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Abstract: The GRACE mission has demonstrated a tremen-
dous potential for observing mass changes in the Earth
system from space for climate research and the obser-
vation of climate change. Future mission should on the
one hand extend the already existing time series and also
provide higher spatial and temporal resolution that is re-
quired to fulfil all needs placed on a future mission. To
analyse the applicability of such a Next Generation Grav-
ity Mission (NGGM) concept regarding hydrological ap-
plications, two GRACE-FO-type pairs in Bender forma-
tion are analysed. The numerical closed loop simulations
with a realistic noise assumption are based on the short
arc approach and make use of the Wiese approach, en-
abling a self-de-aliasing of high-frequency atmospheric
and oceanic signals, and a NRT approach for a short la-
tency.

Numerical simulations for future gravity mission concepts
are based on geophysical models, representing the time-
variable gravity field. First tests regarding the usability of
the hydrology component contained in the Earth System
Model (ESM) by the European Space Agency (ESA) for the
analysis regarding a possible flood monitoring and detec-
tion showed a clear signal in a third of the analysed flood
cases. Our analysis of selected cases found that detection
of floods was clearly possible with the reconstructed AO-
HIS/HIS signal in 20% of the tested examples, while in
40% of the cases a peak was visible but not clearly recog-
nisable.

Keywords: Flood detection, Future gravity mission, Near-
real time, Time variable gravity

Introduction

Since the year 2000, the mass transport processes of the
Earth system are observed by dedicated gravity missions
such as CHAMP (CHAllenging Minisatellite Payload) (Reig-
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ber et al. 1999) and GRACE/GRACE-FO (Gravity Recov-
ery And Climate Experiment (Follow-On)) (Tapley et al.
2004; Flechtner et al. 2017). The CHAMP satellite mis-
sion’s main observing technique is a high-low satellite-to-
satellite tracking (hl-sst) leading to a spatial resolution of
500 to 1000 km (Baur 2013). The GRACE concept is based
on twin satellites flying in a LEO (low Earth orbit) with
the main observation being the K-band microwave low-
low satellite-to satellite tracking (ll-sst) between the two
satellites. GRACE-FO features an additional inter-satellite
laser ranging interferometer as technology demonstrator
(Sheard et al. 2012), establishing that a further improve-
ment of the ranging accuracy down to a few nanometres is
possible.

Based on this observation techniques the computa-
tion of temporal gravity fields with a resolution of 1 month
(Tapley et al. 2004), 10 days (Bruinsma et al. 2010; Tap-
ley et al. 2013) and even 1 day solutions (Kurtenbach et al.
2009; Mayer-Giirr et al. 2016), the latter using a Kalman
filter, are possible, supporting the global and continuous
analysis of atmosphere, ocean, hydrology, ice and solid
Earth (AOHIS) for hydrological processes (Rodell et al.
2009; Tiwari et al. 2009), ice mass melting (Luthcke et
al. 2013; Velicogna et al. 2014), sea level risk (Willis et
al. 2010), atmospheric circulation (Forootan et al. 2014),
changes of the solid Earth like earthquakes (Han et al.
2013), and their interaction.

Possible NGGMs will have to address the issue of an
anisotropic error spectrum and resulting strong striping
features due to observation geometry in combination with
temporal aliasing effects (Seo et al. 2007), hampering more
challenging user requirements in terms of spatial resolu-
tion, time resolution and latency. A NGGM constellation
usually consists of two GRACE-like pairs in a polar and an
inclined orbit, also called Bender-pair, to address these is-
sues. In addition to the improved scientific analysis that
would be possible with such a satellite constellation, time-
variable gravity field products shall contribute to opera-
tional services and applications such as water manage-
ment, coastal vulnerability monitoring and forecasting of
floods and droughts (Pail et al. 2015).

To analyse the applicability of a NGGM constellation
regarding the detection and possible future prediction of
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droughts and floods, 6 months of data based on a Bender-
type NGGM constellation was simulated. Chapter 1 intro-
duces shortly the simulation environment, the orbit pa-
rameters of the satellite constellation, the noise charac-
teristics used and the post-processing. Chapter 2 describes
the used data sources and details the processing of the
gravity fields towards a time series for floods and droughts
detection. Among the results, a comprehensive analysis of
the simulation itself, the analysis of the content of the hy-
drological layer, the comparison of the H component to
HIS and AOHIS are presented, the applicability of the re-
constructed gravity fields for the proposed application is
studied and open questions within the analysis are dis-
cussed (see Chapter 3), followed by a short conclusion and
outlook in Chapter 4.

Within the paper the following definitions are used:
A flood is the rise and overflow of a large amount of wa-
ter beyond its normal limits and can happen depending
on the overall situation within hours, while a drought is
the prolonged shortage in the water supply and can only
be detected in long-term monitoring. Their possible detec-
tion is limited by the fact that with gravity data only so-
called gravimetric floods and droughts are visible, mean-
ing events that are associated with a change of mass and a
corresponding change in the temporal gravity field. In this
paper we focus on flood events.

1 Simulation

1.1 Orbit design

While various studies have analysed the potential of a sec-
ond pair (Bender et al. 2008; Wiese et al. 2011; Wiese et al.
2012), the study by Elsaka et al. (2014) has concluded that a
Bender configuration consisting of a polar and an inclined
pair gives the best gain in accuracy on a global average.
The orbit design itself is in accordance with the findings
of the ESA-funded study SC4MGV (Assessment of Satellite
Constellations for Monitoring the Variations in Earth Grav-
ity Field) (Iran Pour et al. 2015). The main finding being
that there is a certain freedom to tailor the orbits to po-
tential applications, because a multitude of different sce-
narios delivered very comparable results regarding achiev-
able gravity field performance. The study also showed that
the retrieved gravity models did not have constant quality
over time. Therefore, in order to improve the situation the
orbits selected in this study have the same drift rate to en-
sure optimal interleaving at all times. The analysed con-
stellation consists of a near-polar pair similar to GRACE
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Table 1. Orbit parameters for satellite constellations.

