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Abstract: Total sea level changes from space radar altimetry are mainly decomposed into two contri-
butions of mass addition and volume expansion of oceans, measured by GRACE space gravimeter
and Argo float array, respectively. However, the averages of altimetry, mass, and steric sea level
changes have been usually examined over the respective data domains, which are different to one
another. Errors arise from this area inconsistency is rarely discussed in the previous studies. Here in
this study, an alternative definition of ocean domain is applied for examining sea level budgets, and
the results are compared with estimates from different ocean areas. It shows that the impact of area
inconsistency is estimated by about 0.3 mm/yr of global trend difference, and averages based on a
consistent ocean area yield a closer agreement between altimetry and mass + steric in trend. This
contribution would explain some discordances of past sea level budget studies.
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1. Introduction

Sea level change is an important indicator of global climate change, and the rate is
currently increasing due to ongoing global warming. Ocean mass increase and volume
expansion are well-known as significant contributors to the global mean sea level (GMSL)
rate [1]. Recent studies have shown that ocean mass addition is the more significant
cause of present-day GMSL rise, accounting for two-thirds of the rate for 2002-2017 [2].
Total sea level change has been monitored by satellite radar altimetry since 1993. Density-
driven volumetric sea surface height change (i.e., steric change) is estimated from ocean
temperature and salinity changes, and the profiles have been measured by in situ Argo
float array since 2000 [3]. Ocean mass changes have been measured by space gravimeters
of Gravity Recovery and Climate Experiment (GRACE) and GRACE Follow-On missions
since 2002 [4,5]. In particular, the distribution of ocean mass change is closely associated
with geoid change, resulting from both solid and hydrological mass redistribution of the
Earth. A number of recent studies have compared these three complementary data sets and
showed that altimetry measurements generally agree well with the sum of mass changes
from GRACE and steric changes from Argo data in terms of the global averages [6-9].

However, it is notable that these data sets do not fully cover global oceans, and
further, the data coverages are considerably different from one another. For example,
altimetry data processing uses a number of measurements from different satellites, and the
averaged data is usually provided over a reduced latitude range of +66°, because of orbital
inclination of satellites, such as TOPEX /Poseidon and Jason-1 to -3, whose measurements
are importantly used in the processing [10]. Although other satellites with the larger
inclination (such as ERS-1 and -2, Cryosat, Envisat, etc.) cover near-polar regions (up to
~80°), the measurements show a limited performance, particularly associated with the
presence of sea ice in high-latitude oceans [11,12]. Ice-covered oceans also limit Argo float
deployments; the spatial coverage and density of the array become relatively complete
after 2005, but still, the Arctic Sea remains uncovered [2]. Further, most Argo data sets
provide ocean temperature and salinity profiles usually from 0 to 2000 m depth, and
measurements in shallow water are sometimes missing. On the other hand, GRACE data
nominally covers global oceans, but the effective resolution of the data is relatively low due
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to the post-processing steps, which were introduced to suppress errors in spatially high
frequency signals [13,14]. These methods lower the resolution and cause significant signal
leakages mostly from land to oceans, contaminating ocean mass changes up to hundreds
of kilometers away from coastlines. Thus, many GRACE sea level studies have employed a
reduced global ocean without the coastal band to exclude the leakage contribution [15].

Despite the different coverage of data sets as explained above, many studies routinely
use the averages of altimetry, Argo, and GRACE examined over the respective data domains
when investigating global sea level budget (e.g., [9,16,17]). Such schemes may assume that
sea level changes at the marginal areas are not quite different from the changes over the
observation area, or may be an attempt to obtain an estimate based on maximum data
availability. However, GRACE data coverage is generally more extensive than altimetry
and Argo ocean domains, and the inconsistency would result in additional misfits in the
linearly combined sea level budget. Averages over an area consistently applicable for all
data sets would reduce the errors and provide more reasonable decomposition of sea level
rate into mass- and density-driven contributions over a fixed near-global area. In this
study, sea level changes from three data sets of altimetry, Argo steric, and GRACE data are
examined considering consistent area definition of the global ocean domain. The results
are compared with conventional estimates (based on different data domains) and examine
which ocean definition leads to the closer agreement of the sea level budget.

