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A B S T R A C T   

gTOOLS is an open-source software for the processing of relative gravity data. gTOOLS is available in MATLAB 
and as a compiled executable to be run under the free MATLAB Runtime Compiler. The software has been 
designed for time-lapse (temporal) gravity monitoring. Although programmed to read the Scintrex CG-5 and CG- 
6 gravimeters output data files, it can be easily modified to read data files from other gravimeters. The software 
binds together single-task processing modules within a very simple user interface that is based on one text file. 
Gravity processing involves three modules: (a) gravimeter calibration; (b) automatic processing of gravity data to 
find adjusted gravity differences; and (c) post processing of results. Each module is optional and runs inde-
pendently from the others. Data processing includes (a) averaging out the measurements noise, and correction for 
solid Earth tides, and ocean loading, and residual instrumental drift, and (b) calculate the residual instrumental 
drift and gravity differences between the base station and monitoring sites, and their uncertainties, by a weighted 
least square analysis of the gravity data. The software allows the automatic processing of a gravity campaign 
spanning multiple days in a single run. The software is tested on gravity data from 2015 eruption at Cotopaxi 
volcano, Ecuador.   

1. Introduction 

Time-lapse gravimetry is extensively employed in the monitoring of 
subsurface fluid flow. Examples includes monitoring of volcanic unrest 
(Carbone et al., 2017), assessment of CO2 sequestration (Appriou et al., 
2020), and oil reservoirs exploitation (Krahenbuhl et al., 2011). The 
gravity changes associated with these applications can vary between a 
few and a few hundred microGal (e.g., Van Camp et al., 2017; 1 μGal =
10− 8 ms− 2). Portable, relative gravimeters like the Scintrex CG-5 and 
CG-6 are commonly employed in these applications thanks to their 
compact shape, limited size/weight, and automated features. If selected 
in the interface of the instruments, field measurements (taken at 6 Hz 
sampling rate) can be corrected in real time for tilt, internal tempera-
ture, solid Earth tides, seismic noise, and instrumental drift to obtain a 
gravity measurement and its standard deviation. The manufacturer 
specifies a nominal repeatability of 5 μGal for the CG-5 and less than 5 
μGal for the CG-6 (Scintrex System, Operation Manual, 2014, 2018; Liu 

et al., 2019). Real-time corrections are useful to verify first-order results 
in the field, but post-processing is needed to achieve higher accuracy or 
for surveys where multiple gravimeters are used. Residual instrumental 
drift, the lack of correction for ocean loading and measurement noise 
from the field work itself (e.g., car transportation on dirt roads or rough 
terrains, or walking with the instrument in a backpack) can degrade the 
gravity measurements by some tens of μGal (Reudink et al., 2014) 
requiring more complete data corrections during post-processing to 
reach the desired precision. 

gTOOLS is open-source software for the processing of relative gravity 
data. The software runs under Windows OS, but it can be modified to run 
under Linux or Mac OS. The software is available both in MATLAB and 
as a compiled executable to be run under the free MATLAB Runtime 
(https://www.mathworks.com/products/compiler/matlab-runtime. 
html). The software binds together single-task processing modules 
within a very simple user interface that is based on one text file (Fig. 1). 
The modular structure allows the software to be easily updated. The 
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code allows for the speedy processing of raw gravity data from a 
network of gravity benchmarks composed of a base station and multiple 
monitoring sites. Data processing includes the removal of measurements 
noise, correction for solid Earth tides, ocean loading and residual 
instrumental drift. The residual instrumental drift, the relative gravity 
differences between the base station and monitoring sites, and associ-
ated errors, are estimated by a weighted least square analysis of the data 
set. The software allows the automatic processing of a gravity campaign 
spanning multiple days in a single run. 

Earlier efforts to develop codes to reduce campaign gravity data, 
include CG3TOOLS (Gabalda et al., 2003), GravProcess (Cattin et al., 
2015), and PyGrav (Hector and Hinderer, 2016). The first two programs 

% File with folders, parameters and options controlling the automatic
% processing of gravity data from Scintrex CG5 or CG6
% parameter % comment
CG5                                     % type of meter (CG5 or CG6)
./C578                                     % folder with raw gravity files [*.cvs]
C578                                     % gravity meter label0
0                                     % earth tide correction [logic value: 1=yes 0=no]
1                                     % ocean loading correction [logic value: 1=yes 0=no]
MSH_2016                          % name for adjusted gravity file [output file]

Fig. 1. The input command file used to run the automatic processing of gravity 
measurements and the post processing of results. No input command file is 
needed to run the calibration module. 