Satellite Altitude Inclination Inter-satellite
pair [km] [degree] distance [km]
Near-

340 89 100
polar
Inclined 355 70 100

and an inclined pair with an inclination of 70°, see also
Table 1. The state vectors used for the orbit integration are
from the ESA-funded ADDCON study (Additional Constel-
lation & Scientific Analysis of the Next Generation Gravity
Mission Concept) (Purkhauser et al. 2018).

1.2 Numerical simulator

The simulation was processed by a numerical closed-loop
simulator available at the Institute of Astronomical and
Physical Geodesy (IAPG) (Daras et al. 2015; Daras 2016) us-
ing the short-arc approach (Schneider 1969) with a low-low
satellite-to-satellite tracking (11-sst) and high-low satellite-
to-satellite tracking (hl-sst) component sampled at 5 sec-
onds. Additionally, the NRT processing consisting of a
combination of the Wiese approach (Wiese et al. 2011)
and a sliding window averaging at normal equation level
(Purkhauser and Pail 2019), is used. The Wiese approach
co-estimates a low spatial resolution gravity field at a
short time interval together with higher resolution gravity
fields sampled at longer time intervals, allowing for a self-
dealiasing and the stable processing of solutions of a few
days combined with a daily gravity field solution. The slid-
ing window averaging allows for an optimal latency of one
day, due to the fact that the data of each day is processed
as soon as all necessary data products like EOP (Earth ori-
entation product), rapid GNSS orbits and clocks are avail-
able, while the data of the first day in the previous solution
is excluded. Consequently, the data analysis is performed
with redundancies on the daily solution level and features
overlapping gravity solutions. Based on this processing
scheme, a variety of different data sets are available. More
details on the approach can be found in Purkhauser and
Pail (2019).

Since a short time sampling was desired, gravity fields
with a temporal resolution of three days and a spatial sam-
pling of d/o 30 corresponding to a spatial resolution of ap-
prox. 670 km or 160.000 km?, accompanied by daily solu-
tions with a spatial resolution of d/o 15 corresponding to
a spatial resolution of approx. 1300 km or 1.700.000 km?
were determined. The gravity fields were processed from
1%¢ of January till 30" of June of the year 2002.
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1.3 Data

The simulation is based on the static gravity field GOCOO05s
model (Mayer-Giirr and the GOCO Team 2015) and ESA’s
ESM (Dobslaw et al. 2015), a synthetic model of the time
variable gravity field of the Earth available in spherical
harmonics up to degree and order (d/o) 180 from the years
1996 to 2005 at 6-hourly snapshots. The time variable grav-
ity field consists of AOHIS which are computed as coupled
geophysical models as well as gravity field changes due
to solid Earth processes like continuous glacial isostatic
adjustment (GIA) or a sudden earthquake with co-seismic
and post-seismic signals. It is used as model for the time
variable gravity field information in order to perform the
simulation study and also to validate the simulated grav-
ity fields.

The H component of the AOHIS includes a global
model of all terrestrially stored water. The model is val-
idated with satellite altimetry over surface water bodies
and also GRACE.

A realistic de-aliasing model for high-frequency mass
variability in atmosphere and ocean is also provided by
the ESM in two separate components (Dobslaw et al. 2016).
The AO error (AOerr) model represents both large-scale
and small-scale errors with zero mean and a stationary
variance.

As ocean models either the GOT4.7 (Goddard Ocean
Tide) tide model (Ray 1999) or the EOTO8a (Empiri-
cal Ocean Tide) model (Savcenko and Bosch 2008) are
used. Starting from the same state vectors but different
force models the orbits and observations representing the
“true” world as closely as possible and a reference world
are propagated. The observations of the “true” world are
additionally superimposed by noise time series according
to the potential measuring system (see Table 2).

1.4 Stochastic modelling

In the context of the simulations the following two er-
ror sources were considered: the laser ranging instrument
noise (see Eq. (1)) and the accelerometer noise (see Eq. (2)
and (3)). The noise characteristics of the error sources are
all frequency dependent (f) and are approximated by ana-
lytical equations in terms of range rates

102Hz>2 L1
f svHz
6]

drange rates = 2 - 10°8. 2nf (
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dacc. y = 10- dacc. z (3)

with x being the along-track, y across-track and z the
quasi-radial component. Since the satellite is assumed
to fly in drag-free mode, the biggest part of the non-
gravitational forces is compensated by a propulsion sys-
tem consisting of ion thrusters.

The error assumptions of NGGMs were provided from
the consultancy support of Thales Alenia Space Italia
(TAS-I). In addition to the sensor noise, the NGGM simula-
tions includes uncertainties in the ocean tide model (rep-
resented by the differences between two different ocean
tide models), see Table 2. The impact of orbit errors is taken
into account by propagating 1 cm of white noise onto the
orbit positions.