2. Materials and Methods
2.1. Data

In this study, multiple data sets of altimetry, Argo, and GRACE were considered
to obtain reasonable estimates of total, steric, and mass sea level changes, respectively.
For example, a mean value of several altimetry data sets represents the total sea level
change estimate. Such averaging is also called an ensemble mean, which effectively
suppress random noises and errors associated with different data processing methods of
data centers [17].

Altimetry data sets provided from four different institutes were considered in this study:
Copernicus Marine Environment Monitoring Service (CMEMS) [18]; Climate Change Initiative
(CCI) [19]; Commonwealth Scientific and Industrial Research Organization (CSIRO) [20]; and
Jet Propulsion Laboratory (JPL) [21]. Since the glacial isostatic adjustment (GIA) effect is
included in these altimetry observations, the contribution was manually corrected by using
a gridded trend map of ICE6G-D model [22]. Hereafter, AA denotes total sea level change
obtained from averaging these GIA-corrected altimetry data sets.

In a similar manner, three Argo temperature and salinity profiles (0 to 2000 m depth)
were averaged to obtain steric sea level change AS. They were provided from International
Pacific Research Center (IPRC), Japan Agency for Marine-Earth Science and Technology
(JAMSTEC) [23], and Scripps Institution of Oceanography (SIO) [24].

Mass sea level change estimates (denoted by AM) have been widely investigated from
GRACE level-2 GS5M products. As mentioned above, GSM data includes a significant
leakage effect in the reduced data after post-processing. Thus, GRACE Mascon data was
used here for AM estimates. Mascon solutions are improved mass change distributions
that consider signal leakage correction in the data processing to provide high-resolution
mass changes, and ocean mass signals are globally available without discarding the coastal
band. Here, three different GRACE Mascons were averaged to yield AM estimates: RL06
Mascons from Center for Space Research (CSR) [25], RL06 v02 Mascons from Jet Propulsion
Laboratory (JPL) [26], and v02.4 Mascons from Goddard Space Flight Center (GSFC) [27].
GIA correction of CSR and JPL Mascons considers the same model (ICE6G-D) as applied
for altimetry. Although the GSFC Mascons used in the present analysis use ICE6G-C [28],
it is almost identical to ICE6G-D model over oceans. The ocean signals are restored by
using GAD contribution, which indicates the effect of mass redistribution due to ocean
dynamics and atmospheric pressure changes from Atmosphere and Ocean De-aliasing
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(AOD) 1B background model [29]. The monthly ocean mean of GAD is subtracted for
Inverse-Barometer (IB) correction [30].

Three data sets of AA, AS, and AM were equally converted to monthly solutions from
January 2005 to December 2015, on 1 x 1° grids. Sea level budget was simply evaluated by
an equation that AA = AS + AM + errors. Since this study focuses on the trend agreement,
seasonal variabilities were removed from all data sets. Other effects, such as ocean floor
deformation due to global surface mass load [31] and steric changes due to deep oceans
(below 2000 m depth) [32] were not included considering the small contributions to the
global rates. Errors from these factors are discussed in Section 4.

2.2. Area-Weighted Average for Global Sea Level Changes

Mean sea level changes over a specific area are normally examined by using the
area-weighted average. Let f(#; O) a mean value of sea level data f averaged over an ocean
area O at time ¢, and it is described by

o ) f(8,9,1)-0(6,9)d0)
f5:0) = [0(6, 9)d02 1)

where f represents any data set of altimetry, Argo steric, and GRACE data, and d() indicates
a unit area of the spherical earth, such as a%sinfd8d¢ for colatitude 6, longitude ¢, and
the Earth’s radius 4. Here, O(6, ¢) is an ocean function; it is one at the oceans, and is zero
otherwise. We can obtain global mean f(t; O) when O(6, ¢) covers the entire ocean.

