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Abstract
Airborne gravimetry with strapdown inertial sensors has been a valuable tool for many years to fill in the gravity data gaps on
the areas not accessible by land. Accuracies of 1 mGal level with off-the-shelf navigation-grade inertial measurement units
(IMU) can only be achieved provided that the accelerometer drifts mainly caused by the temperature variations inside the
IMU housing are separated from the gravity signal. Although there are several strategies proposed in the literature to deal
with this inseparability problem, we use a thermal stabilization system (iTempStab) added on an iNAT-RQH navigation-grade
IMU and investigate its performance over a test region in central Turkey with moderate topography and highly qualified
ground truth gravity data. Two test flights were performed in 2017 and 2018 with and without iTempStab add-on following
almost the same flight trajectories. During the first flight in 2017 with iNAT-RQH only, which lasted almost 5.5 h, there were
considerable temperature variations inside the IMU housing from 39.1 to 46.0 °C. A simple thermal correction based on a
laboratory calibration done before the flight was applied to the vertical Z-accelerometer in the pre-processing stage. However,
temperature changes were within 0.1 °C during the second test flight in 2018 with TempStab add-on. The temperature
stabilization gained by the iTempStab add-on produced better cross-over statistics. While the RMSE of the non-adjusted
cross-over residuals was about 2.6 mGal, it reduced by 50% with iTempStab add-on. The adjusted cross-over differences
of the 2018 flight yielded an RMSE of about 0.5 mGal, which is a remarkable precision for the strapdown gravimetry. The
comparison with upward continued ground gravity data at flight altitudes suggests that the thermal stabilization system shows
also remarkable improvements in the residual statistics. The range of the residuals decreases from ±10 to ±5 mGal, the
standard deviation decreases from 2.19 to 0.94 mGal, and the RMSE decreases from 2.24 to 1.48 mGal, respectively, with the
iTempStab add-on. It can be concluded that the thermal stabilization system significantly improves the accelerometer stability
and therefore the precision and accuracy of the strapdown airborne gravity estimates.

Keywords Strapdown airborne gravimetry · Thermal correction · Thermal stabilization · Extended Kalman filter

1 Introduction

Having a comparable or evenbetter performance in the higher
frequency domain than traditional stable-platform gravime-
ters, strapdown inertial measurement units (SIMUs) have
been used as airborne gravimetry sensors since the early
1990s. (Schwarz et al. 1992; Jekeli 1994; Wei and Schwarz
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1998; Glennie et al. 2000; Bruton et al. 2002; Deurloo 2011;
Ayres-Sampaio et al. 2015; Becker et al. 2015; Jensen and
Forsberg 2018). Besides being smaller in size and cheaper
in price, and having lower energy consumption, and ease of
operation compared to platform-stabilized airborne gravime-
ters, SIMU has the potential to determine the full 3-D gravity
vector. However, the uncompensated long-term drift effect of
the off-the-shelf SIMU accelerometers on the gravity estima-
tions is themain disadvantage of the strapdowngravimetry.A
considerable portion of the accelerometer drifts, which may
leak into the long wavelengths of the gravity estimates, is
caused by the temperature variations in the SIMU housing.
Since the accelerometer drifts are almost inseparable from
along-track variations of the gravity signal during a non-
accelerated horizontal flights, as it is typically the case for
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airborne campaigns, neither the accelerometer errors nor the
gravity signal is directly observable but only the combination
can be detected (Glennie andSchwarz 1999; Jekeli andKwon
1999; Glennie et al. 2000; Becker 2016). There exist differ-
ent strategies in the literature to deal with this inseparability
problem (Glennie and Schwarz 1999; Hwang et al. 2006;
Deurloo 2011; Ayres-Sampaio et al. 2015), such as flight
maneuvers (e.g., rotations around the roll or pitch-axes),
removal of linear drifts for individual flight lines using redun-
dant or external measurements (e.g., cross-over residuals,
global gravitymodels), each have their pros and cons. Becker
et al. (2015) and Becker (2016) suggest using IMU calibra-
tionmethodswithout applying any bias or drift removal to the
gravity estimates to achieve accuracies of 1 mGal level. As
an alternative to thermal calibrations and corrections applied
to the accelerometers, Becker (2016) also recommends using
SIMUwith an internal thermal stabilization system or a ther-
mally insulated housing for the SIMU.

