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Abstract

Airborne gravimetry fromthe Gravity for the Redefinition of the American Vertical Datum (GRAV-D) project
is available for download in its current ‘beta2’ version. This report presents three main aspects where the
processing of this GRAV-D data could be improved and evaluates them in block MS05 covering parts of
Coloradoand NewMexico. First, the application of the Gaussian low-pass filter should use gravity disturbances
instead of absolute gravity values. This removeshigh-frequency

noise of up to £5 mGal fromtheairborne gravity observations, wherebythe root mean square (RMS) of

the improvement is 0.5 mGal in MS05. Second, the official GRAV-D data includes 11 observation

gaps in MS05, but only one of these gapsis a clear outlier. Since data gaps willharm all applications of GRAV-D
data, this report supports a less restrictive dataremoval and reinserts the 10 remaining gaps to the reprocessing
(in order to prevent gapsin final product). Third, an analysis of individual flight line biases gives a significant
improvement when flight line offsets are, for example, estimated in a cross-over analysis instead of the
attachment to the absolute tie that is currently used. The analysis in this report indicates thatapplied airborne
gravity corrections are responsible for systematic effects in the current GRAV-D solution. Since the cross-over
analysis in this report is able to remove these systematic effects to a large extent, it provides a significant
improvementtoward the official GRAV-D solution. Additionally, the cross-over analysis for crossing flight lines
allows a classification of the observation precision in GRAV-D. Afterimplementing the three improvements of
this report, the RMS of the observations is 1.3 mGal, while it was previously calculated as 2.3 mGal in MS05
(GRAV-D Team, 2018a). Accordingly, the adaptationsin this study provide a significant improvement of up to
43%, which should be implemented in the near future and could benefit the definition of the newvertical datum
as wellas other applications.

Keywords GRAV-D - Airborne gravimetry - Low-passfilter- Data processing

1 Introduction

Gravity for the Redefinition of the American Vertical Datum (GRAV-D) is a multi-year project within NOAA’s
National Geodetic Survey (NGS) to measure airborne gravity across the entire United States and its territories
(NGS, 2007). The primary outcome of this project is that it will provide the basis fora new vertical datum to be
used for defining the nation’s heights. This vertical datum, the North American-Pacific Geopotential Datum of
2022, will be based on a gravimetric geoid model and accessed through Global Navigation Satellite Systems
(GNSS). As of January 2021, GRAV-D has already collected data over approximately 84% of the entire United
States. The gravity datais collectedalongequally spacedflight lines with consistent flight characteristics(altitude,
aircraft speed, sampling interval, etc.). The GRAV-D surveys are provided in data blocks that cover specific
geographic regions of the United States. This report is completely focused on the MS05 block, which is
approximately 650 km by450 km and covers southern Colorado and northern NewMexico. This block is chosen
for a number of reasons — the NGS has surveyed a high accuracy validation line in this region to serve as
ground truth for geoid and gravity investigations (van Westrum et al., 2021). Additionally, the International
Association of Geodesy (IAG)
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Joint Working Group 2.2.2 called ‘the 1 cm geoid experiment’ (2017-2019) has published a number of geoid
comparisons over this region (overview in Wang et al.,, in review). Furthermore, it is a region of rugged
mountainousterrain, which providesa unique and difficult challenge for gravity and geoid modeling. While the
analysis presented is specific to this block, the techniques and methods can be implemented and expanded to
otherareas.

This reportis focused on threeareas of concern within the current GRAV-D data processing: low- pass filtering
of the raw gravity data, removal of gravity observations that don’t match a predetermined global geopotential
model (GGM), and gravity offsets and trends between surveylines.

First,low-pass filtering is commonly appliedin airborne gravity processing as the gravity datais dom-inated by
high-frequency noise due to aircraft motion. However, in the current GRAV-D processing, the applied low-pass
filter leaves significant high-frequency noise from aircraft motion that could be improved by a different filter
application.

Secondly, there will always be individual situations where aircraft motion will cause the gravity ob-servations to
be unrecoverable.In these situations, it is critical to remove the data thought to bein error. The current GRAV-
D processing currently handles this identification and removal of data error througha combination of off-level
correction and misfit toa GGM. This is performed on a case-by-case basis withouta specific statistical threshold
and subject to analyst bias. In the MS05 data block, almost all of the sections of data that are removedare likely
to have been done soerroneously and could be reinserted to the final product.

Finally, the existence of offsetsand trends in airborne surveysis not uncommonand can be caused by a number
of different factors within the data collection and processing. The offset determination froma cross-over
analysis by parameter estimationallows the calculation of individual flight line biasesand the calculation of
corresponding observation accuracies. However, the publicly available GRAV-D datadoes not accountfor any
offset nor trend in the data lines. Within NGS, a gravity data offsetis estimated and removedline-by-line prior
to use for geoid modeling.

The report is structured as follows: In Section 2 we introduce the different data sets and different processing
stages of GRAV-D that are used for this study. The Sections 3 to 5 separately handle three different aspects of the
GRAV-D processing, which all improve the overall GRAV-D data quality and are described in this report. Section
3 addressesthe Gaussian low-passfilter and explains the impact when filtering is applied to gravity disturbances
instead of absolute gravity values. Next, Section 4 proposes and justifies an alternative method to detect (and
remove) suspicious portions of the gravity observations, which resultin significantly less data gapsin the GRAV-
D product. Furthermore, the calculation of individual flight line biases is discussed in Section 5, which gives
available options in airborne gravimetry and evaluates them based on their statistics. Finally, Section 6 draws
conclusions from thereportand givesan outlook forthe GRAV-D processing in the future.