1.5 Post Processing

To enhance the signal-to-noise ratio (SNR) of the NRT
results in post-processing, a time variable decorrelation
(VADER) filter was applied (Horvath et al. 2018). The main
relation between filtered (XYAPER, see Eq. (4)) and unfil-
tered (%) spherical harmonics coefficients, is given by

RVADER _ (N + o M) 'N% = Wax (4)

with the corresponding normal equation matrix N, the in-
verse signal variance matrix M and the scaling factor a,
for an adjustment of the filter strength. These three com-
ponents form the filter matrix W,. In the case of the sim-
ulation the signal variance matrix can easily be computed
from the known true signal, namely the ESA ESM AOHIS.
This is a kind of best-case scenario, but in (Horvath et al.
2018) it was shown that the influence of the chosen signal
variance model on the filter result is rather small.

2 Data Analysis

The following chapter describes the process of creating
time series of flooded areas. For the information on floods
the collection of the Dartmouth Flood Observatory (DFO)
is used (Brakenridge et al. 2002). The collected data of
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Table 2. Force and noise models of the “true” and reference world used in the full-scale simulations.

model “true” world reference world
Static gravity field (GF) model GOCOO05s GOCOO05s
Time varying GF model ESA AOHIS -

Ocean tide model EOTO08a

Noise model
Noise model

Laser interferometer noise
Accelerometer noise

GOT4.7

large floods spans from 1985 to the present and is derived
from the news, governmental, instrumental and remote
sensing sources. It is available as Excel and shapefile with
each flood having the outline of the affected area in longi-
tude and latitude, time span, affected countries and area
in square kilometres.

2.1 Input data

The flood time series is determined for the following data

products:

— The ESM’s H component to check the signal content of
the hydrology component and investigate which flood
events are visible.

— The whole ESM signal, namely AOHIS, which con-
tains the full time variable gravity information, down-
sampled.

— The ESM’s HIS signal consisting of the hydrological
signal as well as the ice and solid Earth information,
also down-sampled.

— The AOHIS reconstructed by the numerical closed-
loop simulation as described in Chapter 1 as NRT so-
lutions with a temporal resolution of 3 days. Addi-
tionally, the reconstructed AOHIS is VADER filtered
(a=1000).

— The HIS signal, reconstructed by subtracting the AO
dealiasing product from the full reconstructed AOHIS.

To make the different data sets comparable, a down-
sampling of the ESM by computing a weighted mean of the
6h snapshots to the temporal and spatial resolution of re-
constructed signals (3 days, d/o 30-50) was necessary.

Additionally, an average year time series to enable the
analysis of the deviation from the normal year is computed
for each input signal. The computation is done from the
ESA ESM model solely, which is available for 12 years (for
further discussion see Section 3.4).

2.2 Time series of specific areas

The following process was applied for all data specified in

Section 2.1:

— For a spatial representation in equivalent water
heights (EWH, see Eq. (5)) (Wahr 1998) the spherical
harmonics are evaluated on a grid with a spacing of
0.25°:

ap, = 2n+1<~;
EWH (A, ) = 3y 21k, mZ:Oan (cos 6)

(Cam cos mA + Sym sinmA) , (5)

where p,, and p, represent the average density of wa-
ter and Earth, a the semi-major axis of the Earth,
kn the love numbers and cnm and spm represent the
spherical harmonic (SH) coefficients

— Next, a definition of areas of interest is needed. This
analysis is based on the flood data from the DFO. The
flood data set includes the affected area itself in lati-
tude and longitude coordinates. Additionally, circles
situated at the centroid of the affected area with dif-
ferent radius are chosen. Also, river basins! and sub-
basins? have been identified as potential areas of in-
terest.

— These polygons were used to be intersected with the
EWH information on the grid, keeping only the data
points of the area of interest.

- Aweighted average EWH (%, see Equ. 6) of the selected
grid points is determined per epoch to form a time se-
ries for a specific area

S oLwx
X = Sw (6)
w = cos(¢p)

with w the weight, depending on the latitude ¢, and x
the EWH per grid point of the area of interest.

1 https://www.bafg.de/GRDC/EN/02_srvcs/22_gslrs/221_MRB/
riverbasins_node.html

2 ftp://rockyftp.cr.usgs.gov/vdelivery/Datasets/Staged/
Hydrography/WBD/National/GDB/
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- This leads then to three identically processed time se-
ries of a specific area: One for the average year, the sec-
ond containing the noise-free reference time-variable
gravity field (thereafter called AOHIS, HIS or H); and
third the reconstructed AOHIS or HIS as output of the
numerical simulation.

3 Results

The following chapter will first validate the simulation re-
sults of the gravity field retrieval spatially as well as in the
frequency domain. Further, the recoverability of the signal
is also checked within the time series. Then the possibility
to detect floods in comparison with an average year, com-
puted from the same data basis (ESA ESM) is validated and
open questions regarding the computation of the average
year, definition of the area of interest and spatial leakage
of flood events are discussed.

3.1 Validation of the Simulation

Within the simulation time period 179 3-day solution were
computed. As Fig. 1 shows the solutions are stable and
on average the reconstruction error surpasses the signal
strength around degree 30. To improve the performance of
the gravity field solution, different settings for a VADER fil-
ter were tested and finally set to @ = 1000. This allows for
an improvement of the resolvability of on average up tod/o
50. For the following analysis the spherical harmonics of
the filtered gravity fields are truncated to d/o 40. The cu-
mulative error in EWH for the non-filtered data till d/o 40
is 4.8 cm, while the filtered cumulative error is reduced to
1.8 cm EWH.

3.2 Signal Content of the ESA-ESM H
component

The signal content of the hydrology component of the ESA-
ESM model was checked against the recorded floods by the
DFO. For each of the 113 floods in the first half of the year
2002, a flood time series for the affected area was deter-
mined for both the H component directly as well as the
average year computed from the same component with a
temporal resolution of a day and spatial resolution of d/o
100. After the exclusion of very small and therefore local
floods (34% of the data set) and the visual analysis of the
remaining events of 74 floods a set of 15 flood cases (see Ta-
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ble 3) with clear visual indications, meaning an ascending
trend and/or a peak in the flood time series at the indicated
time period, was selected for further testing, marked with
black circles in Fig. 2.