Fig. 2. Flow chart for gravity data process-
ing, showing the three main modules of 
gTOOLS. Each module is optional and runs 
independently from the others. (a) runCali-
bration.m estimates the main calibration 
constant scale correction factor of a gravity 
meter (Scintrex System, Operation Manual, 
2014, 5–37). If measurements for more than 
one calibration line are available, the code 
will first compute a single calibration scale 
correction factor for all the lines and then a 
calibration scale correction factor for each 
line. (b) for each meter, runAutProc.m takes 
processing options and parameters; reads the 
raw gravity data files; computes solid Earth 
tides [optional], computes the ocean loading 
[optional], models the residual instrumental 
drift, and calculates the weighted least 
square gravity values. (c) runPostProc.m 
takes the results from the gravity adjustment 
run (runAutProc.m) of two gravimeters; es-
timates and plots the scatter of the adjusted 
gravity measurements, and prints a text file 
with the mean adjusted gravity of the sur-
vey. Black boxes: gTOOLS module; white 
box: input files; cyan boxes: data processing; 
red boxes: output files. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the Web version of 
this article.)   
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are coded in MATLAB, the third in Python. Data reduction, analysis, and 
representation in GravProcess (Cattin et al., 2015), and PyGrav, Hector 
and Hinderer (2016), are implemented by a graphical user interface. 
GravProcess (Cattin et al., 2015) implements free-air and terrain cor-
rections as well. Recently, Kennedy (2020) released GSadjust. This 
software is a graphical user interface (GUI), built on PyGrav (Hector and 
Hinderer, 2016), that offers several plotting and analysis tools to correct, 
adjust and integrate relative and absolute campaign gravity data. All 
software employs similar reduction and analysis algorithms. The major 
differences between gTOOLS and the other software are: (a) gTOOLS is 
specifically designed for time lapse (temporal) gravity monitoring; (b) 
we spent significant efforts rigorously testing and verifying the code; (c) 
gTOOLS can be run by editing a single text command file and (d) The 
software allows the automatic processing of a gravity campaign span-
ning multiple days in a single run. 

Here, we first introduce the general characteristics of the program 
(Section 2), then we present the calibration module (Section 3). Cor-
rections for solid Earth tides (ET), ocean loading (OL) and residual 
instrumental drift (RD), and the weighted least-square system solved to 
obtain adjusted gravity measurements and their uncertainties are 
introduced in Section 4. The post-processing module is reviewed in 
Section 5. Because of the complexity of the development of gTOOLS, 
testing the software to detect existing logical or mathematical bugs is 
indispensable. We show the results of four dynamic tests in Section 6. 
Finally, we present the case study of time-lapse gravity monitoring of the 
unrest at Cotopaxi volcano, Ecuador (Section 7). 

2. Gravity reduction 

Gravity measurements processing in gTOOLS comprises three main 
modules: (1) gravimeter calibration; (2) automatic processing of gravity 
data to find adjusted gravity differences with a base station; and (3) post 
processing of results. Each module is optional and runs independently 
from the others. The different processing steps (shown in Fig. 2) are 
controlled by a single input text file (Fig. 1). These steps are performed 
by individual subroutines called by the main program modules. 

gTOOLS requires two input data files:  

1. a calibration file, with the gravimeter(s) constant scale correction 
factor k.  

2. gravity data files (CSV format text file) in the Scintrex CG-5 or CG-6 
format for each gravity meter and day of field work. 

In the Scintrex acquisition data mode, unprocessed 6 Hz data 
(gravity, tilt-x, tilt-y, and temperature) are stored in memory. The built- 
in software can average the readings over a specific time interval, sub-
tract the solid Earth tides from the data and correct the data for a linear 
drift. Gravity data can be dumped from the gravity meter to a PC using 
the Scintrex Data logger software, a serial dump program that can be 
used to export data as text files with the columns in the following order 
LATITUDE, LONGITUDE, ALTITUDE., TIDE CORRECTED GRAVITY, ST 
DEV, TILTX, TILTY, TEMPERATURE, EARTH TIDE, DURATION, MEA-
SUREMENTS REJECTED, TIME, DEC. TIME + DATE, TERRAIN 
CORRECTION, DATE. Examples of input and output file formats are 
available in the gTOOLS software release. 

Relative gravity values at gravity benchmarks can be described by 
the equation (Fig. 3): 

k ⋅ ĝ(t) = g(t) − ET(t) − OL(t) + RD(t) + ε (1)  

where t is the time of the measurement, k⋅ĝ(t) is the gravity reading, ĝ 
the nominal instrument measurement, and K the scale correction factor 
(Scintrex System, Operation Manual, 2014, 5–37). g(t) is the adjusted 
gravity value – the gravity value of interest for monitoring applications, 
ET(t) the solid Earth tide correction, OL(t) the ocean loading correction; 
RD(t) the residual instrumental drift, and ε the residual instrumental/ 
operator/site noise (Fig. 3). If the uncertainty for the scale correction 
factor (σk) and the residual instrumental/operator/site noise (ε) are such 
that σk ∼ ε < σg, where σg is the uncertainty of the adjusted gravity 
value g(t), then g(t) and σg are given by the equation: 

g(t) ≃ k⋅ĝ(t) + ET(t) + OL(t) − RD(t)

