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Abstract: Study presented in this paper is focused on comparison and statistical as-
sessment of differences between the selected Level 2 products of the satellite mission
Gravity Recovery and Climate Experiment (GRACE). Global monthly gravity field mod-
els in terms of spherical harmonic coefficients produced by three institutes of GRACE
Science Data System are compared with the partially independent MASCON global grav-
ity field model. Detailed comparison and statistical analysis of differences is performed
in 5 selected river basins: Amazon, Congo, Danube, Yenisei and Lena. For each spheri-
cal harmonic solution, 8 different filtrations available at International Center for Global
Gravity Field Models (ICGEM) are tested over the time span from April 2002 to July
2016. Fischer test at two significance levels 10% and 5% has been performed in order to
qualify the statistical significance between the particular solutions.

Key words: time-variable gravity field, continental water storage, global geopotential
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1. Introduction

Very high precision and sensitivity of GRACE and GRACE-FO instru-
ments, and thus very high inner precision of GRACE monthly gravity field
solutions set up many challenges in hydrogeology, glaciology, meteorology,
geophysics and geodesy. Hand in hand with the challenges, many questions
have appeared concerning on interpretation, reliability of results and phys-
ical limitations of the mission. High inner precision introduced necessity of
assuming many physical phenomena and very careful data processing.
There are many monthly gravity field solutions based on GRACE data,
most of them are available through the International Center for Global
Gravity Field Models (ICGEM) service, http://icgem.gfz-potsdam.de/
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series/, and many others are accessible via particular research centres.
Official processing centres called Science Data System centres of the mission
GRACE/GRACE-FO are Center for Space Research, University of Texas at
Austin (CSR), https://www.csr.utexas.edu/, Jet Propulsion Laboratory,
California Institute of Technology (JPL), https://www. jpl.nasa.gov/and
Deutsches GeoForschungsZentrum Potsdam (GFZ), https://www.gfz-pot
sdam.de/. There are many other research centres and universities worldwide
compiling monthly gravity field solutions based on GRACE measurements.

There are two principally different procedures for compiling the monthly
gravity field solution from GRACE data. First, and more commonly used
procedure is based on spherical harmonic analysis, see e.g. Colombo (1981),
Schmitz (1989) and the second, and more recent, procedure uses the mass
concentration blocks method or MASCONSs (Watkins et al., 2015). In this
paper we will refer to this approaches as SH and MASCON, respectively.
Both approaches have some advantages as well as limitations and in some as-
pects they may complement each other. Concerning on official SH solutions,
there have been 6 releases up to now labelled RLO1—-RL06. In this paper
we will deal with the latest RL06 published in 2018 described in Dahle et
al. (2019) and Bettadpur (2018). All SH solutions based on GRACE data
are affected by correlated noise demonstrated in form of meridian stripe
pattern. To minimize this noise in data an appropriate filtering method
needs to be used (Swenson and Wahr, 2006; Seo et al., 2008; Crowley and
Huang, 2020). Depending on particular filter type and filter settings this
can also lead to significant loss of gravity signal. The MASCON solutions
are derived directly from the inter-satellite distance and don’t require fil-
tration. They use a different form of gravity field basis functions which en-
able more possibilities of direct implementation of geophysical constraints,
see https://grace. jpl.nasa.gov/data/get-data/jpl global mascons.
MASCON solutions are mainly focused on variations of continental water
storage, cryosphere variations and also on ocean bottom pressure variations.

Primary motivation for this work is to evaluate differences between two
approaches based on GRACE satellite mission measurements, SH and MAS-
CON. Secondary motivation is to compare SH solutions prepared by differ-
ent Science Data System centres. Last but not least, our study is focused
on comparison of SH solutions filtered using decorrelation filters DDK1—
DDKS, see Kusche (2007) and Kusche et al. (2009) with the unfiltered
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MASCON solutions.

2. Selection of test areas and input data description

In order to perform detailed testing but on the same time representati-
ve enough for general conclusion, we chose five river basins in four dif-
ferent continents as our test areas: Amazon basin, Danube basin, Congo
basin, Yenisei basin and Lena basin, see Fig. 1. More details about river
basins can be found in Interactive Database of the World’s River Basins at
http://riverbasins.wateractionhub.org/.
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Fig. 1. Selected river basins as our test areas together with information about the surface
extent.