2 Overview of airborne data

This section describes which airborne gravimetry data are handled within this report and is intended to give an
overview of the corresponding data sets. In general, we distinguish between original data (O1-03), which were
available before this study and the different versions of newly reprocessed data (R1-R3), which are created from
the modifications proposedin this report. Furthermore, the two data sets (M 1-M2) are synthesized from GGMs
and are included for comparisons, validation and gravity reduction. Summarizing, the following data are
handled:

1) Ol - Correctedraw observations:
The available raw gravity observations include common corrections (e.g., aircraft motion, meter
off-level error, and instrumental drift), which are described in GRAV-D Team (2017) and Zhong et
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Fig. 1 Overview of data processing: original data (01-O3) was available before this report, while the reprocessed data
(R1-R3) results from improvements within this report. All arrows mark different processing steps, which are described
in detail in the corresponding chapter.

2)

4)

5)

6)

7)

al. (2015),butdonotinclude a low-passfilter or an offset correction. The measurement frequency
depends on the used instrument and is either 1 Hz or 20 Hz.

02 — Original beta2 observations:

The official, current version of the GRAV-D datais called "beta2"and is freely available for download. This
report usesonly the GRAV-D data of block MS05, which can be accessed on the corresponding website
(GRAV-D Team, 2018b). Detailed explanationsabout the processing method in general can be found in
GRAV-D Team (2017), while details about the instrumentation, the flightlines and the data quality of blodk
MS05are documentedin GRAV-D Team (2018a). Beta2 dataare calculated by applying a low-pass filter to
the full-field gravity observationsof O1and include no offset correction. The measurement frequency
depends on the gravity instrument used and is either 1 Hzor 20 Hz, but it is uniformly sampled to 1 Hz for
comparisonsin this report.

03 — Original application data:

The original data set thatis most beneficial for applications. It was produced from O2 in the context ofthe
IAG working group "the 1 cm geoid experiment” (Wanget al., in review) and includes some useful
modifications. The individual line bias is correctedby the Ref17A model (NGS, 2020) and the data are
uniformly sampledto 1 Hz.

R1 — Reprocessed data without offset correction:

This data setis derived from the corrected raw observations (O1) by applying a Gaussian low-pass filter to
the gravity disturbances and restoring the normal gravity afterwards. R1 realizes the modifications that are
described in the Sections 3 and 4, but doesnot include an offset correction. The uniform frequency is 1 Hz.
R2 — Reprocessed data with offset correction from XGM2019e:

The data set R2 is calculated by including an offset correction from XGM2019e to R1. The calculation is
described in Section 5.2.

R3 — Reprocessed data with offset correction from cross-over analysis:
The data set R3is created byapplying a cross-over analysis to correct individual flight line biases, whereby
details are explained in Sect. 5.3.

M1 — Model observations from XGM2019e (Zingerle et al., 2020):

XGM2019e is the combination of a GGM and a topographic gravity field model. It is synthesizedat 3D
pointlevel up to d/o 5540 and used for data reduction ofairborne gravity measurements. As of October
2020, XGM2019e is the only high-resolution GGM that includes the newest satellite-only model
(GOCOO06S, Kvas et al. 2019) and furthermore the GGM with the highest spherical harmonic (SH) degree.
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8) M2 - Model observations from EGM2008 (Pavlis et al., 2012):
EGM2008 isused for comparisonsin Section4 and synthesized at 3D point level upto d/o 2190.It
is the best-known high-resolution GGM and is furthermore used for the determination of
observationgaps in the original data (O2 and O3, see Section 4).

3 Gaussian low-pass filtering in the GRAV-D processing

In the following, we describe the main differences between the original data sets (01-O3) and the newly
reprocessed versions (R1-R3). The corrected raw gravity observations (O1) in MSo5 aresuperimposed
by high-frequency noise, which results from the measurement in motion and is a common effect in
airborne gravimetry (Schwarz & Wei , 1995; Childers et al., 1999; Olesen, 2003). As a result of this noise,
the gravity signal is not directly visible in the raw gravity observations, even after applyingthe
corrections for aircraft motion, meter off-level error, and instrumental drift. Details about the
corrections applied inthe GRAV-Ddata are providedin GRAV-D Team (2017) and Zhong et al. (2015).
Afterapplying these corrections, the gravity signal canbe extracted by applying a low-passfilter. For
moredetailsabout the general approach of reducing noise in platform-stabilized airborne gravimetry
we refer to Childers et al. (1999).

3.1 Current GRAV-Dimplementation

In the GRAV-D project a time-domain Gaussian filter is applied three times to the full-field gravity
observations (GRAV-D Team, 2017, chapter 2.2; GRAV-D Team, 2018a, chapter 3.1). The filtering

procedure is implemented using a Gaussian window where the weighting coefficients of the measure-
ments n are computed based on

1 2
whn) = EXp(_E(a(L—n—l)/Z) ) €9)

where—(L—1)/2 <n < (L —1)/2. L is the window length and « a width factor, which is (for a

constant frequency) inversely proportional to the standard deviation ¢ ofthe Gaussian probability
density function. Parameters used during the filter process are defined as follows:

Table 1 Gaussian filter parameters used for the original data processing (02 and 03).