σg ≃
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
k2⋅σĝ

2 + σ2
ET + σ2

OL + σ2
RD

√ (2)  

Fig. 3. Verification of equation (1). (Top) Gravity 
signal recorded for 4 days at site OTAVALO 
(Ecuador, Lat: 0.2376◦, Long: − 78.4560◦, Elevation 
3398 m a.s.l.) by Scintrex gravity meter CG-5877 
(thick green line, α⋅ĝ(t)), compared against the 
model from (1) (thick red line, g(t) − ET(t) −
OL(t)+ RD(t)). (Bottom) Residual instrumental/ 
operator/site noise ε from the fit of the observation 
data with the model. The residual is within the 
nominal repeatability (standard deviation) of 5 
μGal for the CG-5 reported by the manufacturer 
(Scintrex System, Operation Manual, 2014). Data 
from OTAVALO are a courtesy of Mario Ruiz (IG- 
EPN, Ecuador). Some residual signal (less than 3 
μGal), probably instrument noise, is not explained 
by the model. (For interpretation of the references 
to colour in this figure legend, the reader is referred 
to the Web version of this article.)   
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3. Gravity meter calibration 

The U.S. Geological Survey checks the calibrations of gravity meters 
by measuring mountain gravity loops (calibration lines) in Mauna Loa 
(HI), Mt Hood (OR) and Mt Hamilton (CA); see Battaglia et al. (2018). 
Mountain gravity loops allow comparison of the gravity changes 
measured by an instrument against know gravity measurements over a 
large range of gravity values. The occupation of calibration lines pro-
vides at small cost information about changes in time and non-linearity 
of the calibration factor, unusual drift behavior and other instrument 
defects. 

Scintrex gravity meters have a linear response between spring ac-
celeration and gravity, so that the relation between nominal instrument 
readings and actual gravity values can be represented by a single cali-
bration constant GCAL1. Scintrex calibrates the instrument with a 
relative precision of 0.01%, equivalent to an error of 0.01 mGal (10 
μGal) in 100 mGal. To decrease the error to 0.001 mGal (1 μGal) in 100 
mGal, equivalent to a relative error of 0.001%, users must estimate a 
scale correction factor of the main calibration constant GCAL1 with a 
relative error of 10− 5 (Scintrex, 2014, p. 5–37; (Valiant, 1991)see also 
Battaglia et al., 2018). 

For this reason, we consider the manufacturer’s calibration (i.e., 
GCAL1 in the case of a Scintrex CG-5 or CG-6) as an approximation of the 
calibration constant. The scale correction factor (k) simulates the 
divergence from this approximation and must be estimated by the 
operator. We model the linear response of the gravity meter (Fig. 4) as 

CALGRAVITY = intercept + k × LSGRAVITY (3) 

The slope of the straight-line model above is the scale correction 
factor k; the intercept represents eventual systematic errors in the 
gravity measurements. If the uncertainties associated with the gravity 
measurements LSGRAVITY are much smaller than the errors associated 
with the calibration gravity measurements CALGRAVITY, then the slope 
and intercept of the straight-line model can be found solving a linear 
regression problem (Press et al., 1992, equation 15.2.6) – Fig. 4 (left). 
When the order of magnitude of the uncertainties of LSGRAVITY and 
CALGRAVITY can be compared then the slope and intercept of the 
straight-line model can be found by solving a non-linear regression 
problem (Press et al., 1992, equation 15.3.2) – Fig. 4 (right). 

4. Processing 

Adjustments to the field gravity measurements (solid Earth tides and 
ocean loading, the correction for the residual instrumental drift, 
weighted least square solution) are applied to measurements from each 

gravity meter by the module runAutProc.m (Fig. 2). 
Although designed to process gravity data from a double occupation 

of a gravity network (the so-called double loop; see Chapter 7), the 
software can process data from a single loop as well. 

4.1. Filter 

Most gravimeters display a stabilization period, i.e., a non-linear 
evolution of the gravity value until it becomes stable. This stabiliza-
tion period can last from a few minutes to tens of minutes, depending on 
the environmental noise and time and type of transportation between 
gravity sites. Once the gravimeter is stable, the occupation time and the 
read time should be programmed considering the balance between a 
read time short enough to give many readings and an occupation time 
long enough to give stable mean values (see section 7). 

As a first step, the code reads gravity measurements (gravity), adjusts 
the measurements by the main calibration constant’s scale correction 
factor k and computes the weighted mean (GRAVITY) and standard de-
viation (SIGMA) of gravity readings at each gravity benchmark. The 
weights represent the reciprocal of the root mean square errors from the 
CG-5 (or CG-6) output files. Measurements that fall outside of one 
SIGMA from the weighted mean GRAVITY are discarded. 

Results of this initial filtering are plotted for all the sites to help 
identify unstable readings, or outliers (Fig. 5). The code allows to 
manually discard any reading that might be considered unstable, or an 
outlier, by commenting the appropriate line in the text data file. 