Selection of the test areas was led by the idea to alternate different
climatic conditions, different typical amplitude of the seasonal signal and
different surface extent. We chose basins with minimal length of coastal
boundary to minimize the leakage effect in SH approach. Amazon and
Congo basins were chosen for their vast drainage area, tropical climate and

49



Novak A. et al.: Joint analysis of selected GRACE monthly ... (47-61)

thus large seasonal amplitudes. Danube basin was chosen for its smaller
area and moderate climate with typical four season changes. Yenisei and
Lena basins represent higher latitude areas with lower seasonal variations.

Reference input data in our study were 1° equal-area spherical cap MAS-
CON monthly solutions GSFC.glb.200301_201607_v(02.4 available at the web
page of Goddard Space Flight Center (GSFC) https://earth.gsfc.nasa.
gov/geo/data/grace-mascons, see Luthcke et al. (2013). According to the
web-page it is the standard solution, not corrected for glacial isostatic ad-
justment (GIA) effect and thus comparable to GRACE Project Level-2 SH
solution. This data product is available in monthly grids with 1°x 1° reso-
lution. An average model from the period 2004.0-2016.0 is automatically
subtracted so the grids represent the time variations of continental water
storage in equivalent water thickness (EWT), see Eq. (1), with regards to
long-term average. This MASCON product also contains statistical uncer-
tainties including the leakage effect. We used these uncertainties for com-
putation of confidence interval of reference solution in our comparison.

Test input data in our study were GRACE RL06 SH monthly solutions
from the Science Data System centres GFZ, CSR and JPL provided by
ICGEM service, see Dahle et al. (2019) and Bettadpur (2018). We decided
to use the version with the higher spatial resolution containing the global
spherical harmonic coefficients up to degree and order (d/o) 96. Coeffi-
cients Cg o were not replaced from Satellite Laser Ranging but the original
GRACE-based Cy g coefficients were used in order to test the original DDK
filtered models provided by ICGEM service. All models are in zero-tide
system. All 8 DDK filters were tested. Figure 2 shows the availability of
particular input data.

3. Preparation of the time series

First, the global grids of EWT, with 1°x 1° resolution in spherical latitude
and longitude, were computed from GRACE RL06 SH monthly solutions
using Graflab software running on Matlab platform, see Bucha and Jandk
(2013). All grids were computed up to full d/o = 96. Only those months
when all three solutions were available, see Fig. 2, were selected. In total,
it was 154 months from April 2002 to June 2017. However, the number of
months with all SH and MASCON solutions is only 137. The longest period
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Fig. 2. Availability of particular GRACE RL06 SH and MASCON input data.

without any interruption is 74 months from November 2004 to December
2010.

The formula used for EWT computation from SH coefficients can be
found e.g. in Wahr et al. (1998), see Eq. (1):

R pap & on+1 & .
EWT = ~—] nz%1+knkZ:%[Jnk~cos(k-)\)+5nk-s1n(k-)\)}>< (

X Py (sin (1)) ,

where R is Earth’s equatorial radius, p4, is mean Earth’s density, n, k are
degree and order of SH coefficients, k, are degree-dependent Love numbers,
Jnks Sni are fully-normalized SH coefficients, P, (sin (¢)) is normalized
Legendre associated function of degree n and order k and ¢, A are spher-
ical coordinates latitude and longitude. Physical unit of EWT computed
by Eq. (1) is [kg-m~2] which corresponds to millimetres of water column
provided that the water density is 1000 kg-m™3.
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The mean models of each particular SH solution and filtration were com-
puted as a simple average of all grids in selected months. For every solu-
tion, its own mean model, yet computed from the same months, was used
to get the monthly time variations with respect to the long-term mean, see
Janak (2020). The corresponding mean models were subtracted from every
monthly SH solution obtaining the quantity denoted as AEWT}j;,. The in-
dices ¢ stands for the computation centre, j is the number of the filter and
k is the number of the test area. We tested solutions from 3 computation
centres, 8 filtrations from each centre in 5 different test areas so in total we
got 120 sets, or grids, of AEWT plus five reference solutions of AEWT for
each test area coming from the MASCON solution.