Within the Turkish Height System Modernization and
Gravity Recovery Project which aims to develop a high-
quality geoid model for Turkey (Simav and Yildiz 2019),
the General Directorate of Mapping ordered an iNAT
navigation-grade SIMU from iMAR company (https://www.
imar-navigation.de/en/) in 2016 to perform airborne surveys
above the remote areas not accessible by land. Soon after
the first test flight (F-2017) performed in 2017 in Turkey,
the iNAT was upgraded with an add-on temperature stabi-
lization system called iTempStab. In 2018, one more test
flight (F-2018) was conducted by iNAT with iTempStab
add-on using the same aircraft and following almost the
same flight trajectory of F-2017. This study focuses on the
performance of iTempStab add-on by analyzing the air-
borne gravimetry campaign data of two test flights in central
Turkey. Results from the F-2017 obtained without iTemp-
Stab add-on, but Z accelerometer measurements corrected
for the thermal effect is compared to F-2018 flight acquired
with iTempStab add-on. A recent study by Jensen et al.
(2019) also evaluated the performance of iTempStab over
the Kattegat Sea between Denmark and Sweden by oper-
ating temperature stabilized SIMU alongside a traditional
spring-type platform-stabilized gravity system. They com-
pared the gravity estimates from both systems and concluded
that iTempStab add-on effectively limits the accelerometer
drift and improves the long-wavelength gravity field infor-
mation.

The second and third parts of the manuscript are devoted
to SIMU and GNSS data acquisition and the processing
methodology that is the integration of SIMU and GNSS
observations using aKalman filter. Section four compares the
results and evaluates the performance of iTempStab add-on.
The manuscript is concluded with a summary of the central
findings.

2 Instrumentation and campaign overview

One of the most challenging objectives of the Turkish Height
System Modernization and Gravity Recovery Project is the
airborne gravimetry which aims to fill in the gravity data
gaps on the areas not accessible by land, e.g., lakes, coastal
zones, and mountainous regions to determine a high preci-
sion and resolution geoid model for Turkey. For this purpose,
the General Directorate of Mapping purchased a navigation-
grade iNAT-RQH-1001 unit from iMAR Navigation GmbH,
which consists of servo accelerometers triad of typeQA2000-
030, three high precision and airborne proven GG1320AN
ring laser gyroscopes, a temperature sensor, an integrated
NovAtel GNSS receiver, and a PC board. The PC board gath-
ers information from the sensors andGNSS receiver and then
provides time-stamped inertial raw data (turn rates and accel-
erations) along with the temperature. It has also the ability to
output the real-time navigation solution as well as the sensor
error estimations using its internal online 27+ states Kalman
filter software.

The first flight of the airborne gravimetry test campaign
was carried out with iNAT-RQH-1001 unit only on March
22, 2017, over a test region located east of Ankara in cen-
tral Turkey with moderate topography varying from 500 to
1500m andwith highly qualified and relatively dense ground
truth gravity datawith a range of about 350mGal. A grid type
of survey consisting of six north–south and three east–west
flight lines each spaced roughly 20 km apart were flown at
nearly a constant altitude of 3055 m above sea level and an
average ground speed of 80 m/s. The lengths of each north—
south and east–west lines were about 120 km and 110 km,
respectively.

iNAT-RQH-1001 was upgraded with an iTempStab tem-
perature stabilization system add-on by the manufacturer
shortly after the first flight test. The iTempStab add-on con-
tains an integrated TEC (Peltier based heater/cooler) and
thermal insulation to allow temperature stabilization of the
iNAT system to a precision better than 0.1 K after a few hours
of the warm-up period. Immediately after power cycling,
iTempStab add-on checks the environmental temperature
(tE) and sets the reference temperature (tR) to tE + 20 K
and rounds it to the next integer value. This is the approx-
imate value that is generated due to the self-heating effect
inside of the isolated housing and guarantees a very quick
operation at the perfect thermal working point. Assuming
a stable environmental temperature, it leads to the situa-
tion that the iTempStab needs neither heating nor cooling
power at the operation point. It only has to compensate for
the external changes of temperature with a proportional con-
sumption of power. Any change in tE simply changes the
power consumption of iTempStab add-on and guarantees
accurate stabilization for tE(initial) ±15 K. For tE above 45 °C
the fans on the iTempStab add-on starts working. The max-
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Fig. 1 a iNAT-RQH-1001 itself,
b top view of iNAT-RQH-1001
with iTempStab add-on, c back
view of iNAT-RQH-1001 with
iTempStab add-on, d front view
of iNAT-RQH-1001 with
iTempStab add-on