As shown in Equation (1), a global mean in principle requires both data integration
and averaging over global ocean O(0, ¢). However, as explained above, AA, and AS data
sets are not fully provided over O(6, ¢) domain, due to the limited measurements. Many
studies for sea level budgets practically examine “global mean” using the maximum data
availability of individual data sets. The formulations are

o= L e

for altimetry sea level changes,

S(t;Dg) = fs((}r(g:zelD;)(g,(;p)dQ o

for steric changes, and

for ocean mass changes, where D 4, Dg, and D) represent the data domains of altimetry,
Argo steric, and GRACE data, respectively. As shown in Equations (2)—(4), the averages are
obtained over different areas. The estimates have been routinely compared in many sea
level budget studies, supposing that D4 = Dg = D). The difference among the areas is
likely to create additional errors when examining sea level budget.

In order to reconcile the area inconsistency, here an alternative ocean domain D’ is
defined; it indicates common data coverage of all data sets. It allows evaluating mean
changes of all data sets over a consistent area:

o) = LG 20D 0ol .

Sea level budgets using Equation (5) would substantially reduce errors associated
with the inconsistency of ocean domains. In the Results Section below, sea level budgets
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from conventional averaging methods (using Equations (2)—(4)) will be compared with the
result from Equation (5).

3. Results

Figure 1 is trend maps of altimetry, Argo steric, and GRACE Mascon solutions, show-
ing typical data coverage of each data set. Figure 1a is the sea level trend estimated from
CMEMS altimetry data; the coverage is similar but not equal to other altimetry domains
provided from JPL, CCI, and CSIRO. These altimetry data sets cover ~90% of the global
ocean area, commonly excluding the Arctic Ocean and the Antarctic Ocean. Figure 1b
shows the steric sea level trend estimated by the JAMSTEC product. As seen in the Figure,
the data does not provide estimates over oceans in the polar region, the Mediterranean
Sea, continental shelf near the East and Southeast Asia and Zealandia, etc. There are also
differences in the definitions of IPRC and SIO ocean domains. For example, IPRC and
SIO data do not cover the Caribbean Sea. The data coverages of these Argo steric data
range from 76% to 83% of the global ocean. Figure 1c shows the ocean mass trend of CSR
Mascon data, and the data is available over almost the entire ocean area as JPL and GSFC
Mascons. Figure la—c shows that the data domains of three complementary data sets are
significantly different from one another, particularly in high-latitude oceans. Thus, using
averages over these different ocean domains for the linear sea level budget equation of
AA = AS + AM would involve errors from the domain inconsistency. Other regions may
have a minor impact, but the contribution of the high-latitude oceans would result in
significantly different estimates. For example, the trend of CSR Mascons outside a common
data coverage D’ is shown in Figure 1d. Area D/, whose outer boundary is indicated by the
thick blue line, is defined by common data availability of all data sets used in the present
analysis (four altimetry data, three Argo steric changes, and three GRACE Mascons). As
shown in Figure 1d, ocean mass changes from CSR Mascons outside the altimetry and
Argo coverages included a significantly lower trend mostly in the Arctic Ocean. Over this
marginal area, the regional mass rate of CSR Mascons were about 1.20 mm/yr, while the
estimate over area D’ was about 1.88 mm/yr. JPL and GSFC Mascons were estimated by
about 0.88 and 1.72 mm/yr of mass rate in the marginal area. These were also lower than
the estimates over area D’ (2.20 and 2.01 mm/yr, respectively). Due to these small rise
rates over the high-latitude oceans, mass rate over the global ocean (by the definition of
Mascons) become smaller than the estimate over altimetry and Argo domain (area D’).

First, sea level estimates were evaluated using conventional global averaging method
(with respect to different data coverages, ignoring domain inconsistency). The results are
displayed in Figure 2. The time series of AA (gray solid curve), AS (red), and AM (blue)
are ensemble mean values of four altimetry data, three Argo steric data, and three Mascon
solutions, respectively. Individual estimates of each data set are given in the third column
of Table 1. The sum of AS and AM indicated by the black solid curve is compared with the
AA estimate. As shown in the Figure, there is a significant trend disagreement between
AA and AS + AM estimates by ~0.5 mm/yr. The misfit is even larger than the sea level
rise contribution due to the total ice mass loss of Antarctica (~0.4 mm/yr) estimated in
a previous study [33]. Explaining the difference based on this result would lead to the
overestimation of missing contributions (e.g., deep steric effect, load deformation of the
ocean floor, etc.).