In order to compare and assess the SH solutions in terms of AFEWT,
we generated the differences between the corresponding months of SH and
MASCON grids. An example of one particular SH solution GFZ RIL06
DDKI1 averaged for the Danube basin together with the reference GSFC
MASCON solution and its statistical uncertainty (£20) is shown in Fig. 3
— top graph. Differences where the reference solution is subtracted from
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Fig. 3. Graphical example computed for Danube basin demonstrating our experiment:
SH GFZ RL06 DDK1 solution (red line) compared to reference MASCON solution (gray
line). Confidence interval (+20) for the MASCON solution is shown by light gray color
belt. Bottom graph shows the differences of SH minus MASCON solutions.

52



Contributions to Geophysics and Geodesy Vol. 51/1, 2021 (47-61)

the test solution are shown in Fig. 3 — bottom graph, together with the
statistical uncertainty (+20) of the reference model.

4. Statistical assessment

Obtained differences have been evaluated using two criteria. The first cri-
terion was the percentage of monthly differences which lies within the un-
certainty interval (£20) of the reference solution. The larger the value,
the better agreement and the more credible solution. The second criterion
was the standard deviation of the differences ogi. Using this criterion, the
smaller the value, the better agreement and thus the more credible solution.
For each test area two histograms, see Figs. 4-6, have been plotted corre-
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Fig. 4. Histograms showing the percentage of differences within 20 uncertainty interval
of reference MASCON solution (left) and standard deviations of differences (right) for
tropical Amazon and Congo basins.
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Fig. 5. Histograms showing the percentage of differences within 20 uncertainty interval
of reference MASCON solution (left) and standard deviations of differences (right) for

moderate climate Danube basin.
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Fig. 6. Histograms showing the percentage of differences within 20 uncertainty interval
of reference MASCON solution (left) and standard deviations of differences (right) for
cooler climate Yenisei and Lena basins.
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sponding to two criteria. Fig. 4 is dedicated to Amazon and Congo basins
with several common features: vast drainage area, tropical climate and large
seasonal variations. Fig. 5 shows the Danube basin with smaller drainage
area and moderate climate and Fig. 6 depicts the Yenisei and Lena basins
with cooler climate and smaller seasonal variations. Numerical results are
shown in Tables 1-3.

Analysing the histograms shown in Figs. 4-6 together with the numerical
values presented in Tables 1-3 we can see some interesting findings.

+ Results from the river basins with the similar climatic conditions do not
necessarily behave similarly. They can be quite different.

« Following the standard deviation criterion (left histograms and left part
of the tables) we see that the best agreement with the reference MASCON

Table 1. Results of testing in large tropical basins. Dark grey fields mark the best fil-
tration for particular solutions and light grey fields with bold mark the best solution for
particular basin according to first criterion (left part of the table) and second criterion
(right part of the table).

Amazon
GFZ(%) CSR(%) JPL(%) GFZ(cm) CSR(cm) JPL(cm)
87.6 89.1 1.91
DDK3 89.8 88.3 88.3 1.90 1.84 1.83
DDK4 89.8 88.3 88.3 1.90 1.85 1.83
DDK5 88.3 88.3 88.3 1.91 1.86 1.86
DDK6 88.3 88.3 88.3 1.92 1.86 1.88
DDKT7 88.3 88.3 86.1 1.97 1.87 1.95
DDKS8 86.9 89.1 87.6 2.02 1.90 2.01
Congo

GFZ(%) CSR(%) JPL(%) GFZ(cm) CSR(cm) JPL(cm)

DDK1 79.6 83.9 86.1 2.26 1.78 1.88
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Table 2. Results of testing in moderate climate basin. Dark grey fields mark the best
filtration for particular solutions and light grey fields with bold mark the best solution for
particular basin according to first criterion (left part of the table) and second criterion
(right part of the table).