4.2. Solid earth tides and ocean loading correction 

These corrections are performed for each measurement using its 
specific location and time stamp. Scintrex follows the approach pro-
posed by Longman (1959) to correct for solid Earth tides. We use the 
same approach but extend it to also a) compute the Moon and Sun 
longitudes with the original equations by Bartels (1957, p. 747), b) 
employ updated values from USNO (2011) for the astronomical con-
stants and c) consider anelastic effects on tides (Agnew, 2007) - see 
Fig. 6. 

The ocean loading correction OTL(t) module calls the Fortran code 
HARDISP by Petit and Luzum (2010) to compute the effect of ocean 
loading on local gravity (Fig. 7). Ocean loading coefficients in the 
example included with the code are from the TOPEX9.2a model (Egbert 
and Erofeeva, 2002). However, users can provide coefficients from any 
model they prefer. The ocean loading coefficients implemented in 
gTOOLS are from the Bos and Scherneck’s ocean loading provider 
(available on-line at http://holt.oso.chalmers.se/loading/). 

Fig. 4. Plots of the best fit to the linear 
response of a gravity meter, equation (3). Mt 
Hamilton USGS calibration line. The error of 
the scale correction factor (calfactor) shown 
on the plots is the standard error. (left) If the 
uncertainties associated with the gravity 
measurements gravity (survey) are much 
smaller than the errors associated with the 
calibration values, then the slope and inter-
cept of the straight-line model can be found 
solving a linear regression problem (Press 
et al., 1992, 15.2). (right) When un-
certainties of gravity (survey) and calibration 
values can be compared then the slope and 
intercept of the straight-line model can be 
found solving a non-linear regression prob-
lem (Press et al., 1992, 15.3). Note the 
different values for the slope (scale correc-
tion factor) of the two calibrations; the es-
timate of the scale correction factors may 
not be unique.   
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4.3. Linear instrumental drift correction 

In a time-lapse gravity survey, a double loop with two instruments is 
ideal and recommended (e.g., Jachens et al., 1981; Battaglia et al., 2008; 
Carbone et al., 2017). Every benchmark of the monitoring network is 
measured with at least two gravimeters during two complete loops 
through the network per day, with the base station remeasured three 
times. 

To estimate the daily, linear instrumental drift parameters, the code 
first removes the average gravity value g from each benchmark, so that 
all the occupations are centered around zero (Fig. 8). The average value 
g is the solution of the weighted least square system 

gi =
[
SikWkjSji

]− 1SikWkjg̃j

i = 1,…,N

j, k = 1,…,M
(4)  

gi =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣
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g1

⋮

⋮

gN

⎤

⎥
⎥
⎥
⎥
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⎦
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⋮

⋮

siteN

, Sij =

⎡

⎢
⎢
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⎢
⎢
⎢
⎢
⎢
⎣

1 1 1 0 0 ⋯ ⋯ 0

0 0 0 1 1 ⋯ ⋯ 0

⋮ ⋱ ⋮

⋮ ⋱ ⋮

0 0 0 0 0 0 1 1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, (5)  

Fig. 5. Automatic data filtering in gTOOLS. Data have been collected with an occupation time of 5 min and a reading time of 1 min, after the meter became stable. 
(left) Unfiltered gravity data, showing five readings for each occupation of the site LOOW (Mount St. Helens). (right) Filtered gravity data, the code discarded one 
reading in the first occupation of LOOW (Mount St. Helens) because too noisy. 
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Fig. 6. Verification of the Earth tide module. Test site parameters, lat: 51◦, 
long: − 141◦, elevation: 0 m a.s.l., date: 02-24-2012, GMT offset: 0 h. (a) Plot of 
the Earth tides from tideg by Plouff (2000) and the MATLAB script EarthTides.m; 
(b) Difference between the numerical outputs from the two codes. 

Fig. 7. Ocean loading correction from gTOOLS verified against the synthetic tide routine of TSOFT (Van Camp and Vauterin, 2005) for 24 h on 8/22/2016 at site 
5040, Mount St Helens (Lat: 46.3695◦, Long: − 122.5819◦, Elev: 253 m a.s.l.). 
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(6)  

where g̃j ≃ k⋅ĝ j + ETj + OLj and σ̃j ≃

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

k2⋅(σ ĝ
j)

2
+ (σj

ET)
2
+ (σj

OL)
2

√

are 

the gravity measurements at each benchmark and their errors, Sij is a 
sparse matrix describing the benchmark occupations, Wkj is the diagonal 
matrix of weights wj = 1/σ̃2

j , N is the number of benchmarks, and M the 
number of gravity measurements (or benchmark occupations) with N <

M. 
Once the average value is removed from all gravity measurements, 

the residual instrumental drift (Fig. 7) is given by the least square 
solution 

p1− 2,1 =
[
M1− 2,jMj,1− 2

]− 1[g̃j − Πj,igi
]

(7)  

where Mj,1− 2 is a rectangular matrix whose first column is the time tj of 
the measurement and the second column is the unit vector, p1,1− 2 is a 
column vector whose first element is the instrumental drift rate and the 
second element models the instrument noise 
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⎥
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⎥
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(8) 

GravProcess (Cattin et al., 2015) and PyGrav (Hector and Hinderer, 
2016) employ a similar approach to eliminate the linear instrumental 
drift, i.e., the drift is estimated by a least-square fit of the weighted time 
series. DSAdjust (Kennedy, 2020) implements four different reduction 
schemes. 