Now we evaluate a sea level budget using a consistent area D’ and the result is shown
in Figure 3. Estimates from individual data sets are listed in the fourth column of Table 1.
The trend estimates are different compared to Figure 2. The reconstructed sea level budget
of AS + AM presented in Figure 3 is much closer to the measurement of AA, differing only
by ~0.2 mm/yr. The improvement is mostly due to AM contribution. Since area D’ is
quite close to D4 and Dg, estimates of AA and AS trends are almost equal to the previous
results shown in Figure 2. On the other hand, AM estimate increases by ~0.20 mm/yr in
Figure 3, and it mainly contributes to the better agreement with AA. The difference is due
to the excluded contribution of the polar region from area D’ definition, previously shown
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in Figure 1d. Many studies have demonstrated that mass sea level changes in the polar
region would decrease due to descending geoid height [31,34-36]. There, local gravity is
rapidly declining due to ongoing ice mass loss in Greenland and Antarctica, and ocean
mass is redistributed along the declining geoid surface. Thus, the average ocean mass rate
without the high-latitude oceans generally gives a larger trend estimate, and the difference
accounts for ~0.20 mm/yr according to the average of three Mascon solutions. Altimetry
measurements ought to capture this effect, but it is outside an ordinary altimetry coverage
(Da). Thus, sea level budgets considering different ocean domains of D4, Dg, and Dy
therein involve errors from missing contribution of this distinct gravity-induced effect,
only captured in AM contribution. Contrarily, estimates of AA and AS + AM based on area
D’ yield a closer agreement due to equal treatment for high-latitude oceans in the area
definition. The estimates are provided over reduced near-global oceans (covering ~75% of
the global ocean) but are free of uncertainties associated with domain inconsistency.

-10 -5 0 5 10 mmlyr

Figure 1. Trend maps of (a) altimetry data provided from CMEMS, (b) Argo steric data from
JAMSTEC, and (c) GRACE CSR Mascons (GAD included after considering IB correction). (d) Trend
map of CSR Mascons outside ocean domain D’, whose outer boundary is indicated by a thick
blue line. Area D’ is commonly available for all data sets considered in this study (altimetry data
from CMEMS, CCI, CSIRO, and JPL; Argo steric data from IPRC, JAMSTEC, and SIO; and GRACE
Mascon solutions from CSR, JPL, and GSFC). The trends are estimated by using linear regression
after removing seasonal variations.

Table 1. Trend estimates of all data sets used in this study with respect to ocean domains. Maximum data coverages of

individual data sets are used to yield estimates in the third column, and the ensemble mean values (bolded numbers) are

used for Figure 2.Results in the fourth column are consistently estimated over the common data coverage D’ defined in

this study, with the plots shown in Figure 3. Estimates of AA and AM consider GIA correction using the same model of

ICE6G-D. The trends are estimated by using linear regression after removing seasonal variations. Error boundaries are

given at 95% confidence level.

Estimates

Average Rates (mm/yr) Over

Data Sets

Provided Domains Common Domain (D)
CMEMS 3.34 +0.17 3.37 £ 0.24
CCI 3.51 +0.18 3.48 +0.24
AA CSIRO 3.50 + 0.20 344+ 025
JPL 3.52 +0.18 344+024
Ensemble Mean 3.47 +0.18 3.44 +0.24
IPRC 1.22 £0.12 1.31 £0.23
AS JAMSTEC 123 £0.11 1.21 £0.12
SIO 1.04 £0.12 1.08 £ 0.14
Ensemble Mean 1.16 £ 0.10 1.20 £+ 0.12
CSR Mascons 1.71 +£0.13 1.88 +0.14
AM JPL Mascons 1.84 £0.13 220 +£0.15
GSFC Mascons 194 +0.14 2.01 £0.16

Ensemble Mean 1.83 + 0.13 2.03 £ 0.15
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Figure 2. Ensemble mean of sea level change estimates of altimetry (AA, gray curves), Argo steric
(AS, red), and GRACE Mascons (AM, blue). The sum of AS and AM contributions are presented
with a black solid curve. The computations are based on Equations (2)—(4) with respect to individual
data domains as provided, and the detailed evaluation is listed in Table 1. The trends are estimated
by using linear regression after removing seasonal variations. Error boundaries are given at 95%
confidence level, shown as shaded plots along with the corresponding curves. Red and blue curves
include negative offsets (—10 mm) for clarity.