Frequency L X o
1 Hz 121 2.5 24
20 Hz 2401 2.5 480

Correspondingly, the full gravity signal and the observation noise are both filtered by the Gaussian low-
pass filter, which is originally only intended for the observation noise. We consider this filter approach
as disadvantageous, as gravity changes in the measurements result not only from signal variations, but
also from changes in the height of the aircraft. Accordingly, the Gaussian low-pass filter implemented in
GRAV-D Team(2018a,b) will smooth or remove gravity changes from height variations, which results
in high-frequency noise in the gravity disturbances

dg=g-v (2)
Fig. 2 illustrates forthe gravity disturbances of a 100 km segment of FL506, where the original pro-
cessing 02 in blue shows unrealistic high frequencies compared to the new processing R1i (orange). In
the new processing (e.g., R1), the Gaussian filter is used for gravity disturbances &g instead of full-field
gravity values g and therefore independent (to the first order) of the flight elevation (Forsberg et al.,
2000), as is explained in detail in Section 3.2.
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Fig. 2 Gravity disturbance comparison between the noisy original processing (02, blue) and the reprocessed values (R1,
orange) for a 100 km segment of flight line 506. This shows the improvement of the reprocessing strategy, as both
solutions use an identical, but differently applied Gaussian low-pass filter.

The issue withthe processing GRAV-D Team(2018a,b)is explained for the calculation of gravity dis-

turbances 6% in an error-free scenario. Therefore, we assume that the airborne gravity observations g and
the normal gravity y are identical and both able to describe the true gravity field along a 10 km

part of flight line (FL) 203. The flight height of the selected flight segment is displayed in Fig. 3a,
while Fig. 3b gives the corresponding normal gravity y as well as the gravity observations g. Fig. 3c

presents the resulting gravity disturbance dg, which is zeroin the error-free case.

However, this changes as soonas we apply a Gaussian low-pass filter accordingto the specifications
from the GRAV-Dproject. Thefilter does not affect the flight height (Fig. 4a) or the normal gravityy,
but only the gravity observations g (Fig. 4b). As a result, the gravity disturbances dg in Fig. 4c include
absolute values of about 5 mGal, although gravity observations and normal gravity are still assumed
as identical and error-free. We conclude that this effect is an error introduced by filtering full-field
gravity observations, implicitly assuming a constant observation height. The resulting error in the
gravity disturbancesis highly correlated to the relative height of the aircraft (compare Fig. 4a and 4c¢),
which changes due to winds, turbulences and flight control, therefore resulting in noise-like high-
frequency effects for the gravity disturbance. In Fig. 4, for example, the frequency of the resulting
error correspondsapproximately to a SH degree 3000. The size of the error can be approximated by
multiplying the vertical gravity gradient (0.3086 mGal/m) and the flight height difference to thelocal
mean height. For the example in Fig. 4, the single-sided height change is approximately -15 m and
resultsin a gravity disturbance error of about -5 mGal.

The preceding example highlights the problem of the current filter strategy, but the calculation of
gravity disturbancesisnot the only case where it could be disadvantageous. Airborne gravitymeasure-
mentsin the current processing strategy depend significantly on the correspondingflight trajectory,
which leads to the following problems:

1) Changes in the height of the aircraft (e.g., from winds) will significantly affect the quality of the
gravity observations.

2) Full-field gravity variations from changesin the observation height will be smoothed and almost
removed by the Gaussian low-pass filter (Fig. 4b). As a result, local minimain the flight height, for
example, will inevitably resultin an underestimation of the gravity observation at this point, asits
observationis filtered (averaged) with smaller gravity values from higher-lying observations.

3) The processing strategy might even lead to a trend along a flight line segment, when there is a
monotonic, but not constant change in the observation height (e.g., from anorth-south trajectory).
This trend would not only be visible in the gravity observations, but could also propagate to other
derived gravity functionals, e.g., the geoid height N .



5570 9.78308 &

% T
o (_E 4
' 5560 \ = =
P et 4]
e i \ = o 2
= £ £
8 5550/ T B orsa £ 0
= = =
= o [
5 \ s S -2
i 5540 \ = £
l\\}. T *  Dbservation E -4
Mormal gravity (L]
5530 9.78204 -6
0 5 10 i 5 10 0 5 10
Relative distance [km] Relative distance [km)] Redative distance [km]

Fig. 3 Errorfree and unfiltered observations along selected flight segment of FL 203. a) Flight height. b) Normal gravity
and gravity observations. ¢) Resulting gravity disturbance.
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Fig. 4 Error-free, but filtered observations along selected flight segment of FL 203. a) Flight height. b) Normal gravity
and gravity observations. ¢) Resulting gravity disturbance.

3.2 Low-passfilter applied to gravity disturbances

The described error, which is included by filtering gravity observations from different observation
heights, can be removed (to first degree) when the Gaussian low-pass filter is applied to the gravity
disturbances dg instead ofthe full-field gravity observations g. In this case, the gravity change from
differences in the observation height is approximated by the normal gravity y, and therefore eliminated

to the first orderin the gravity disturbance dg. After applying the low-pass filter to the gravity
disturbances, the normal gravity is restored to the filtered gravity disturbances in order to result in
the filtered, full-field gravity values gi!

ght = AG(g —y) +v, (3)

or filtered gravity disturbances dgR! respectively

dghl = AG(g —y), 4)

whereby A¢ is the functional model for a Gaussianlow-pass filter (with more details in Willberg et al.
2020). The values gk and dgR! are referred to as R1 data, which is the reprocessed version without

offset correction. dg®!is presented in Fig. 6a and varies from approximately -40 to 120 mGal. We
highlight at this point, that our goal is to evaluate differences from the change in the application of
the filter. Accordingly, we apply a Gaussian low-pass filter in the same way as it is applied in the
original processing (02 and O3) instead of evaluating different low-pass filters or filter lengths in order
to optimize the signal to noise ratio.
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Fig. 5 The gravity disturbance difference between the original and the reprocessed GRAV-D data in blue (left axis)
is correlated to the flight height in black (right axis). The very high correlation proves that the height changes of the
aircraft are the reason for the processing differences. The gravity disturbance difference in blue equals the improvement
of the reprocessed data.