Next, the detected floods were examined regarding
their signal amplitude in different SH resolutions. Figure 3
visualizes the flood time series for three examples for the
hydrological component: On the top a smaller flood in Aus-
tralia (a) with an affected area of approx. 60.000 km? and
short duration is depicted. In magenta the EWH minus the
average EWH, computed from the 12 years of available ESM
data, in the same area taking spherical harmonics till d/o
100 into account is depicted. In blue and green the time
series with a lower SH resolution, namely d/o 50 and 30
is displayed. The comparably large signal bias is due to
its small spatial expansion, but strong amplitude and was
also observed in other small scale examples. The other
examples are in the US (b) with a large area of approx.
280.000 km? and a long duration, and a middle scale flood
in China (c) with an expansion of approx. 130.000 km? and
an intermediate duration. Both time series show only a
small deviation when using a lower SH resolution. In all
analysed cases the flood is visible in all SH resolutions,
which is important for the following analysis. Also, the
size of the analysed area of interest as well as the magni-
tude of the signal plays a role in the detectability of floods.

Below each time series figure the general area of the
flood is visualized spatially at the beginning and in the
middle of the indicated flood. The SH resolution from left
to right is: d/o 100, 50 and 30. The reduction of SH res-
olution and therefore the signal content can be observed
in the spatial pattern and magnitude. The flood in Illinois
(US) is large enough to be easily recognizable in the spa-
tial plot as well, however, the indicated spatial expansion
indicates a larger affected area. Overall, the spatial plot is
not as easily interpretable as the computed time series.

3.3 Signal Content of the ESA-ESM H vs HIS
vs AOHIS component

The NGGM gravity field retrieval can be done for the whole
AOHIS signal. This is one of the main advantages of a
NGGM concept over a single-pair. For floods, and in the fu-
ture also droughts, the hydrology component is of interest.
The main contributing components over continents ham-
pering the detection of floods is the atmosphere. The HIS
components can be retrieved from AOHIS by removing at-
mosphere and ocean (AO) via AO dealising products, also
available from the ESA ESM model.
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Fig. 1. Top: Degree RMS of the simulated EWH derived from the NGGM Bender pair without (left) and with (right) the VADER filter applied. All
AOHIS signal as well as every error of the computed solutions is displayed in colours ranging from blue to red, with the average signal and
error visualized in black. Bottom: Reconstructed AOHIS solution (first 3-day solution, d/o 50) minus the respective reference AOHIS signal
without (left) and with (right) the VADER filter applied. The setting of the VADER filter is a=1000.

Floods 01-06/2002

=

>=160.000 km®
& 2 160.000 km?, >= 40.000 km?

& <40,000 km®
O selected flood

Fig. 2. Geographical locations of the floods in the time span of Jan-
uary to June 2002. According to the affected area, the floods are
marked in cyan for floods equal or larger than 160.000 km?, ma-
genta for floods equal or larger than 40.000 km? and smaller than
160.000km?2. Small flood (smaller than 40.000km?) are marked in
blue. Floods smaller than 3.000 km? are excluded from the graph.
Floods selected for further analysis, due to a visibility of the in-
dicated flood in the hydrological layer of the ESA ESM model are
circled in black.

Figure 4 shows the EWH for the same three selected
flood areas with the H, HIS and AOHIS component till
d/o 30 in comparison. In grey the duration of the flood
is marked. Clearly the most variations are visible in the
full AOHIS signal visualized in red. These variations are
due to the atmospheric component in the full signal. In
comparison the HIS signal (displayed in cyan), without

the atmosphere and ocean (not applicable in this case,
due to analysing only areas on the continents) has clearly
less fluctuation in the signal. However, this signal is only
available after using AO-dealising products, which entail
their own errors as well. And lastly in green the hydrology,
which is the signal of interest.

Fig. 4 shows clearly the impact of the atmospheric sig-
nal in the AOHIS, as well as the potential of the HIS sig-
nal for the detection of floods. Note that both ice and solid
Earth have smaller and also more long term characteristics
compared to hydrology. The question is now how well the
signal can be recovered in the closed-loop gravity field re-
trieval experiment to enable the monitoring and detection
of floods.

3.4 Flood detection from reconstructed
signal

The simulated scenario of a NGGM double pair mission
allows for a full reconstruction of the AOHIS, due to the
possibility of self-dealiasing with the Wiese approach. A
first analysis of data is therefore the correlation of the re-
constructed AOHIS to the ESA ESM AOHIS for the flooded
zones. Table 4 shows the correlation of the reconstructed
AOHIS and the original ESA ESM AOHIS in terms of percent
and RMS error. Using the reconstructed signal directly till
the SNR is met, leads on average to a correlation of 87.5%,
if the affected area is used as area of interest directly. The
best cases indicate correlations of up to 99%, while the
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Fig. 3. The hydrology component of the ESA ESM displayed till d/o
100 (magenta), 50 (blue) and 30 (green) for the flood in Australia (a,
ID 1886 according to the DFOQ), the US (b, ID 1919) and China (c, ID
1955). The duration of each flood is indicated with the grey shading.
Below a spatial plot of the general affected area before and in the
middle of the flood with d/0 100, 50 and 30 is visualized. As area of
interest the affected area according to the DFO is used, also called
floodzone.

worst are about 78%. These differences, however, cannot
be directly linked to features like area, shape or location.
The RMS values show value wise the same behaviour as
the correlation in percent. The analysed case of Indonesia
(ID 1870) is an outlier due to its shape and structure as an
insular state with the biggest problem being the signal sep-
aration between land and ocean in coastal regions. Also,
in case of floods close to the coast the generalized circular
shape has to be considered with care or results dismissed,
due to the possible inclusion of oceanic data in the aver-
aged result.