50

+3.44 * 0.24 mm/yr AA
—+1.20 * 0.12 mm/yr AS
—+2.03 £ 0.15 mm/yr AM
5 =+3.23 £ 0.23 mm/yr AS+AM

20
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10 -
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Figure 3. Similar to Figure 2, but from averaging over consistent data coverage D’ as defined in
Equation (5).
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4. Discussion

Averages over a consistent area provide a closer agreement between altimetry and
Argo + GRACE within error boundaries (95% confidence level). This result indicates that
inconsistency of ocean domain has contributed to some trend misfits in the previous sea
level budget studies. Further, the errors due to area inconsistency may be mistaken for
contributions from other causes.

The estimates shown in the Figure can be changed depending on the choice of data
sets. Ensemble mean values from more various altimetry, Argo, and GRACE data sets
further reduce errors from different processing methods and models used for each data set.
Considering missing contributions also yields different trend estimates. For example, it is
expected that the reconstructed rate is slightly decreased by -0.13 & 0.01 mm/yr or more
when considering global load deformation of ocean floor [31]. Deep steric change (below
2000 m depth) omitted from the present analysis would add +0.12 £ 0.03 mm/yr [37] or
more [32] to the estimate. Mascon solutions include non-surficial processes like earthquake
signals, as seen in Figure 1, and the treatment would yield a minor impact on the global
sea level trend. Tang et al. [38] examined that the correction accounts for —0.07 £ 0.02
mm/ yr of global rate. Other unmodeled tidal effects in GRACE data could contribute to
the misfit [39].

Note that the estimate shown in Figure 3 is not for “global” estimates, because the
high-latitude ocean is missing from the ocean definition of D’. The total sea level rate in
the polar region is possibly lower than the global estimate. First, local gravity decrease
due to massive ice mass loss in Greenland and Antarctica results in the lower (or negative)
average mass rate in the polar region. As shown in Section 3, the contribution based on
Mascon solutions creates ~0.2 mm/yr of global rate difference between cases with and
without the regions. Secondly, freshwater addition due to ice melt can result in additional
steric changes in high-latitude oceans. For example, salinity decrease due to meltwater
inflow (i.e., freshening) causes volume expansion [40,41]. Previous studies found that
this halosteric component (steric changes due to salinity variation) dominantly affects the
spatial pattern of steric sea level trend in the Arctic Ocean (from 66° N to 80° N), but the
regional average is lower than the global mean steric rate because the positive and negative
trend patterns offset each other [11]. Considering these steric and mass contributions in the
polar region, the true global sea level trend over the entire ocean would become smaller
than the rise rates presented in Figure 3.

5. Conclusions

Using multiple altimetry, Argo steric, and GRACE Mascon solutions, this study
examines sea level budgets using two different definitions for the ocean domain. Following
a conventional method attempted in the previous studies, one evaluates mean values over
oceans individually defined in altimetry, Argo, and GRACE data sets, recognizing that
the domains are considerably different from each other. Another examination employs a
consistent ocean area where all three data sets are available. The comparison shows that
altimetry measurements agree more with Argo steric plus GRACE Mascons in trend when
a consistent ocean area is applied. The ocean domain adjustment adds ~0.2 mm/yr of trend
in the reconstructed sea level change (Argo + GRACE). The improvement is mainly due to
consistent treatment for ocean area in the polar region, which includes gravitational ocean
mass decrease. Contrary to GRACE observation, average sea level change from altimetry
does not include the contribution due to the limited spatial coverage of measurement. This
result implies that past sea level budgets considering different ocean definitions possibly
involve errors associated with the inconsistency of applied ocean domains. Since spatial
coverages of altimetry, Argo steric, and GRACE data are significantly different from one
another, sea level budget examined over a common data coverage effectively reduces the
uncertainties and allows accurate decomposition of sea level rise contributions.
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