Although, the additional cost of this improvement is minimal, it removes high-frequency artifacts from the
observations, which is visible in Fig. 2, where the new processing (R1) ismuch smoother than thenoisy
original GRAV-D processing (O2). This difference results from height changes of the aircraft (see Fig. 4),
which is also verified by Fig. 5. Fig. 5 presents the difference between the original (O2) and thenew
processing (R1) from Fig. 2 in the left axis (blue) together with the corresponding flight height in the
right axis (black). The correlation of the two curves in the presented flight segment is 98:7%, which
proves thatthe noisein the original processing results almost completely from the low-passfilter. The
standard deviation of the presented difference (Fig. 5, blue) is 1.1 mGal, which constitutes the
improvement of the new processing in this flight segment.

Fig. 6b shows the same comparison between the original processing (02) and the reprocessed data (R1) for
all flight lines of MSo5. It confirms that the noise presented in Fig. 2 is included in all flightlines,
but has different magnitudes. While most observation points have absolute differences below

0.7 mGal, a few flight lines showwhole segments with valuesregularly exceeding:g mGal. The RMSof
the improvementin Fig.6bis 0.5 mGal, while the mean valueis zero (since both solutions includeno
offset correction). The magnitude of the improvements is not distributed equally in MSo5, but
negatively correlated with the flight height (-20%). However, thereis also a correlation between flight
height and topography as well as flight height and the used gravity instrument (GRAV-D Teamn, 2018a).
Accordingly, it isnot possible to connect a single reason to the height movements of the aircraft, which
are responsible for the differences in Fig. 6b.
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Fig. 6 Newly reprocessed R1 data are the result of applying a Gaussian low-pass filter to gravity disturbances in MS05
a) Gravity disturbance 3g®' b) Difference between the original 02 data and the newly reprocessed R1. Both solutions
do not include any offset corrections.
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Fig. 7 Location of the airborne observations with the 11 gaps in the original processing. We differ cross-lines (black) and
data-lines. The data-lines are further divided by long lines (blue) and short lines (red or yellow).

I't should be noted that the two processing strategies (original vs. reprocessing) include different data
trimming forthe ‘outside points.’ Correspondingly, the differences that can be seen at the end of some
flight lines are likely to be affected by the different data handling, as will be investigated by further
studies. Thisis justified by the fact that different flightblocks of GRAV-Dhave significant overlaps, so
that the last few kilometers of a flight line will have only insignificant importance to final gravity or
geoid products.

In summary, the original processing strategy in O2 and O3 creates high-frequency noise, which depends

on the height movements of the aircraft. This noise can be removed by applying the Gaussian low-

pass filter to gravity disturbances (new processing) instead, which brings an average improvement of
0.5 mGal in MSos5.

4 Removedgravity observations

Fig. 7 showsthelocation of data-lines (east-west direction) and cross-lines (black, north-south direc-
tion) ofthe original GRAV-D processing (02,03) in MSo5 (GRAV-D Team, 2018a). Inthefigure, the
east-west lines are additionally differentiated between long data-lines (blue) and short data-lines (red
& yellow), since some ofthem actually originate from two different flights. It can be seen that several
of the flight lines include (data) gaps, which are analyzed in the following.

Inthe original GRAV-D processing, only airborne observations taken while the aircraftis stable and
on-lineare considered valid for further use (these are presented in Fig. 7). Observations during take-
off, transit, and landing are subject to many external motions and accelerations that make the gravity
field too difficult to recover accurately. Practically, thisrequires the data to be trimmed toonly certain
sections oftheflight. Additionally, there are certain portions of the flight where turbulence or other
aircraft motion can degrade the gravity data collection. These occurrences are d etermined by looking
at the off-level correction, operator field logs and comparisons with an a priori gravity field model
(EGM2008). There is some degree of subjectivity to this process as notwo data collection lines experi- ence
the same circumstances. Portions of the flight that show a significant degradation or inconsisten- cies with
the a priorimodel areremoved and notused for geoid modeling or public release, thereforeresulting
in data gaps. While the GRAV-D block manuals (e.g., GRAV-D Team 2018a) identify where specific
flight segments are removed, they give no concrete reason for the removal. As a result, the gravity
measurements of MSo05 include observation gapsat atotal of11 placesin 8 different flight lines(Fig. 7).
These observation gaps have a maximum length of 25 km with an average of approximately 18 km.
Their location is mostly in areas with fast changing gravity signal and mountainous topography.
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We consider the current criteria for outlier detection as overcautious, since the observation gaps could
be a significant problem for further applications. However, the reprocessing gives realistic results for
a majority ofthe original data gaps, which is shownin Fig. 8 and Tab. 2. Accordingly, we consider it
generally beneficial to reinsert most data gaps to the final product. I't should be noted that in Fig. 8
boththe original processing O3 and the new processing R2 include a constant offset correction, which
is explained in Sect. 5.

The different pictures in Fig. 8 show all data gaps of MS05 in detail and give different data sets for
the correspondingflight segments. Theyinclude the original processing (O3) in black, which clearly
presents the extent of the data gap. Additionally, the images include the newly reprocessed data (R2) in
blue and the two gravity models XGM2019e (red) and EGM2008 (magenta). It can beseenthatin all
data gaps the reprocessed signal R2 differs significantly from EGM2008, which was one of the possible
reasons to delete these segments in the original data. Tab. 2 confirms that XGM2019e fits generally
muchbetterto the gravity observations (blackand blue)than EGM2008 and gives the corresponding
RMS values. These RMS values are given for reduced gravity disturbances, which are calculated by
subtracting synthesized gravity values (XGM2019e or EGM2008) from the corresponding observations.