4.4. Mean gravity measurements 

The final adjusted relative gravity values Δgi is the solution of the 
weighted least square inversion 

Δgi =
[
SikWkjSji

]− 1SikWkj
(
gj − g0

) i = 1,…,N

j, k = 1,…,M
(9)  

where Sij is the sparse matrix from equation (5), Wkj is the diagonal 
matrix of weights wj = 1/σ2

j , gj and σj are is adjusted gravity from 
equation (2), and g0 is the average adjusted value at the base station. 
According to Gurland and Tripathi (1971), the errors σi can be estimated 
using the unbiased standard deviation 

σi = si

[

1 +
0.25

Ns − 1

]

, si =

̅̅̅̅̅̅̅̅̅̅

χ2
vΣii

√

,
Ns = 3 base

Ns = 2 site
(10) 

The chi-square per degree of freedom χ2
v and the covariance matrix 

Fig. 8. Example of the residual instrumental drift correction from the gravity monitoring network of Mount St Helens (Battaglia et al., 2018) – survey date 
08/22/2016. (left) Plot of ̃gj − Πj,ig, equations (7) and (8). The MATLAB script EarthTides.m removes the average from each benchmark, so that all the occupations are 
centered around 0. A linear fit (red line) is then calculated through all points, collectively, at once. The number of benchmarks is N = 7, the number of benchmark 
occupations is M = 19. (right) Plot of the adjusted relative gravity measurements gj for each benchmark occupation, equation (2), after the residual instrumental drift 
RDj = p1,1tj + p1,2 has been removed from g̃j. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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Σij are given by the solution of (9). 

5. Post processing 

The runPostProc.m module takes the results from the previous gravity 
adjustment procedure (see section 4) to estimate the average adjusted 
relative gravity value Δgi at each benchmark for the survey and plot the 
scatter of the adjusted gravity measurements Δgi at each site, including 
uncertainties – see Fig. 9. 

6. Software verification and limitations 

6.1. Verification 

Due to the complexity of the mathematical models involved in the 
development and operation of gTOOLS, testing the software to detect 
existing subtle faults is critical (Farrell et al., 2011). We run four dy-
namic tests to verify the code:  

1. we verified the Earth Tide correction (EarthTide.m) against the 
FORTRAN 77 routine tideg by Plouff (2000) – Fig. 6.  

2. we verified the Ocean Loading correction (OCVLoading.m) against 
the synthetic tide routine of TSOFT (Van Camp and Vauterin, 2005) – 
Fig. 7.  

3. we verified the theoretical model in (1) against experimental data 
(Fig. 3). 

4. we verified the algorithm of the gravity adjustment module, run-
AutProc.m, using a synthetic data set based on equation (1), and the 
time stamps and benchmark locations of the 2016 survey of the 
gravity monitoring network of Mount St Helens (WA; Battaglia et al., 
2018) – Fig. 9.  

5. finally, we tested the entire code against GSadjust (Kennedy, 2020) 
and PyGrav (Hector and Hinderer, 2016) – Table 1. 

6.2. Limitations 

The present version of the software has one significant computa-
tional disadvantage compared to other software. The ocean loading 
correction employs the compiled version of the HARDISP Fortran code 
by Petit and Luzum (2010). The compiled version of HARDISP depends 
on the operating system. The version available in gTOOLS has been 
compiled under Windows and will not run under MacOS or Linux. 

GravProcess (Cattin et al., 2015) and PyGrav (Hector and Hinderer, 
2016) employ translations into MATLAB (or Python) of the SPOTL code 
(Agnew, 2012). 

gTOOLS, GravProcess (Cattin et al., 2015) and PyGrav (Hector and 
Hinderer, 2016) only eliminate the linear instrument drift, while 
DSAdjust (Kennedy, 2020) uses four different reduction schemes. 