imum control temperature is limited to 55 °C. This method
allows the system always to need minimized power con-
sumption during operation. As long as the environmental
temperature stays around 27 °C, iTempStab will consume
less than 10 W to stabilize the iNAT enclosure temperature
to 47 °C. The whole system consumes approximately 35 W
then. Inmaximumcooling, the systemconsumes up to 150W.
The SIMU and iTempStab add-on used in the study can be
seen in Fig. 1 from different perspectives.

The second flight was conducted on September 27, 2018,
by iNAT + iTempStab add-on following almost the same
flight trajectory and the average velocity of the F-2017 using
the aircraft’s autopilot. The F-2018 was flown at a little bit
higher altitude of about 3180 m than F-2017, and the last two
north-south lines (L5 and L6) were interrupted in the middle
course due to the logistics. The general flight characteristics
are presented in Table 1. Figure 2 shows the trajectories,
altitudes and speeds of both flights. Figure 2 also shows the
temperature variations inside the physical sensor box called
inertial sensor assembly (ISA). It can easily be seen from the
figure that while the in-flight ISA temperature of the iNAT
changes gradually from 39.1 to 46.0 °C, there is almost no
change in the ISA temperature of the iNAT + iTempStab
which ranges from 51.9 to 52.0 °C.

Table 1 Flight characteristics

Flight-2017 (F-2017) Flight-2018 (F-2018)

Date 22 March 2017 27 September 2018

Flight duration (h) 5.4 5.1

Total length (km) 1545 1421

Avg. altitude above
sea level (m)

3055 3180

Avg. flight speed
(m/s)

80 80

ISA temperature
range (°C)

39.1–46.0 51.9–52.0

During the airborne gravimetry test campaign, iNAT was
mounted inside the Beechcraft King Air 200 with the X-axis
pointing front, Y -axis pointing right-wing, and Z-axis point-
ing down directions, and switched on at least 3 h before each
take-off to warm up the SIMU for optimal temperature stabi-
lization. The lever arm vector between the SIMU and GNSS
antenna was precisely measured by tachymetry. Gravity tie
point in front of the hangar was marked with a brass disk and
measured using a Scintrex CG-5 relative gravimeter with
high precision.
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Fig. 2 a Horizontal flight trajectories with the line numbers depicted on topography (black: F-2017, red: F-2018), b flight altitudes, c flight speeds,
d ISA temperature variations

3 Data andmethodology

3.1 SIMU and GNSS data

The strapdown inertial raw acceleration and rotation rate data
were collected at 300 Hz. The data message contains the
calibrated measurements which include the turn-on sensor
errors. The ISA temperature was logged at 1 Hz to model the
residual thermal effect. A simple thermal calibration, well
described in Becker et al. (2015), Becker (2016) and Jensen
(2018), was therefore applied to the vertical Z-accelerometer,
based on a laboratory calibration done in March 2017 at the
iMAR facilities. The correction, which is a function of ISA
temperature and shown in Fig. 3, was applied with a negative
sign to the Z-accelerometer measurements of the F-2017.

Data logging was initiated as soon as the aircraft was
towed and placed on the gravity tie point at the apron, and at
least 10-min-long standstill data was collected to make static
alignment and to get initial state estimates.

The rover GNSS receiver integrated to iNAT collected
GPS and GLONASS observations at a 1 Hz rate. Because
we used loosely coupled IMU/GNSS integration architec-
ture (see Sect. 3.2), GNSS position and velocity solutions
were first produced using NovAtel’sWaypoint GrafNav 8.80
software before the integration. We applied precise point
positioning (PPP) method using the Center for Orbit Deter-
mination in Europe (CODE) final GNSS orbit and clock

products to get the position and velocity estimates as well
as their associated error covariance matrices.