For simplicity, we name the reduced gravity values from XGM2019e red . dgk¢
red . dgRz = dgk2 — dg;(XGM2019) , (5)

which equals blue minus red curve in Fig. 8. Tab. 2 shows that RMS values of red . dgt? in the gaps are

higherthan in theremaining flightline, but generally lower thanthe corresponding reduced gravity
disturbances from EGM2008.

Table 2 RMS values of the observation gaps that could be reinserted to the processing. FLL 111 is missing, as Fig. 8 proves
the corresponding observation gap to include unrealistic gravity values.

Flight line i Units 101 109 110 136 305 306 504
RMS(red . dg*2) in gap(s) mGal 4.1 6.0 9.7 7.7 51 6.3 5.9
RMS(red . dg¥ ) whole line mGal 3.2 4.0 4.9 3.2 4.3 5.2 3.1

RMS(dgh? - dg;(BGM2008)) gap(s) mGal 11.0 7.4 13.5 9.1 11.1 10.3 4.9

We consider the following problems for using EGM2008 in the detection of observation gaps:

1) Segments where the a priori model (EGM2008) does not fit the observations, could result from
insufficient data quality of the a priori model (e.g., resulting from old terrestrial gravity observations or
missing GOCE information). This is particularly relevant for the presented data gaps, which all
have high variations in the gravity disturbance along the flight segment.

2) GRAV-Dis intended to improve available gravity data. Segments where the gravity data differs
from EGM2008 could include these aimed improvements. However, these flight segments are deleted
as precaution from errors.

3) Differences between the gravity observations and EGM2008 could result from the limited resolution of
the GGM. This seems to be the case in FL101, where XGM2019e perfectly follows the reprocessed
observations, but EGM2008 is not able to describe the high-frequency swing withinthe data gap.
Although, the signal content of airborne observations (in MS05) is mostly below SH degree 2160,
the veryhigh-frequency signals (above thisdegree) from highly mountainous topography cannot
be represented by EGM2008.

4) In case the reprocessed gravity disturbances (R2) are compared to the XGM2019e model, the
absolutedifference of 10 gaps(out of 11) is notnecessarily worse than other flight segmentswith
very high variation in the gravity signal.

We consideronly one of the 11 observation gaps asan obvious observation error and prefer to include
the remaining 10 gaps to the processing in the data block. The one observation gap (FL111) which
is still considered defective in the reprocessed data has absolute, reduced gravity disturbances above
150 mGal, which is almost 10 times larger than all other observations.
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Fig. 8 Overview of the data gaps, which shows the original GRAV-D processing (black) and two synthesized GGM
solutions XGM2019e and EGM2008 (red and magenta). 7 flight lines additionally include the new processing R2 (blue),
while the gapin FL 111 is not reinserted to the reprocessing and shows only filtered O1 observations (green).
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5 Offset and cross-over analysis
5.1 Offset from absolute gravity observations

In the original GRAV-Dprocessingthe rawobservations are corrected for aircraft motion, meter off-
level and drift GRAV-D Team (2017, chapter 2.2). Afterwards, the relative airborne observations are
tied to an absolute gravity measurement at the airfield. The general approach of attaching GRAV-D
observationsto the absolute gravity measurement is explained in GRAV-D Team (2017, chapter1.2.4),
while the specific setup fortheinstruments ofblock MSo5 is documented in GRAV-D Team (2018a,
chapter3.1). Itshould be noted thatthisgravitytie is also included in the O2 and R1 solution, which
do notinclude further offset handling.

Although, this tie makes sense in theory, we observe an offset and sometimes a trend when we compare
the original gravity observations (O2) to a GGM. As the long-wavelength partofa GGM is generally
very accurate (e.g, Gruber & Willberg (2019)) and the majority of east-west flight lines in MSo5 is
approximately 650 km long, there should not be significant mean differences between the observations
and the GGM. Therefore, thissection evaluatesifthe gravity tieto anabsolute gravity measurement
at the airfield is prone to errors or whether the differences to the GGM result from data processing
artifacts or random occurrences. Furthermore, it evaluates two alternatives to provide the relative
airborne gravity observations with an absolute tie.

5.2 Offset from a GGM

The gravity observations could be tied to a GGM instead. In this case, the gravity observations of
a single flight line are reduced with gravity values from a high-resolution GGM. Afterwards, the re-
maining, negative mean difference (Eq. 6) is added to all observations of that flight line (Eq. 7).
The length of the flight lines in MSo5 is within the resolution of the GOCE satellite mission, there-
fore generally well-determined in the long-wavelengths. However, it should be considered that this
tie could be adverse affected by shorter wavelengths. If a satellite-only GGM is used for the offset
determination, the omission error might affect the offset determination, as anomalies and topographic
effects, for example, could introduce biases for specific flight line trajectories. While a high-resolution
GGM would reduce this omission error significantly, local gravity effects are not necessarily correct
in it either, so that the commission error might affect the determination of offsets. In general, the
larger an area or the longer a flight line, the more stable is the determination of a corresponding offset,
as a higher number of equally distributed measurements is more likely to be without bias from a GGM.