94.9

97.8

2.10

Danube
GFZ(%) | CSR(%) JPL(%) GFZ(cm) | CSR(cm) | JPL(cm)
DDK1 89.8 93.4 94.2 2.30 1.99 2.05
DDK2 93.4 97.8

1.74

1.83

97.1 2.12 1.76 1.87
DDK5 93.4 98.5 97.1 2.19 1.79 1.95
DDK6 92.7 98.5 97.8 2.24 1.81 1.98
DDK7 90.5 97.1 94.9 2.44 1.95 2.17
DDKS 86.9 95.6 94.2 2.66 2.15 2.39

Table 3. Results of testing in cooler climate basin. Dark grey fields mark the best fil-
tration for particular solutions and light grey fields with bold mark the best solution for
particular basin according to first criterion (left part of the table) and second criterion
(right part of the table).

Yenisei

JPL(%)

DDK1
79.6
DDK3 67.2 89.1 78.1 2.20 1.29 1.75
DDK4 67.9 87.6 77.4 2.24 1.32 1.79
DDK5 67.2 83.2 75.2 2.31 1.38 1.87
DDK6 67.2 83.2 73.7 2.33 1.41 1.89
DDKT7 65.0 83.2 70.1 2.37 1.45 1.92
DDKS8 65.0 81.8 72.3 2.39 1.47 1.93
Lena
JPL(%) GFZ(cm) | CSR(cm) | JPL(cm)

75.9

DDK3 72.3 84.7 80.3 1.95 1.28 1.55
| DDK4 |[ENI  83.9 79.6 1.96 1.29 1.57
DDK5 71.5 84.7 77.4 1.99 1.31 1.63
DDK6 70.1 84.7 77.4 2.00 1.33 1.65
DDK7 69.3 82.5 76.6 2.04 1.38 1.71
DDK8 69.3 81.0 76.6 2.07 1.42 1.75
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solution is provided by the SH solution compiled by CSR centre. This
holds in all 5 tested river basins but it is especially apparent for cooler
climate basins Yenisei and Lena.

« Corresponding SH solutions from all centres are very similar in Amazon
basin.

o In 3 test areas the best performance showed DDK2 filtration, in one
DDK1 and in one DDKS3 filtration.

» Standard deviations of SH CSR solution differences with respect to MAS-
CON solutions vary from 1.14 cm (Yenisei) to 1.77 cm (Amazon).

» Standard deviations of SH JPL solution differences with respect to MAS-
CON solutions vary from 1.55 cm (Lena) to 1.80 cm (Congo).

» Standard deviations of SH GFZ solution differences with respect to MAS-
CON solutions vary from 1.86 cm (Amazon) to 2.10 cm (Congo).

o Percentage of agreement between the SH and MASCON solutions, as-
suming the best filtration, vary from 73.0% (GFZ DDK1 and DDK4 in
Lena basin) to 99.3% (CSR DDK3 and DDK4 in Danube basin).

The mean differences of AEWT between the SH and MASCON solutions
were also evaluated. Results of the best filtration for particular test areas
and computation centres are shown in Table 4.

Table 4. Mean differences between the SH and MASCON solutions for particular river
basins and computation centres. Only the results of the best filtrations are shown. Units:
cm.

Amazon Congo Danube Yenisei Lena
GFZ 0.55 —0.83 —0.01 0.1 0.61
CSR 0.65 —0.76 —0.02 0.11 0.39
JPL 0.73 —0.76 —0.05 0.02 0.35

Based on the results shown in Table 4 we see that the mean differences
vary from basin to basin while in one basin they are similar for all centres.
This indicates some long-wavelength locally systematic effect either in SH
or in MASCON solutions, or in both.

Numerical tests revealed that some SH solutions are better than others, in
terms of agreement with the MASCON solution, in particular basins. How-
ever, in order to see the statistical significance of the differences between the
solutions we performed the Fisher statistical test at two significance levels
10% and 5%. Results are shown in Fig. 7. Test compares the dispersion of
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differences (SH - MASCON) of the best SH solution in particular river basin
to dispersions of differences of all other solutions. Red and blue horizontal