7. Gravity monitoring of Cotopaxi volcano 

Regarded as one of the most dangerous volcanic systems in Latin 
America, the monitoring of Cotopaxi volcano is done by the Instituto 
Geofisico de la Escuela Politecnica Nacional (IG-EPN) using infrasound, 
seismic and geodetic monitoring networks (Bernard et al., 2016; Gaunt 
et al., 2016; Hidalgo et al., 2016; Mothes et al., 2017). Cotopaxi expe-
rienced a new period of heightened activity in April 2015, which peaked 
during the eruptive activity of August 14, 2015 (Mothes et al., 2017). 
Summit ash emissions continued until November 2015. Monitoring 
parameters decreased until they returned to background levels in March 
2016 (Hidalgo et al., 2018). Although several plausible sources for the 
unrest were inferred from modelling of monitoring data (Bernard et al., 
2016; Morales Rivera et al., 2017; Hidalgo et al., 2018), and from 
petrological analysis (e.g., Gaunt et al., 2016; Troncoso et al., 2017), 
these techniques did not uniquely constrain sub-surface mass change. To 

Fig. 9. Plot of the scatter of the adjusted gravity 
measurements recovered by the processing module 
(runAutProc.m). The synthetic gravity model of the 
2016 gravity survey at Mount St Helens (Battaglia 
et al., 2018) is an ideal model to test the correct 
operation of the software. If the software correctly 
removes the different synthetic effects and instru-
mental noise, the scatter of the relative average 
adjusted gravity Δgi should be negligible. The model 
includes solid Earth tide and ocean loading effects, 
linear residual instrumental drift, free-air effect, 
and residual gravity from a spherical model. The 
two instruments are differentiated through their 
scale correction factor, equation (1). White noise is 
added to simulate additional sources of un-
certainties. The scattering is less than 5 μGal – 
within the nominal repeatability of 5 μGal for the 
CG-5 and less than 5 μGal for the CG-6 (Scintrex 
System, Operation Manual, 2014).   

Table 1 
Comparison of the adjusted gravity values for the August 22, 2016, survey at Mt. 
St. Helens (Battaglia et al., 2018). Adjusted values estimated using GSadjust/-
PyGrav and gTOOLS. The raw gravity values have been corrected for measure-
ment noise, ocean loading and linear instrument drift. Final adjusted values have 
been computed by weighted least squares.  

SITE Gsadjust/PyGrav gTOOLS difference 

gravity st dev gravity st dev 

[mGal] [mGal] [mGal] [mGal] [mGal] 

5040 0.000 0.001 0.003 0.014 0.003 
CLDW − 185.531 0.002 − 185.522 0.010 0.009 
LOOW − 308.146 0.002 − 308.149 0.015 − 0.003 
MH14 − 488.435 0.002 − 488.432 0.013 0.003 
NEBU − 317.673 0.002 − 317.676 0.015 − 0.003 
NWDO − 466.951 0.002 − 466.956 0.014 − 0.005 
SERD − 488.009 0.002 − 488.006 0.013 0.003 
STUD − 236.158 0.002 − 236.157 0.016 0.001 
WRDG − 455.518 0.002 − 455.522 0.014 − 0.004  
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constrain sub-surface mass movements, an initial plan for time-lapse 
gravity monitoring was implemented at Cotopaxi by installing 3 sur-
vey stations in June 2015. The gravity network was expanded in October 
2015 with the addition of 5 survey stations and an additional far-off base 
station (site OVC; Fig. 10). Gravity measurements were performed 
bi-monthly during the heightened activity, while the frequency of 
measurements was decreased after the end of unrest in March 2016 
(Calahorrano-Di Patre et al., 2019). 

Surveys at Cotopaxi were performed using a single CG-5 Scintrex 
relative gravimeter. Survey day loops were designed using the so-called 
“step method” (Greco et al., 2012), where two or more stations, 
including the base station, were repeated at least twice in a day (e.g., 
stat1 → stat2 → stat3 → stat2 → stat1). To minimize the possibility of 
including data with systematic instrumental errors, several identical 
loops were repeated in one survey and considered independent from 
each other. The change between gravity differences in one survey was 
considered the final measurement error. Other environmental effects 
(such as pressure changes and temperature) were monitored during data 
collection. These effects were also minimized with the placement of an 
insulating foam box around the gravity meter during measurements 
along with the use of a strong portable windbreak. Finally, since the 
travel time between stations at Cotopaxi is relatively long (typically 
more than 2 h), it was not unusual to observe a hysteresis effect (intrinsic 
to the Scintrex CG-5, e.g., Klees et al., 2017; Seigel, 1995) in the gravity 
data. Therefore, at least 20 min of stabilization time (measurements not 
considered as valid in the final mean) were required for each hour of 
careful transport, after which an additional 15-min period of valid 
measurements were collected to detect any lingering relaxation or data 
tares. 

Until July 2018, a total of 16 surveys were completed at Cotopaxi 
volcano. Data from these surveys were corrected and processed in its 
entirety using gTOOLS. Basic corrections to gravity data included 
removing tidal effects, filtering outliers, and calculating and reducing 
the daily instrumental drift. The final error for the calculated gravity 
differences was estimated using the standard deviation in the data, the 
residuals from the drift calculation, and the repeatability for each sur-
vey. Although normally time-lapse gravity data is corrected for height 
changes in each station due to ground displacement, the free-air gravity 
effect caused by inflation at Cotopaxi did not surpass instrumental error, 
and thus is not considered for the calculation of residual gravity. An 
example of data reduction step by step is presented in Table 2 and 
Table 3. The results from the gTOOLS processing are visualized in 
Fig. 11, with station CAME as reference for the period before October 
2015, and station OVC as reference after its installation in October 2015. 