In the current setup, we apply XGM2019e to its maximum SH degree 5540 for the reduction of the
airborne gravity disturbances. Thereby, we calculate the additive offset correction picem for a single

flight line i from the corresponding reduced gravity disturbances (red .dgh' , compare Eq. 5) using
XGM2019e

Micem = —mean ( red . dg; ). (6)

Accordingly, thereprocessed airborne data

dogif? = dgk! + Micem , 7)
isreferred to asR2 solution. The originaldata O3 appliesa similar correction, but utilizesthe Refi7A

model (NGS, 2020) instead of XGM2019e.
5.3 Offset from cross-over adjustment

Another method to calculate the flight line offsets is through parameter estimation. The so-called cross-
over adjustment or cross-over (error) analysis is a common procedure in airborne gravimetry (Becker ,
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Fig. 9 Residuals at the 294 crossings before (a) and after (b) the cross-over analysis show the improvement from a bias
correction. Panel a) uses the reprocessed data R1, while b) presents the residuals of R3 data. The flight lines are marked
in gray and the four outliers are circled in black. The residuals are defined west-east minus north-south and western
minus eastern flight line, respectively.

2016). This cross-over analysis calculates gravity differences at every flight line crossing and estimates one
offset per flight line from these differences, which are called residuals. It should be noted that,in
general, the corresponding two flight lines are not measured with the same flight height, so that
gravity effects from height differenceshave to be considered in the calculation of residuals (Forsberg et
al., 2000). In thisstudy, we approximate gravity differences from height variations by the XGM2019e
model (M1). Accordingly, we compare the reduced gravity disturbances red . dgrt' (Eq. 5) of all flight
lines at their crossing points for the cross-over analysis. For more details about the cross-over analysis
it is referred to Becker (2016, chapter 7.1).

Altogether, the parameter estimation in MSos5 includes 287 crossings between 49 data-lines and 7 cross-
lines (compare Fig. 7). Additionally, 7 ‘crossings’ can be added from overlapping data-lines at the
location between the red and the yellow lines in Fig. 7. These additional crossings stabilize the offset
estimation ofthe shortlinessignificantly, assome of the short data-lineshave only three intersections
with the cross-lines. Both types of crossings are plotted with their residuals in Fig. 9, whereby we
define the residuals as east-west minus north-south and western minus eastern flight line, respectively.

Theseresiduals of thereprocessed dataR1 (Fig. 9a) are used in the cross-over analysis to estimate the
unknown flight line offsets pi.: . Thereby, we flag residuals exceeding a 3-sigma criterion as outliers.
In MSo5, this results in four outliers amongthe 294 crossingswhen considering XGM2019e for the
reduction of gravity data. Three out of these four outliers occur at crossings with one specific cross-line
within only 40 km and they are clearly visible as dark red points in Fig. 9. At the moment, we can
not give reasons for the high residuals alongthis specific flight segment, but we do not consider them
to be gravity effectsresulting from offsetsbetweenthe flightlines. The crossing points ofthe outliers
are not withinoneofthedata gaps in the original data (cf. Sect. 4). Furthermore, it should be noted
that the outliers are ignored for the estimation, but included in the RMS calculations.

Accordingly, the RMS oftheresidualsfrom the reprocessed dataR1 in Fig. 9ais 2.72 mGal (Tab. 3).
The resulting RMS error (RMSE, Becker 2016) is calculated by

RMSE = XM5 (8)
-

and describes the typical scatter (or average observation accuracy) of a single flight line, which is
1.92mGal for R1 data. The possibility to provide a quantitative validation of airborne gravity obser-
vationsis a mainadvantage ofthe cross-over analysis and presented in detail in the next section.

The estimated flight line offsets pi.s range from approximately +3 mGal andare aﬁ)_p]ied' analog to
Eq.7,sothattheresulting gravity solution R3is calculated by addingthe estimated flightline offsets
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Table 3 Overview of the RMS and RMSE values. Values in the last line are taken from GRAV-D Team (2018a), while all
others are calculated from a cross-over analysis according to Sect. 5.3. The values in GRAV-D Team (2018a) are also used
for the percentage improvement in terms of RMSE. The gravity tie is explained in the corresponding Sects. 5.1 (absolute),
5.2 (GGM) and 5.3 (cross-over).

Data set Gravity tie RMS  RMSE Improvement of
[mGal] [mGal] airborne observations

Reprocessed dataR1 Absolute  2.72 1.92 17 %

Reprocessed data R2 GGM 2.03 1.44 38%

Reprocessed dataR3 Cross-over 1.87 1.32 43%

Original data O2 Absolute  2.87 2.03 12%

Original data O3 GGM 2.13 1.51 35 %

Original data O2 (accord.
to GRAV-D Team 2018a) Absolute  3.29 2.32 Reference

Hiest to the filtered gravity disturbances g®! from Eq. 4

6g1R3 = 6ng1 + IJi,est . (9)

Lastly, the mean value of all reduced gravity disturbances (here <0.01 mGal) is set to zero, as the
cross-over analysis itself can only estimate relative offsets between the flight lines.

5.4 Evaluation from cross-over adjustment

Afterapplying the estimated offsets from the cross-over analysis, the resulting solution, identified as
R3, is used to calculate the residuals at the crossing points again (Fig. 9b). The corresponding RMS
value of the residualsin R3 is reduced to 1.87 mGal, while the RMSE of a single flight line goes
down to 1.32 mGal. The RMSE canbeinterpreted as average observation accuracy and constitutes an
improvement of 43% (for the reprocessed R3 data), when it is compared to the published values in
GRAV-D Team(2018a). The RMS and RMSE values as well as the corresponding improvements of the
observations are summarized in Tab. 3.

Using XGM2019e to correct flight line offsets (Sect. 5.2), the observation accuracy (RMSE) is 1.44 mGal,
whichis animprovement of 38%. The R1 datadoesnot include any offset correction and is there- fore
tied to absolute gravity observations similar to O2 (Sect. 5.1). Its RMSE calculation results in
1.92mGal. Thessignificantimprovement ofthe RMSE values between the solution R1 (with absolute
tie) and the solutions R2 and R3 (with offset correction from XGM2019e and cross-over analysis re-
spectively) show a problem in the current tie of the GRAV-D observations.