Table 5 lists the correlation using the VADER filtered
reconstructed signal. While the performance of the signal
is expanded by 10 degrees, the correlation is on average
decreased by 10%. This reduction is caused due to the fil-

A. F. Purkhauser, J. A. Koch, and R. Pail , NGGM NRT data: flood detection applicability

— 117

Flooding in Australia from 20020223 to 20020301 - ID 1886

o1 Hvs. HIS vs. AOHIS: Difference to average year

(a)
005 ;
2 o ;
T of A
= !
o
-0.06 by ” AESA ESM H, dio 30
- --AESA ESM AOHIS, d/o 30|
AESAESM HIS, d/o 30
01 . . T
Jan Feb Mar Apr May Jun
2002
, H-02282002 | AOHIS-02287002 | HIS-02262002 ,
-20 20 -20 £
0
-30 -30 -30 %
g
40 40 40 02
120 140 160 120 140 160 120 140 160
Flooding in USA from 20020507 to 20020608 - ID 1919
Hvs. HIS vs. AOHIS: Difference to average year
(b) 01
005
E
z
L
o

- -~ AESA ESM H, d/o 30
- -~ AESA ESM AOHIS, d/o 30|
AESA ESMHIS, d/o 30

i

. H I
Jan Feb Mar Apr May Jun
2002
H -05202002

G -

AOHIS 05202002 - HIS - 056202002

02
s
R\ “ wk Tis o
T AN N
-50 -100 50 02

AEWH [m)

Flooding in China from 20020615 to 20020624 - ID 1955
Hvs. HIS vs. AOHIS: Difference to average year

(c)

AESAESMH, d/o 30
4 i d - -~ AESA ESM ACHIS, d/o 30
[ AESA ESM HIS, dlo 30
01 | T
Jan Feb Mar Apr May
2002
5 H - 06202002 AOHIS - 06202002 HIS - 06202002

40 40 E

z

" S5 5 . f o £

s d
0N, N, 20/\ °
80 100 120 80 100 120 80 100 1ZD

Fig. 4. Comparison of the H (green), HIS (cyan) and AOHIS (red) com-
ponent of the ESA ESM for the chosen areas of interest. The vari-
ability of the whole AOHIS signal due to the atmosphere is clearly
visible. The HIS signal is enhanced in the example of Australia (a),
while in the example of the US (b) and China (c) it is dampened. The
duration of the flood is indicated in grey. Below each time series
graph, a spatial plot of the area for the H, AOHIS and HIS compo-
nent is shown at a time within the flooding.

tering and inherent damping of the signal as well as spa-
tial leakage due to the filtering process. Figure 5 shows the
reconstructed AOHIS in the unfiltered version till d/o 30
and the VADER filtered reconstructed AOHIS signal till d/o
40. While the filter helps a lot with the typical GRACE strip-
ing, that in a NGGM concept is reduced but still visible, the
computed time series displays the effects of the filtering as
amplified peaks. Therefore, filtering for such an applica-
tion has to be evaluated carefully, and based on the results
of this analysis, its seams recommendable to filter the data
on the flood time series level.

If a more generalized approach for the area of inter-
est is chosen, in this case circles drawn around the cen-
troids with different radius (for further discussion see Sec-
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Fig. 5. Comparison between the ESA ESM AOHIS signal and the
reconstructed AOHIS signal. The AOHIS signal is displayed for d/o
30 in red, and for d/o 40 in magenta, while the reconstructed AOHIS
signal with d/o 30 is visualized in blue and the VADER filtered rec.
AOHIS signal with d/o 40 is cyan. Below a spatial plot of the AOHIS
reference signal, and the reconstructed AOHIS signal (filtered and
not filtered) for d/o is displayed.

tion 3.4), similar results can be achieved. A radius of 2°
means that the analysed area corresponds to the spatial
resolution of a gravity retrieved with d/o 50, where on aver-
age 86.3% of the signal can be restored, while a larger area
means a better recoverability by 89.3%, which is even bet-
ter than for the flooded area itself (see Table 4). A very sim-
ilar result is also observable for the VADER filtered cases
(see Table 5), with an improvement of the circle with a ra-
dius of 4° due to the larger area used in the analysis.

Figure 6 displays the reconstructed AOHIS for the
floodzone as well as the circular shape with a radius of 3
arc degree. The difference between the results is, as in the
case of the correlation and RMS values, negligible.

Next, the atmosphere and ocean (AO) dealiasing com-
ponent is subtracted from the full AOHIS signal to finally
assess the reconstructed signal in comparison to the hy-
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Fig. 6. The reconstructed AOHIS from the floodzone (blue) as well
as the reconstructed AOHIS from a circular area of interest (green)
with a radius of 3 arc degrees vs. the ESA ESM AOHIS (red). The
choice of area of interest does not influence the resulting time se-
ries strongly. The time series of the flood in Australia in a coastal
region shows more variation. However, since this flood is also the
smallest one, it can be concluded, that there are no negative influ-
ences by the circular shape and the possible inclusion of oceanic
signal.

drological input signal. Table 6 lists the correlation and
RMS of the reconstructed HIS signal. While the correlation
to the original time series is 20% less than when the full
AOHIS is compared, the RMS stays in the same range. How-
ever, the change in correlation is not at the same level over-
all. Small floods in coastal areas experience the biggest
degradation when using AO-dealiasing products to com-
pute the reconstructed HIS signal. Also the second flood in
Russia (ID 1962), with a large spatial expansion, but small
amplitude, has a distinct decreased correlation factor.

