downlinked waveform
data, and instrumental differences (e.g., footprint sizes) between TOPEX and Jason altimeters could be
responsible for the SSB differences in the missions. To correct for the physical effects of the interaction
between the radar signal and the waves, it is necessary to work on a retracked dataset that is free from
the retracker-related SSB noise [24].

Watson et al. [26] pointed out that TOPEX-A data may have an instrumental drift of 0.9 + 0.5 mm/yr
to ~1.5 = 0.5 mm/yr over 1993-1998 depending on the vertical land motion correction applied to the
tide gauges. Very recently, Dieng et al. [27] quantified this value as 1.5 + 0.5 mm/yr by using the budget
approach which lead to closure of the sea level budget. Beckley et al. [28] mentioned that TOPEX
altimeter data had a 1 mm/yr drift. In this study, we examined the variability of SSB corrections in over
24 years and its contribution to the global mean sea level change rate. In TOPEX-A mission, the global
averaged SSB correction demonstrates a significant trend of —1.3 + 0.2 mm/yr.

Figure 6 shows the spatial pattern of the 2D non-parametric SSB trend over the time period
1993-2016. Negative trend is up to —0.15 mm/yr in the Southern Ocean and Gulf of Alaska, where
higher SWHs are observed. In other regions, the trend is neglectable. In Figure 7, the zonal averaged
SSB trend is compared with zonal averaged SLA trend (2°) and NOAA released SLA trend (0.5°).
The SSB trend is around —0.03 mm/yr north of 50°S parallel (i.e., 1% of current global sea level rise
rate). However, it accounts for a zonal averaged sea level trend of about 4% and 2% near 60°S and
50°N, respectively.

In summary, the trends in SSB corrections are considerable in TOPEX and Jason-2 missions,
but their contribution to the long term GMSL trend is not significant. The significant discrepancy
of the spatial coherency between SWH and SSB trend is present in TOPEX sides A and B missions,
which needs to be further studied in the future [28]. The variation of the spatial coherency along the
latitude shows that the SSB trend in tropical regions is less sensitive to the SWH trend in Jason-1/2
missions. Moreover, the ENSO activities may also contribute to the temporal variability of global mean
SSB correction.

e .‘ 3 w
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-0.15 -0.1 -0.05 0

Figure 6. Spatial pattern of 2D non-parametric SSB correction trend (mm/yr, 1993-2016) in multiple

altimetry missions.
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Figure 7. The variation of zonally averaged CLS nonparametric SSB trend (mm/yr) from TOPEX-A,
TOPEX-B, Jason-1 and Jason-2 missions.
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