In comparisonto the reprocessed values, the cross-over analysis of the original airborne data (02)in
GRAV-D Team (2018a) gives a RMS of 3.29 mGal for the residuals and a corresponding RMSE of
2.32 mGal,which is used as a referencein Tab. 3. The following aspectsare responsible forthe 43%
improvement (1 mGal in absolute values) in the observation accuracy between thedocumented values
in GRAV-D Team (2018a) and the reprocessed version R3:

1) Inthe original data, gravity differences from different flight heights were approximated with the
standard free-air correction, while the reprocessing calculates them from the XGM2019e model. As the
height differences often reach more than 1000 m, the free-air correction might be too inaccurate to
compensate for height differences at the crossing points.

2) The original airborne gravity data include a higher observation noise, as it applies the Gaussian
low-pass filter to full-field gravity observations instead of gravity disturbances (Sect. 3).

3) Flight line offsets in R3 are estimated by the cross-over analysis, which will always decrease the
RMS residuals (value is minimized in estimation).
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Fig. 10 Difference between the offset calculations described in the Sects. 5.1 to 5.3, where a) is cross-over analysis minus
absolute tie (R3-R1) and b) is cross-over analysis minus offset from XGM2019e (R3-R2). The solutions R2 and R3 are
fairly consistent, while they both differ significantly from R1.

4) Apartfromthe crossingsbetweentheso called datalines (east-west direction) and the cross-lines
(north-south direction), we include 7 crossings from overlapping segments between two data lines.
These 7 crossing are not included in the original calculations, but are also of minor importance in terms
ofthe RMS value.

5) Residualsin GRAV-D Team(2018a) are calculated from the EGM2008 model, while the reprocess-
ing uses the XGM2019e model, however this should not affect the RMS/RMSE calculation and is
only included for the sake of completeness.

For a more consistent analysis of the improvement from the reprocessing, the original observations O2
should not be qualified by the values from GRAV-D Team(2018a), but by RMS/RMSE v alues calcu-
lated consistently with the stepsin Sect. 5.3. In this case, the RMS of the O2 residuals is 2.87 mGal
and the RMSE 1.97 mGal (Tab. 3). This gives an overall gravity observation improvement of up to
35% from the reprocessing, which is 0.7 mGal in absolute values.

5.5 Discussion

Summarizing the valuesfrom Tab. 3, we conclude the following:

1) Using analternative to the absolute gravity tieis currently the mostimportant processing improve-
ment, sothatthebest solutions interms of RMSE (R2,R3 and O3) include a bias correction based
on a GGM (Sect. 5.2) or a cross-over analysis (Sect. 5.3).

2) Without the application of any reprocessing improvements, the more consistent calculation of
RMSE values in this report already provides a 12% improvement in comparison to the calcula-
tion in GRAV-D Team (2018a).

3) Reprocessed GRAV-D values are improved by the application of the low-pass filter to gravity
disturbances instead of full-field gravity values. However, the improvement in terms of RMSEis
only about 0.1 mGal in average.

The quality of the reprocessed datasets R1 to R3 should not only evaluated by their statistics, but also
by their actual differences. Fig. 10 gives the difference between R3 and R1 on the left and R3 minus
R2 on the right. It can be seen that the solutions R2 and R3 are relatively consistent and theirflight
line offsets differ mainly within1 mGal, while the difference in Fig. 10a exceeds 1 mGal for most of the
flight lines. This supports the findings from Sect. 5.4 that in the current scenario, an offset
determination froma GGM or cross-over analysisis better suited than the current gravity attachment
to an absolute tie.

Nevertheless, there are also disadvantages: using the offset determination from a GGM, for example,
will lose the independence of GRAV-D data from various GGMs. Furthermore, short flight lines arean
issue for both offset determination methods. In MSos, long data lines are approximately 650 km long
and have generally 7 crossings, while short flightlines have only 3 or 4 crossings and approximately
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halfthe length (Fig.7).The longera flightlineis, the more accurate is the offset determination with
a GGM (calculation of pgem ). Or correspondingly, the more crossings a flight line has, the more accurate
is the offset determination from the cross-over analysis (calculation of piest ). Accordingly, the short flight
lines pose a significant problem in the determination of individual flight line offsets, which

can only be solved when the flight lines are extended. In most cases anactual aircraft flight (from start
to landing) includes two observed flight lines. Correspondingly, the offset calculation could theo-
retically beimproved whenthese are combined for the offset determination. Respectively, this would
lead to a longer flight line in Sect. 5.2 and a higher number of crossings in Sect. 5.3.

However, this idea cannot be realized at the moment, as there are some systematic effects either in
the applied corrections (GRAV-D Team, 2017) or in the measurements of GRAV-D. We demonstrate
this by comparing the reprocessed versions R1 (no offset correction) and R3 (offset correction from
parameter estimation) with their difference given by piest (Eq. 9). When we consider only aircraft

flights with at least one west to east and one east to west line, we can find the following systematic
effects:

1) The offset correction e is significantly higher for flights from east to west (0.89 mGal in average)
than itisforflightsfromwestto east (-0.84 mGal inaverage). This effect is clearly detectablefrom
the parameter estimation, as all 13 flight combinations with only long data-lines have a higher
offset correction ies for east to west flights than for west to east.

2) The offset correction ;. is significantly higher for flights from Amarillo (Texas, 0.91 mGal in
average) than it is for flights from Grand Junction (Colorado, -1.25 mGal in average).