Two periods of gravity change, coinciding with volcanic activity, are 
shown in Fig. 10, notably June–August 2015 (pre-eruption) and October 

2015–March 2016 (post-eruption). Although gravity changes are also 
observed in periods of inactivity (e.g., January–September 2017), the 
rate of change is not comparable to that observed during and immedi-
ately after eruptive activity. For example, during the period of Oct 2015 
to March 2016, a gravity decrease was observed in almost all measured 
sites except REF, with the largest change observed at station VC1 of − 72 
μGal. During the period of January–September 2017, a gravity decrease 
was again observed at several stations at Cotopaxi (Fig. 10), with the 
largest change in this period of − 35 μGal at station VC1. Therefore, the 
maximum rate of change was more than double during periods of vol-
canic unrest (~15 μGal/month) in comparison with periods of relative 
volcanic inactivity (~5 μGal/month). Gravity changes from the period 
of October 2015–March 2016 were therefore interpreted as being 
related to volcanic activity and were inversely modelled to explore sub- 
surface mass movement post-eruptive activity. Because of a lack of 
coverage, it is not possible to invert model data collected before the 
eruptive activity and forward modelling of sources inferred from 
deformation data was inconclusive (Calahorrano-Di Patre et al., 2017). 
The post-eruptive gravity changes at Cotopaxi were inversely modelled 
using several magmatic sources, assuming both an increase and a 
decrease of sub-surface mass into the modelled source (Calahorrano-Di 
Patre et al., 2019). The best model contemplated the migration of hy-
drothermal fluids for a deeper annulus-like aquifer to a cylindrical 
shallow, perched aquifer (Fig. 12). 

With the addition of the inverse modelling of the gravity data to the 
already existing information from geochemistry, petrology, and seis-
mology we were able to propose a conceptual model for this phase of 
Cotopaxi’s activity. (Fig. 12; Calahorrano-Di Patre et al., 2019): a A 
magma body (best modeled by a spheroidal source) intruded approx. 12 
km b.s.l. and triggered the measured pre-eruptive deformation and 
seismicity. b) A smaller source of magma, inferred from SO2 and 
petrological data, ascended from a deeper reservoir and intermingled 
with the hydrothermal system, starting the eruptive activity. c) Hydro-
thermal fluids moved upwards from a deeper aquifer to a shallower level 
of the aquifer because of the source’s heat, and this mass movement was 
detected by gravity measurements. d) A new equilibrium was reached, 
and all geophysical signals returned to background levels (e.g., SO2 and 
seismicity), or stabilized at a new level (e.g., deformation and gravity). 

8. Summary and conclusions 

A fast, easy to use and reliable program for processing gravity data is 
a valuable tool for volcano observatories and scientists since time-lapse 
gravity monitoring of active volcanoes provides information on sub- 
surface mass change in times of unrest. For example, gravity data 
from the unrest of Cotopaxi (Ecuador), Yellowstone (WY) and Laguna 

Fig. 10. Network of campaign gravity stations installed at Cotopaxi volcano between June 2015 and September 2016. Symbols for each station are the same as in 
Fig. 11. The location of Cotopaxi volcano relative to the capital city of Ecuador (Quito) can be seen on the right. 
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del Maule (Chile) have been processed in their entirety using the 
gTOOLS software. (Calahorrano-Di Patre et al., 2017; Poland and de 
Zeeuw-van Dalfsen, 2019; Trevino et al., 2021). Although designed for 
volcano observatories, the software can be readily employed in any field 
that monitors sub-surface mass flow. 

The program reads input data files from Scintrex CG-5 and CG-6, but 

the input module can be easily modified to read data files from other 
gravimeters. Data processing includes the removal of measurement 
noise, and correction for residual instrumental drift, ocean loading and 
Earth tides. The code can process both single and double loop gravity 
surveys and allows the automatic processing of relative gravity data 
from a campaign spanning multiple days in a single run. 

The main limitation of the present version of gTOOLS is that the 
ocean tide loading correction employs the compiled version of the 
HARDISP Fortran code by Petit and Luzum (2010). The version available 
in gTOOLS has been compiled under Windows and will not run under 
MacOS or Linux. Furthermore, the code corrects the effect of daily, 
linear instrument drift. 

On the other hand, the software is open-source, stable, thoroughly 
verified and tested, and can be downloaded from a public repository 
managed by the US Geological Survey. 