Figure 7 visualizes the reconstructed HIS signal com-
pared to the ESA ESM H component. It is clearly visible
that the errors of the reconstructed gravity fields can be
as large as the signal of interest. The reconstruction error
compared to the signal amplitude depends on the size of
the flooded area. While in the small example in Australia
(Fig. 7a) the reconstruction error is dominating, the error
becomes less important if larger areas are affected. Also
the quality of the AO-dealiasing product plays a role.

To smoothen the time series a moving average with dif-
ferent window lengths is applied. Visually the moving av-
erage with the shortest window of 7 days performs best,
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while the moving average with the longest window of 31
days removes too much information from the data. The cor-
relations in Table 7 comparing the reconstructed HIS to the
desired H component of the ESA ESM reflects the results of
Table 6, because the components ice and solid Earth do not
produce a lot of valuable signal in the analysed regions.
Also the results of the smoothed time series shows, that
none of the applied moving averages performs optimal for
the intended application.
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Fig. 7. The reconstructed HIS signal (by subtracting the AO Dealias-
ing products) for the 4 arc degree radius areas directly (red), with
a moving average with d=31 (magenta), d=15 (cyan) and d=7 (blue)
compared to the hydrological component of the ESA ESM (green).

From the 15 analysed flood events 20% are visually
clearly identifiable as peaks in the reconstructed HIS sig-
nal, while 40% are visible, but are surrounded by other
peaks and not as single flood event distinguishable. This
result suggests, that the methodology is applicable for the
suggested monitoring and detection of floods but needs
improvement. The analysis showed clearly that a direct
use of the reconstructed NGGM gravity fields without any
post-processing is possible. The retrieval error, which de-
pends on the size of the studied area, is still a big factor
hampering the application based solely on gravity data.
Alsoissues like average year (for more information see Sec-
tion 3.4) and signal dealiasing with AO-dealiasing prod-
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ucts have to be addressed, before an actual implementa-
tion with unambiguous results can be undertaken.

3.5 Open Questions

Average Year

The computation of the reference year is done from the
ESA ESM model solely, which is only available for 12 years.
This means that the climatology expressed by the aver-
age for the reference year by itself is influenced by floods
and droughts. A climatologically relevant time scale is at
least 30 years and more, so that extreme years in terms
of weather are balanced out by the other years of data. It
can be expected that an average year of the recommended
30 or more years will be smoother and less likely to be in-
fluenced by onetime events such as floods and droughts
themselves. A detailed comparison to the current averaged
reference year (in spherical harmonics on a global level
and as flood time series in EWH on a local level) has shown
that for each analysed area, a different year (or even years)
would have to be excluded to improve the average year sig-
nificantly.

Since there are no plans for an extension of the ESA-
ESM, a possibility to extend the time series would be to
use GRACE data. However, different data sources would be
mixed in that case. In a possible future automated process
and alerting scheme the used average year is of great im-
portance to give correct and precise information about the
potential of a drought or flood.

Analysed Area

The analysed gravity time series initially was derived for
the exact area of the flooding indicated by the DFO. While
at this point the general detection of floods is analysed, in
a future application the monitoring and detection before-
hand is of interest. Therefore the next question is, which
kind of definition of the area of interest would be best suit-
able for a more general approach.

In Fig. 8 different definitions of area of interest are vi-
sualized. The actually affected area (Fig. 8, top left) is only
known after a flooding event took place. However, to anal-
yse the potential of a monitoring system, and possibly de-
tection system the affected area is an important factor. For
an automated scheme circles on a grid could be an option
to objectively judge each area - in Fig. 8 circles with the
radius of 2°, 3° and 4° are visualized. Overall these gen-
erally defined areas have given good results and are use-
ful for such an analysis. Only the island state of Indone-
sia was not well covered by the analysis. Another possi-
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Fig. 8. Possible definitions of area of interest. Top: Affected area
(historical data only), circles with R =2, 3 and 4 arc degrees. Bot-
tom: Catchment and Subbasins in the case of the US flooding (ID
1919).

bility are naturally defined areas or regions such as catch-
ment borders and river basins. The selected example of the
Mississippi catchment depicted in the bottom left of Fig. 8
demonstrates, that in a few cases the catchment is a too
general selection since the area is too large. In this spe-
cific case a smaller-scale definition like the subbasin Up-
per Mississippi River as depicted is more suitable, since not
the whole river system was affected by the flood. However
the overall analysis of the 15 cases showed, that only in
a few cases, the catchments or the subbasin would have
been a useful spatial definition.

Signal Aliasing

Another challenging aspect of the analysis is the occur-
rence of several flood events in a similar, neighbouring or
overlapping region. Figure 9 depicts the time series of the
Yangtze River catchment. The catchment is, as the Missis-
sippi River catchment, rather large and consists of vari-
ous rivers. Within the small time span of mid-May to the
end of June, seven flooding’s occurred in the region as
the top right corner Fig. 9 depicts. The individual peaks
are not distinguishable due to spatial leakage, with some
peaks being visible in other time series as well, while oth-
ers are not visible among the outliers. For such overlap-
ping events additional data with a higher spatial resolu-
tion for a data assimilation is necessary to distinguish the
events from each other.