3) Consequently, the highest offsets corrections pi. are added to west to east flights flown from

Amarillo (2.01mGal in average), while the smallest are added to east to west flights from Grand
Junction (-1.78 mGal in average).

These systematic effects are obviously correlated to the flight direction and we identify the applied
corrections (GRAV-D Team, 2017) asmostlikely error source for that. Furthermore, thereis a strong
correlation to the airport that is used for the survey. However, this cannot be clearly connected to a
single source: apart from the different airport, the three Texas surveys use a different aircraft and a
differentabsolute gravity tie, but also different instruments and partly different years than the survey
from Colorado. Furthermore, all short data-lines are flown within the Colorado survey and it should be
mentioned thatthe Colorado flightlines are more often in highly mountainous areas. In our opinion,
the systematic effects can onlybe solved completely by analyzing the uncorrected raw measurements
or the applied corrections in detail, which should not be part of this study, but an aspect of further
investigations. In case these systematic effects canbe removed in the future, it willlikely be beneficial
to consider all flight lines between start and landing of the aircraft within a joint offset determina-
tion (regardless of the method that is used for the offset determination).

This might even enable the inclusion ofa trend estimation and reduction in the future. Inthe current
reprocessing, some of the flight lines show a small trend in comparison to XGM2019e. At the moment, it
cannot be specified whether these trends result from the observations or other reasons (e.g., topographic
reduction, random effects, flight trajectory). Combiningall flight linesbetween start and landingof an
aircraft would often result in observation lengths between 1200 and 1400 km, which might be sufficient
to study possible trends in the gravity data.

6 Conclusion and outlook

The GRAV-Dprojectis essential for the definition of the new North American vertical datum and with
alot of effort put in the acquisition of the airborne gravity data, their gain should be maximized by
the processing. This report points out three aspects where the current beta2 version of the GRAV-D
processing (02 in this report) could be improved.

First, applying the Gaussianlow-pass filter to gravity disturbancesinstead of absolutegravity observa-
tions removes high-frequency noise effects from the observations. These effects result from small height
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changesoftheaircraft during its flight and are completely removed in the reprocessed GRAV-D data.
In MSo5,theimprovement ofthis adaption atflight height canamountupto 5 mGalwithanaverage
improvement of 0.5 mGal. The improvement is unequally distributed over the region, correlated to
topography and flight height. However, adapting the application of the Gaussian low-pass filter will
only havea small impactto the newvertical datum, as high-frequency noise effects have, in general,
only minor consequences for the geoid.

Second, the detection of observation errors is likely overcautious in the original beta2 processing. At
the moment, an increased difference betweenthe GRAV-Dobservationsand an a priorimodel is one
ofthe possible reasonsto remove observations from the processing. In our opinion, thismay as easily
result from the a priori GGM as it arises from suspicious airborne observations. As a result, specific
flight segments, where the GRAV-D data might actually improve available GGMs could be acciden-
tally removed fromthe processing. Furthermore, the data gaps will likely harm v arious applications
of the GRAV-D data, so that we would recommend a more cautious removal of flight segments and
tryingto automate the procedure. In the example of this reprocessing, we result in only one instead
of 11 observation gaps in MSo5.

The third aspect concerns individual flight line offsets resulting from relative airborne gravimetry: the
original GRAV-D processing attaches relative observations to an absolute gravity observation at the
airfield. The evaluation and statistics from this report show that the attachment to a GGM or the
estimation from a cross-over analysis provide more consistent results and yield much better statistics.
While GRAV-D Team (2018a) calculates the observation accuracy of GRAV-D observations in MSo5
as 2.32 mGal (RMSE), this study results in 1.32 mGal with an offset correction from the cross-over
analysis. Itshould be mentioned thattheimprovement is not only from a better processing, but also
from a more precise calculation of the observation accuracy. Accordingly, we consider an observation
accuracy of 1.97 mGal for the original beta2 data (instead of the 2.32 mGal in GRAV-D Team, 2018a).
In contrast to the high-frequency noise, the correction of the individual flight line offsets would
havesignificant effects to the calculation of the geoid and the vertical datum. Further improvements
and a more stable estimation of offsets might be possible in the future, when the overlap between
different GRAV-D blocks is exploited to estimate their offsets together.

In considering any future updates, a high priority should be given to the analysis of systematic effects
and errors that result in the flight line offsets in the official beta2 solution. The official GRAV-D data
gives the gravity values for flight lines from east to west as too small, while they are too high

for linesfrom west to east, approximately 0.8-0.9 mGal respectively in either direction. Furthermore,
the gravity observations which are taken from Amarillo (Texas)arein average 2.2 mGal smaller than
corresponding observations from Grand Junction in Colorado. Additional work needs to be done to
completelyisolate whatis causing thisline bias. It is unlikely that the biasis actually caused by errors
in the absolute gravity tie at the airport, butit is possible that the absolute gravity tie is not consistent
with the data processing corrections. Moreover, it is possible that these applied corrections are the
cause of the bias problem. Work on this topic in ongoing (see Childers & Kanney , 2020) and shows promise
for fixing this issue.

The current GRAV-Ddataproducthas alwaysbeen released as a BETA version under the anticipation
that a final (re)processing would occur prior to a ‘FINAL’ data release. While we do not comment
on the timeline for this, the data processing and methodology changes laid out in this report would be
quite straightforward to implement in a new data processing and provide a number of significant
improvements. Itis difficultto ascertainthe degree to whichimprovements in the airborne data will
impact the geoid — but at a bare minimum, the incorporation of a new GGM model resulting in the
inclusion of omitted sections would provide necessary gravity information in previously unknown areas.
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