Amazon Congo
15F critical value f for 5% significance level | - 2l critical value f for 5% significance level | |
critical value f for 10% significance level - critical value f for 10% significance level
[ - 6Fz [ - oFz
14r [ F - CSR 1 22} EF - csR 1
— NN CCF-uPL
13F 1
g I F_ 9
k] k]
512 1 5
] @
k7 @
LR R N L
1 ]
0.9 ]
0.8 —
0 1 2 3 4 5 6 7 8 9
DDK filtration DDK filtration
Danube
critical value f for 5% significance level
3 critical value f for 10% significance level | |
[EEF - gFz
[ F - csR
COF- Pl
25
g
k]
®
w2
?
e
15
1
0 1 2 3 4 5 6 7 8 9
DODK filtration
Yenisei Lena
5.5 critical value f for 5% significance level 1 critical value f for 5% significance level
critical value f for 10% significance level critical value f for 10% significance level
ST |mmmF-orz ] sl IF - GFz |
[ F - CSR [ F - CSR
45 |EF-upL 1 — NN
4
g o
B35 @
s e}
@ @
B 3 @
2 L
25
2
15
1

DDK filtration

DDK filtration

Fig. 7. Values of test statistics of Fischer statistical test for all performed SH solutions
in particular river basins. Critical values for 10% and 5% significance levels are shown by
red and blue horizontal lines, respectively.

o8



Contributions to Geophysics and Geodesy Vol. 51/1, 2021 (47-61)

lines represent the critical values of the test statistics for the significance
level 10% or 5% respectively. The best solution in particular river basin, see
Tables 1-3, has the value of test statistics equal to 1. Other solutions are
always compared to this solution. Differences of those solutions which are
above the critical values are statistically significant with probability 90% or
95%, respectively.

Based on graphs in Fig. 7 we can see that the smallest differences between
the SH solutions are in the Amazon basin and largest in the Yenisei basin.
If we choose the 5% significance level, we see that in the Amazon basin
the only solution which exceeded the critical value is GFZ DDK1 and thus
only this solution can be considered significantly different from the best
solution (in terms of agreement with the MASCON solution) which is CSR
DDK2. In contrast, in Yenisei basin most of the solutions exceeded the
critical value, except the CSR DDK2 and CSR DDK3 when comparing to
the best solution, which is CSR. DDK1. In the Lena basin, none of the CSR
solutions but all of the GFZ and JPL solutions regardless of the filtration are
considered to be significantly different than the best solution CSR DDK3.
In the Danube basin the situation is more complex. Some filtrations, even
from the same processing centre as the best solution which is CSR DDK2,
exceeded the critical value and other not. In the Congo basin, the best
solution is CSR DDK3 and solutions exceeding the 5% critical value are
JPL DDK1, DDK6, DDK7, DDKS8 and all GFZ solutions.

Comparing the SH solutions from different processing centres we see that
CSR solutions are in most cases in the best agreement with the MASCON
solution and GFZ solutions differ from the MASCON solution the most in
all studied basins and for all filtration parameters.

5. Conclusion

GRACE and GRACE-FO missions have been producing valuable data with
unprecedented accuracy, yet degraded with a correlated noise. Our paper
aimed to contribute to experimental research in order to get the best-quality
physical signal out of the GRACE monthly solutions produced by GRACE
Science Data System centres. In our experiment we chose the MASCON
GSFC solution to be the reference to which other SH solutions were com-
pared. We used the advantage of MASCON different processing strategy
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free from errors coming from decorrelation and filtering procedures. How-
ever, we must not forget that our reference solution is not error-free. Having
this in mind, we need to be careful in final interpretation of our results.
Looking at our results we are able to formulate several conclusion remarks.

o In most cases the anisotropic filtration method assigned as DDK2, see
Tables 1-3, produced the best results.

» Depending on location, the SH solutions prepared by different entities
of GRACE Science Data System can give us statistically significantly
different results. While in some river basins, e.g. Amazon, the SH solu-
tions from all centres are very similar, in other basins, e.g. Yenisei, the
differences are remarkable and statistically significant, see Fig. 7.

o SH solutions produced by CSR. centre provide the best agreement with
the MASCON GSFC solution.

» Results coming from neighbouring river basins or river basins with similar
climatic conditions can be very different.

o The mean differences of AEWT between the SH and MASCON solutions
vary from basin to basin while in one basin they are similar for all centres,
see Table 4. This indicates the presence of some systematic effect in one
of the solutions.
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