3.2 SIMU/GNSS integration

The integration of SIMU raw data and GNSS solution was
achieved by 18 states loosely coupled Extended Kalman
Filter (EKF) in the navigation frame (North-East-Down or
n-frame). For numerical stability, the integration architecture
comprised error-state formulation and closed-loop correction
implementation (Groves 2013).

While the gravity disturbance can be computed directly
by subtracting the SIMU sensed accelerations from GNSS-
derived kinematic accelerations given in the same coordinate
frame and applying a low-pass filter to the difference (Glen-
nie and Schwarz 1999; Glennie et al. 2000; Forsberg et al.
2001; Hwang et al. 2006; Forsberg and Olesen 2010; Sampi-
etro et al. 2017), here we used indirect or one-step approach,
which includes the vertical gravity disturbance in the sys-
tem states and model the inertial sensor errors and gravity
disturbance as stochastic processes (Schwarz and Wei 1990;
Kwon and Jekeli 2001; Tomé 2002; Deurloo 2011; Deurloo
et al. 2015; Becker et al. 2015; Ayres-Sampaio et al. 2015).
Since the gravity disturbance is the difference between the
actual and normal gravity produced by the reference ellip-
soid (Heiskanen and Moritz 1967), numerical values of the
GRS80 reference ellipsoid and the closed formula given in
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Fig. 3 Z-accelerometer errors in dependence of the ISA temperature obtained from laboratory calibration done inMarch 2017 at the iMAR facilities

Moritz (2000) were used for the computation of the normal
gravity.

While the accelerometers and gyroscopes biases were
modeled by a simple randomwalkmodelwith a systemnoise,
the gravity disturbancewasmodeled as a third-orderGauss—
Markov process (Jekeli 1994; Becker et al. 2015; Jensen and
Forsberg 2018), which can be characterized by the below-
given autocorrelation function R(τ ) (Gelb 1974):

R(τ ) � σ 2e−β|τ |
(
1 + β|τ | + 1

3
β2|τ |2

)
(1)

where σ and β represent the standard deviation and the
correlation parameter, respectively. The gravity correlation
parameter usually expressed in the distance unit is the inverse
of the correlation timewhich should be given in units of time.
The conversion between distance and time units could be
done during the data processing using the current horizontal
flight speed (vhor) as follows (Deurloo 2011):

β[time] � vhorβ[dist] �
√

v2N + v2Eβ[dist] (2)

Given a typical horizontal flight speed of 80 m/s and β

[dist] of 1/20 km−1, the conversion results inβ[time] of 0.004
sn−1.

The system’s error-state vector δx at any time epoch con-
tains the 3-D errors in position (δ pn), velocity (δvn) and
attitude (δψn) in the navigation frame, 3-D accelerometer
bias (δbba) and gyroscope bias (δbbg) in the body frame and

the 1-D vertical gravity disturbance (δ�gnD), and it’s first
(δ�ġnD) and second derivatives (δ�g̈nD) in the navigation
frame as follows:

δx �
[
δ pn δvn δψn δbba δbbg δ�gnD δ�ġnD δ�g̈nD

]T
(3)

GNSS position and velocity solutions were used as mea-
surements in the EKF taking the lever arm vector into
account. Moreover, the gravity tie observations and the zero
velocities at the aircraft’s parking positions were also intro-
duced as measurements to the EKF. The forward EKF esti-
mates were then smoothed using the Rauch–Tung–Striebel
(RTS) smoother (Rauch et al. 1965).

4 Analysis and results

The data processing was performed by the Strapdown Air-
borne Gravimetry (SAG) Processing Software v.1.0. devel-
oped by theGeneral Directorate ofMapping in theMATLAB
environment. The EKF part of the software is implemented
in MEX/C to speed up the calculations. It takes less than 1-
min single-core computation time to process the 6-h flight
data. It has the capability of performing parallel computa-
tions using multicore processors for multiple flight sets and
has a user-friendly graphical interface to facilitate the user
inputs and settings. There are also post-processing, visualiza-
tion and export tools in the software such as auto and manual
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straight flight line detection, cross-over detection and adjust-
ment, autocorrelation analysis, 2D–3D lineplots, contour and
surface plots, geographic plots, and data or solution exports
in user-selected formats.