Post-Processing

Both implemented post-processing strategies, namely the
VADER filter as well as the moving average, did not achieve
the hoped for results. Compared to other commonly used
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filters, the VADER filter is specifically tailored to its data
and signal. However, even with its fine-tuned filter matrix
based on the solutions own NEQ, the filter still creates sig-
nal leakage on a spatial level. In comparison, the mov-
ing average window, indiscriminately smoothes the time
series according to its input parameter and does not take
into account the behaviour of the underlying time series.
From this results it must be concluded further investiga-
tion is needed to give a conclusive answer on what post-
processing methodology achieves the best result for the
application.

4 Conclusion and Outlook

The analysis within the paper is based on a closed loop
simulation for a NGGM Bender pair using the Wiese ap-
proach for selfdealising and additionally a NRT retrieval
approach to achieve a very short gravity field retrieval la-
tency for the application of flood detection. For the anal-
ysed time span of the first half of the year 2002 15 floods,
detectable in the hydrology component of ESA’s ESM, are
analysed based on the reconstructed HIS signal.

In 20% of the analysed floods a clear detection was
possible with the simulated NGGM gravity fields only,
while 40% were visible but not clearly distinguishable as
flood due to other similar peaks in the time series. How
well the flood is detectable is dependent on the flood char-
acteristics itself like spatial expansion and signal magni-
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tude. When reconstructing HIS with the help of AO dealias-
ing products, the retrieval error of especially coastal and
small floods suffer. However, a conclusive answer of the
impact of different factors in the detectability could not be
given within the scope of the paper. This would be a valid
starting point for a more in-depth analysis.

When using different definitions of areas of interest
similar result could be obtained, leading to the conclusion
that a generalized approach would be a great option for
a future service. The implementation of a post-processing
scheme has shown, that although it is possible with NGGM
to retrieve the complete AOHIS, a tailored post-processing
is of essence to fully exploit the potential of NGGM constel-
lations and their advantages. The implemented VADER fil-
ter as well as the moving average on time series level, are
both not the optimal fit for the presented application.

Going forward several research topics have emerged
from the presented analysis. On the one hand there are
improvements to the data and analysis possible: First of
all the average year has to be improved by adding addi-
tional years of data or removing outliers from the data set.
One possibility would be to use real GRACE data to prolong
the time series as long as no extension of the ESA-ESM is
planned. Another, to calculate overall the average year not
on a global, but on a local level, so that a potential outlier
detection is meaningful.

Of interest in the future is also an analysis regarding
droughts, which usually build up over years, or at least
several months, so that at least a year-long simulation is
necessary to quantify the possibilities in this area ade-
quately.

Additionally, there are some general questions that
still miss a conclusive answer: The influence of spatial
leakage on neighbouring areas in regards of overlapping
events. Also what kind of droughts and floods are de-
tectable and in the end predictable via gravimetric satellite
data (only).
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Tables

Table 3. Analysed floods selected from the DFO archive. The ID (*) is taken from the archive.

ID* Country Area Coast/Inland Shape Beginning Duration

[main] [km?] [dd.mm.yyyy] [days]
1863 Iran 59660 Coast/Inland L-shaped 11.01.2002 3
1866 Senegal 62710 Coast/Inland Rectangular 09.01.2002 4
1870 Indonesia 41000 Variousilands  Circles 27.01.2002 17
1881 Australia 47740 Coast/Inland S-shaped 15.02.2002 4
1885 Brazil 139100 Inland Elongated 15.01.2002 78
1886 Australia 57870 Coast/Inland L-shaped 23.02.2002 7
1890 Ecuador 52930 Coast Rectangular 06.03.2002 55
1902 Saudi Arabia 22810 Coast Rectangular 08.04.2002 6
1907 Ethiopia 282500 Inland Square 16.04.2002 6
1919 USA 286800 Inland Round 07.05.2002 33
1932 Chile 166900 Coast Elongated 24.05.2002 13
1939 Uruguay 205300 Coast/Inland Square 23.04.2002 17
1946 Russia 66440 Inland Round 09.06.2002 7
1955 China 130300 Inland Round 15.06.2002 10

1962 Russia 224600 Inland Rectangular 19.06.2002 13
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Table 4. Correlation [%] and RMS [cm] of reconstructed AOHIS signal to the original ESA ESM AOHIS for the 15 selected study cases (d/o 30).

ID Reconstructed AOHIS, d/o 30 [%]

Floodzone Circle, R=2° Circle, R=3° Circle, R=4°

Corr[%] RMS[cm] Corr[%] RMS[cm] Corr[%] RMS[cm] Corr[%] RMS [cm]

1863 83.5 1.8 81.3 2.0 84.1 1.8 87.4 1.6
1866 85.2 1.8 85.6 1.8 87.4 1.6 89.6 13
1870 79.3 1.2 66.5 2.3 69.1 2.0 73.2 17
1881 82.0 21 81.2 2.1 83.5 1.9 86.5 17
1885 95.7 2.3 96.0 2.3 96.3 2.1 96.8 1.8
1886 83.5 2.9 83.7 2.8 85.3 2.6 87.5 2.2
1890 90.8 2.3 91.5 2.2 92.3 1.9 93.5 1.6
1902 80.4 1.9 82.3 1.8 85.0 1.6 88.2 1.3
1907 78.1 1.8 75.3 2.2 77.8 1.9 81.2 1.6
1919 90.1 1.9 89.2 2.1 89.9 1.9 90.5 1.8
1932 78.9 17 79.2 1.8 79.1 1.6 79.1 15
1939 98.1 1.9 98.1 2.0 98.1 1.9 98.2 17
1946 99.3 0.7 99.3 0.7 99.3 0.6 99.4 0.6
1955 93.6 1.9 93.4 1.9 93.6 1.8 94.0 1.6
1962 94.7 1.0 92.6 13 93.1 1.2 93.9 11

87.5 1.8 86.3 2.0 87.6 1.8 89.3 15
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Table 5. Correlation [%] and RMS [cm] of reconstructed and VADER filtered AOHIS signal to the original ESA ESM AOHIS for the 15 selected
study cases (d/o 40).