Computer code availability  

• Name of code: gTOOLS  
• developers and contact address  

o Maurizio Battaglia, US Geological Survey, Volcano Disaster 
Assistance Program, PO Box 158, NASA Ames Research Center, 
Bldg. 19, 2nd floor, Moffett Field CA 94035. (650) 439–2629. mba 
ttaglia@usgs.gov 

o Ashton F. Flinders, US Geological Survey, Hawaiian Volcano Ob-
servatory, 1266 Kamehameha Ave Suite A5 Hilo HI 96720. 
aflinders@usgs.gov  

• year first available: 2012  
• hardware required: PC with 8 GB of RAM  
• software required: MATLAB 2020a or higher to run the open-source 

code; the free MATLAB Compiler Runtime R2021a (9.10) - Windows 
OS 64-bit for the compiled code  

• program language: MATLAB (R2021a)  
• program size: 30 Mb 

Table 2 
Raw gravity data collected during one day loop at Cotopaxi volcano in January 2016 and processed with gTOOLS. The raw gravity (RGRAV) data, alongside its 
standard deviation (σ) are shown. We employed the gravity data corrected for the solid Earth tide by the software interface of the CG-5. FGRAV represents the averaged 
raw data after removal of outliers. TGRAV is the gravity data after the ocean loading effect has been removed, and DGRAV is the result after the daily drift correction 
has been applied. The last column shows the standard deviation calculated by considering both the individual error carried from the raw data, as well as the deviation 
of the calculated drift from the linear estimation of each of the station data.  

Station Date (dd-mmm-yy) Time (UTC hh:mm:ss) RGRAV (mGal) σ (mGal) FGRAV (mGal) TGRAV (mGal) DGRAV (mGal) σ (mGal) 

OVC 14-Jan-2016 13:59:09 1486.279 0.001 1486.279 1486.230 1486.243 0.003 
CAME 14-Jan-2016 16:41:16 1385.713 0.004 1385.713 1385.712 1385.720 0.005 
VC1 14-Jan-2016 20:03:01 1301.279 0.002 1301.279 1301.415 1301.417 0.004 
CAME 14-Jan-2016 23:14:40 1385.654 0.005 1385.654 1385.730 1385.726 0.007 
OVC 15-Jan-2016 01:09:06 1486.259 0.003 1486.259 1486.248 1486.240 0.005  

Table 3 
Summary of data from the January 2016 gravity survey at Cotopaxi volcano, as 
presented by gTOOLS at the end of the processing routine. LSGRAV refers to the 
difference between the measured relative gravity at the surveyed site and the 
value measured at the beginning of the loop at base station OVC. The standard 
deviation presented here reflects the repeatability of measurements at stations 
relative to the same day loop (and therefore, it was not calculated at stations that 
had only been measured once per day-loop). To compare gravity changes be-
tween surveys, these results and errors for each station must be merged into 
singular values per survey. LSGrav: least-square adjusted gravity; Std Dev: 
Standard Deviation; Std Err: standard error (see section 4.4).  

Station Date (dd-mmm- 
yy) 

LSGrav 
(mGal) 

Std Dev 
(mGal) 

Std Err 
(mGal) 

CAME 12-Jan-2016 − 100.511 0.005 0.004 
NAS 12-Jan-2016 − 157.633 NaN NaN 
OVC 12-Jan-2016 − 0.0004, 0.006 0.044 
CAME 13-Jan-2016 − 100.516 NaN NaN 
NAS 13-Jan-2016 − 157.631 NaN NaN 
OVC 13-Jan-2016 0.0005, 0.002 0.001 
CAME 14-Jan-2016 − 100.518 0.003 0.002 
OVC 14-Jan-2016 − 0.0006, 0.004 0.003 
VC1 14-Jan-2016 − 184.824 NaN NaN 
CAME 15-Jan-2016 − 100.510 0.003 0.002 
MSUC 15-Jan-2016 − 107.926 NaN NaN 
OVC 15-Jan-2016 − 0.0004, 0.003 0.002 
VC1 15-Jan-2016 − 184.822 NaN NaN 
MSUC 16-Jan-2016 − 107.931 NaN NaN 
OVC 16-Jan-2016 0.0000, 0.0006 0.0004 
REFf 16-Jan-2016 − 368.100 NaN NaN  

Fig. 11. Residual gravity measured at stations on Cotopaxi volcano from June 2015 to June 2018. The unrest and eruption period of 2015–2016 is shown between 
purple vertical lines. Modelled gravity data is shown in the grey shaded area. Gravity changes measured after the end of unrest are presented as a baseline for 
“normal” gravity variations at Cotopaxi: although the magnitude of changes might be comparable, the rate of gravity change during the unrest was undoubtedly 
accelerated. All gravity change is presented in comparison to the base station OVC, except for the three data points from June 2015 to September 2015. Modified after 
(Calahorrano-Di Patre et al., 2019). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

M. Battaglia et al.                                                                                                                                                                                                                              

mailto:mbattaglia@usgs.gov
mailto:mbattaglia@usgs.gov
mailto:aflinders@usgs.gov


Computers and Geosciences 160 (2022) 105028

10

• how to access the source code: 
→ we waive copyright and related rights in the work worldwide 
through the CC0 1.0 Universal public domain dedication. 
→ https://code.usgs.gov/vsc/publications/gtools 

Link to the code 

https://code.usgs.gov/vsc/publications/gtools. 
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