The processing algorithm starts with the initialization
procedure and is based on two main steps: prediction and
measurement update. While the SIMU position is initialized
with GNSS solution, attitude is initialized through leveling
and gyrocompassing (Groves 2013), and vertical gravity dis-
turbance is initialized with local gravity tie available at the
aircraft’s parking position. The remaining states, velocity and
sensor biases, are initialized with zero. Initial uncertainties
for the states’ error covariance matrix and the system noises
of the state variables used in the processing are presented in
Table 2.

After the initialization, inertial navigation (Groves 2013)
is performed to update the current estimates of position,
velocity and attitude until the next measurement is available
by sequentially adding small increments derived by integrat-
ing the SIMU-specific force and angular rate observations.
The attitude update is based on quaternions rather than the
direction-cosine matrix representation. The estimates of the
sensor biases and the gravity disturbance remain unchanged
in theprediction step if a simple randomwalkmodel is usedor
change due to derivatives when higher-order Gauss–Markov
is used. During the prediction step, the error covariance
matrix is also propagated forward in time at a user-defined
update rate based on previous error covariance, state transi-
tion and system noise covariance matrices. When any GNSS
position and velocity or terrestrial gravity or zero velocity
measurements are available, the filtering is applied imme-
diately. In this stage, standard EKF formulas are used to
estimate the state’s errors and to update the error covari-
ance matrix using measurement matrix, measurement noise
covariance matrix, Kalman gain matrix, measurement inno-
vation vector and predicted error covariance matrix. After
each measurement update, the estimated error-state vector is
applied to the system states and is zeroed at once. Finally, the
integrated SIMU/GNSS solution was smoothed using RTS
smoother implementation.

Table 2 EKF settings used in the processing

Error state Initial uncertainty System noise

Position 2 cm 0 m/
√
s

Velocity 10 cm/s 5E−5 m/s/
√
s

Attitude [roll, pitch,
yaw]

[1, 1, 5]° 0.2 arcsec/
√
s

Accelerometer bias 100 mGal 0.01 mGal/
√
s

Gyroscope bias 0.001 °/h 0 °/h/
√
s

Vertical gravity
disturbance

0.03 mGal σdg � 100 mGal
β3rd
dg � 1/20 km−1

The final gravity disturbance solutions were acquired iter-
atively. After the first iteration, the autocorrelation function
R(τ ) was computed as a function of along-track distance for
each flight line. Then the third-order Gauss-Markov model
given in Eq. (1) was fitted to the R(τ ) in a least squares
manner to estimate σ and β parameters. Figure 4 shows the
autocorrelation function of each flight line in black and the
best fit in red. The nonlinear least squares fit yielded param-
eters of σ � 16.87 mGal and 1/β � 3.27 km, which were
subsequently used in the second processing iteration. The
final vertical gravity disturbance estimates for the two test
flights are shown in Fig. 5. The strong correlation between
the gravity and topography variations can easily be seen from
the figures.

4.1 Cross-over evaluation

The internal precision of the gravity disturbance estimates
from both flights was assessed at the cross-over points where
two individual flight lines are intersecting horizontally. It
is obvious that the tree-dimensional flight paths are hardly
repeatable and seldom intersect at the same point due to the
changing conditions. In practice, altitude differences reach-
ing up to a few hundred meters can be observed at the
cross-over locations. Therefore, special care must be given
when selecting a cross-over point because of the height-
dependent gravity variations. But, by limiting the height
differences as small as possible (e.g., �Hmax < 100 m), the
majority of free-air gravity gradient effect will be accounted
for by the normal gravity gradient when comparing gravity
disturbances. Assuming negligible time-dependent varia-
tions in the gravity field due to the tides, groundwater and
air pressure changes, ocean loading, nutation and precession,
the cross-over difference between two flight trajectories can
be expressed as:

χA,B � δĝA − δĝB (4)

χ A,B � (
δĝAi + κA

) − (
δĝB j + κB

)
(5)

If there is a sufficient number of cross-over data, a least
squares adjustment can be performed and a shift parameter κ
can be computed for each flight line. Given δĝAi and δĝB j as
the i-th and j-th cross-over points on lines A and B, respec-
tively, the adjusted cross-over residuals χ A,B can be written
as Eq. (5).