ID Reconstructed AOHIS, VADER, d/o 40 [%]

Floodzone Circle, R=2° Circle, R=3° Circle, R=4°

Corr[%] RMS[cm] Corr[%] RMS[cm] Corr[%] RMS[cm] Corr[%] RMS [cm]

1863 75.8 2.3 70.8 2.5 75.7 2.2 82.0 1.8
1866 68.4 2.4 70.5 2.3 76.8 2.0 83.9 15
1870 70.4 17 52.0 4.2 56.7 3.4 64.4 2.4
1881 73.5 2.8 72.2 2.9 77.1 2.4 83.1 1.9
1885 93.7 3.2 94.2 3.0 95.2 2.6 96.3 2.0
1886 66.8 4.7 67.7 4.6 73.0 3.8 79.8 3.0
1890 88.9 3.1 90.1 2.9 91.5 2.4 93.3 1.8
1902 50.9 2.6 56.1 2.4 65.6 2.0 77.5 1.6
1907 70.3 2.3 65.9 3.0 71.2 2.5 78.0 1.9
1919 74.2 3.2 68.9 3.7 73.0 3.3 78.2 2.7
1932 68.3 2.4 73.4 2.5 74.2 21 75.5 1.8
1939 96.7 2.6 96.4 2.8 96.8 2.5 97.3 21
1946 98.0 11 98.1 11 98.3 1.0 98.6 0.9
1955 93.7 2.5 93.3 2.6 93.7 2.2 94.3 1.8
1962 92.9 13 86.0 1.9 87.8 17 90.1 1.4

78.8 2.5 77.0 2.8 80.4 2.4 84.8 1.9
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Table 6. Correlation [%] and RMS [cm] of reconstructed HIS signal to the original ESA ESM HIS for the 15 selected study cases (d/o 30).

ID Reconstructed HIS (AO + Error)
Floodzone Circle, R=2° Circle, R=3° Circle, R=4°
Corr[%] RMS[cm] Corr[%] RMS[cm] Corr[%] RMS[cm] Corr[%] RMS [cm]

1863 31.6 2.0 30.2 2.1 29.6 2.0 28.6 1.8
1866 63.1 1.9 63.9 1.9 67.4 1.7 71.7 1.4
1870 46.9 1.3 20.9 2.4 24.7 2.1 31.4 1.8
1881 63.9 2.2 62.6 2.2 64.4 2.0 67.1 1.7
1885 96.0 2.4 96.3 2.3 96.6 2.1 97.0 1.8
1886 63.3 2.9 63.0 2.8 65.6 2.6 69.1 2.3
1890 90.7 2.4 91.3 2.2 921 2.0 93.2 1.7
1902 26.9 1.9 25.1 1.8 22.0 1.6 18.3 1.4
1907 75.8 1.9 74.2 2.2 76.1 2.0 78.9 1.6
1919 84.0 1.9 83.4 2.1 83.4 2.0 83.6 1.8
1932 69.0 1.8 69.9 1.9 68.2 1.7 65.3 1.6
1939 96.3 2.1 96.2 2.1 96.3 2.0 96.5 1.8
1946 94.9 0.6 94.9 0.6 95.1 0.6 95.3 0.6
1955 97.7 1.9 97.6 2 97.7 1.8 97.9 1.6
1962 30.8 1.1 23.8 1.3 28.5 1.3 35.1 1.2

68.7 1.9 66.2 2.0 67.2 1.8 68.6 1.6

Table 7. Correlation [%] and RMS [cm] of reconstructed HIS signal to the original ESA ESM HIS for the 15 selected study cases with a moving
average applied (d/o 30, circles R=4°).

ID Reconstructed HIS (AO + Error) vs. H
Circle, R=4° MovAv., d=31 MovAv., d=15 MovAv., d=7
Corr[%] RMS[cm] Corr[%] RMS[cm] Corr[%] RMS[cm] Corr[%] RMS [cm]

1863 47.5 1.6 46.8 1.0 46.2 0.8 46.1 0.8
1866 42.7 1.3 43.4 0.7 42.7 0.5 36.8 0.5
1870 16.8 1.7 19.8 0.9 18.0 0.6 16.9 0.4
1881 38.2 1.8 39.9 1.0 40.4 0.8 40.3 0.9
1885 90.0 2.2 90.0 1.5 90.1 1.5 90.5 2.0
1886 49.0 2.3 49.2 1.5 49.6 1.3 51.1 1.3
1890 62.1 1.8 61.8 1.2 61.0 1.1 60.7 1.2
1902 12.4 1.5 12.3 1.2 13.7 1.1 13.1 1.0
1907 49.5 1.7 50.2 1.0 50.4 0.8 50.6 0.7
1919 71.0 2.4 711 1.9 71.8 1.8 71.6 1.8
1932 53.4 1.6 54.2 1.1 53.9 0.9 52.6 0.8
1939 93.5 2.3 93.4 1.8 93.2 1.8 93.6 1.8
1946 79.9 3.4 80.6 3.4 80.6 3.4 81.2 3.4
1955 84.7 1.8 84.5 1.3 84.6 1.3 85.3 1.6
1962 44.3 1.1 43.1 0.8 42.6 0.5 42.6 0.4

55.7 1.9 56.0 1.4 55.9 1.2 55.5 1.2
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