Figure 6 shows the 18 cross-over point locations and the
adjusted gravity disturbance differences for both flights. The
root-mean-squared errors (RMSE) of the non-adjusted and
adjusted cross-over differences are also presented in Table 3.
While the simple thermal correction yielded a significant
reduction in the non-adjusted RMSE of the F-2017 flight,
ISA temperature stabilization with iTempStab experienced
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Fig. 4 Autocorrelation functions (ACFs) for the nine F-2017 and nine F-2018 profiles in black along with the best fitting third-order Gauss–Markov
autocorrelation function in red

Fig. 5 Vertical component of the estimated gravity disturbance along the straight line segments. a F-2017, b F-2018

in the F-2018 test flight produced better results. The RMSE
reduced by 50% from 2.6 to 1.3 mGal with the contribution
of iTempStab. The mean of the non-adjusted cross-over dif-
ferences of F-2018 is close to zero which suggests that the
constant bias due to the thermally driven accelerometer drift
is compensated by temperature stabilization.

As expected, the cross-over adjustment improved the
statistics drastically. Applying an adjustment to the net-
work of cross-overs leads to significantly smaller residuals.
It can be concluded that the majority of the non-adjusted
residuals aroused from constant offsets, as they are known
to appear in particular due to thermal effects. Although
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Fig. 6 Vertical gravity disturbance differences at 18 cross-over points after the cross-over adjustment. a F-2017, b F-2018

Table 3 Cross-over statistics

Non-adjusted (mGal) Adjusted (mGal)

μ σ RMSE μ σ RMSE

F-2017 without TC − 4.39 3.14 3.78 0.00 1.79 1.23

F-2017 with simple
TC

− 1.85 3.20 2.56 0.00 1.67 1.14

F-2018 with
iTempStab

− 0.02 1.88 1.29 0.00 0.83 0.57

TC temperature correction,μmean,σ standarddeviation,RMSE:RMS/√
2

the Z-accelerometer was corrected using a simple thermal
correction, some residual long-term drifts still appeared to
remain in the F-2017 data. The adjusted cross-over resid-
uals of the F-2018 flight have RMSE of 0.6 mGal, which
is a promising and remarkable precision for the strapdown
gravimetry. It should be noted here that, since the maneuvers
such as turns are expected to lead to slight decreases in pre-
cision, we could obtain as low as 0.4 mGal RMSE when the
cross-over points that were closest to the turns of the aircraft
were not taken into consideration.

4.2 Upward continuation of ground data

For the external quality assessment or the accuracy deter-
mination of the airborne gravity estimates, it is a common
practice to compare the upward continued terrestrial grav-
ity values with airborne gravity data at the flight altitude,

Fig. 7 Distribution of the terrestrial gravity data used in the upward
continuation. The red box shows the test region

provided that there are sufficiently dense ground data in
and outside the region. Through the height system modern-
ization project, country-wide absolute and relative gravity
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Fig. 8 Vertical gravity disturbance differences between the cross-over adjusted line segments and the upward continued gravity data. a F-2017,
b F-2018

Fig. 9 Comparison of the cross-over adjusted vertical gravity disturbances in black at two different line segments with the upward continued
terrestrial data in red. a F-2017/Line-3, b F-2017/Line-8, c F-2018/Line-3, d F-2018/Line-8

surveys have been carried out since 2016 to renew the grav-
ity standardization network and to make densification in
some specific regions (Simav and Yildiz 2019). The airborne
gravimetry test region was measured in 2018 with 2–3 km
point spacing inside the test area and 9–10 km outside. Fig-
ure 7 shows the distribution of the ground truth data used for
the computation of upward continued gravity disturbances at
flight altitudes. Simav and Yildiz (2019) explain the absolute

and relative gravity data acquisition and processing in detail.
The adjustment of the gravity observations in the test region
reduced for environmental and instrumental effects resulted
in a mean formal error of 19 µGal.

Multi-processing least squares collocation (Kaas et al.
2013) in remove-upward continue-restore fashion was
applied for the computation of upward continued grav-
ity disturbances at flight altitude. Firstly, the GOCO06S
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Table 4 Statistics of the vertical gravity disturbance differences
between the upward continued terrestrial data and the cross-over
adjusted airborne estimates

Lines F-2017 with TC (mGal) F-2018 with iTempStab
(mGal)

μ σ RMSE μ σ RMSE

L1 2.71 2.27 2.50 − 1.37 1.67 1.66

L2 0.08 3.41 2.41 0.06 1.22 1.69

L3 − 1.97 1.49 1.75 − 1.03 1.05 1.21

L4 − 2.09 2.53 2.32 − 1.29 0.84 1.24

L5 − 2.67 1.53 2.17 − 2.13 0.64 1.36

L6 − 1.83 2.81 2.37 − 0.11 0.87 1.97

L7 − 3.24 1.93 2.66 − 2.11 0.98 1.30

L8 − 1.53 1.48 1.51 − 2.96 0.72 1.85

L9 2.71 2.27 2.50 1.40 0.51 1.05

Mean − 0.87 2.19 2.24 − 1.06 0.94 1.48

TC temperature correction,μmean, σ standard deviation, RMSE RMS/√
2

satellite-only global gravity model (Kvas et al. 2019) up to
degree and order 220 and residual terrain modeling effects
(Forsberg 1984) computed from 7.2′′ resolution SRTM
data constructed by Hirt et al. (2014) were removed from
the terrestrial free-air gravity anomalies. Subsequently, a
covariance function was estimated and fitted to the residual
free-air gravity anomaly data using the GRAVSOFT suite
of programs (Forsberg and Tscherning 2008). Finally, the
removed global model and RTM effects were restored to
obtain the final upward continued gravity disturbance val-
ues.

Figure 8 shows the spatial differences between the cross-
over adjusted vertical gravity disturbances and the upward
continued data for both flights. In Fig. 9, along-track com-
parisons of the upward continued terrestrial gravity values
with the cross-over adjusted airborne gravity estimates at
two sample lines (Line-3 and Line-8, see Fig. 2a) are dis-
played. The statistics of the residuals for all lines are given
in Table 4. While the maximum deviations occur at the starts
and ends of the lines which are close to the aircraft turns,
the agreement or correlations between two data series are
quite strong at the remaining parts. The F-2018 residuals are
in the range of ±5 mGal in most of the survey area, but
they could reach up to ±10 mGal in F-2017. The variability
of the F-2018 flight residuals is almost constant throughout
the region and 57% less than that of the F-2017 flight. The
F-2018 flight with iTempStab produced also better RMSE
statistics than F-2017. While the maximum RMSE of the F-
2018 is about 1.9 mGal and the mean of all lines is about
1.5 mGal, these statistics increase at least 30% in the case of
F-2017.

5 Conclusion

The performance of a thermal stabilization system named
iTempStab recently produced by iMAR Navigation GmbH
was tested in central Turkey. The internal and external quality
assessment of vertical gravity disturbance estimates of the
two test flights was evaluated at the cross-over points and
also comparisons were performed with upward continued
ground data.

The RMSE of the non-adjusted cross-over differences
were reduced by 50% from 2.6 to 1.3 mGal, and the
constant-bias was avoided with the contribution of iTemp-
Stab. Applying an adjustment to the network of cross-overs
leads to significantly smaller residuals. The adjusted cross-
over residuals of the F-2018 flight have RMSE of about 0.5
mGal, which is a highly satisfactory precision for the strap-
down gravimetry.

The comparison with upward continued ground gravity
data at flight altitudes suggests that the thermal stabilization
system yields better residual statistics in terms of residual
range, variability, and RMSE. While the range of the residu-
als is about ±10 mGal in F-2017, it reduces to ±5 mGal in
F-2018. With the contribution of the iTempStab, the mean of
the standard deviation of the residuals is reduced from 2.19
to 0.94 mGal, and the RMSE is reduced from 2.24 to 1.48
mGal, respectively. The findings of the study suggest that
the thermal stabilization system significantly improves the
accelerometer stability and thus the precision and accuracy
of the strapdown airborne gravity estimates.
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