
1Scientific Data |           (2022) 9:526  | https://doi.org/10.1038/s41597-022-01630-w

www.nature.com/scientificdata

aDtC-InSaR: a tropospheric 
correction database for andean 
volcanoes
Fernanda Lopez-Pozo  1 ✉, Rodrigo abarca-del-Rio2 & Luis E. Lara3,4

Monitoring geophysical hazards requires a near real-time response and precise interpretation of InSaR 
data, typically recording minute surface deformations. accurate tropospheric adjustment is an essential 
aspect of InSaR processing. this study provides a free database of ready-to-use tropospheric Correction 
for InSaR for the three volcanic zones from north to south of the andes. average Daily tropospheric 
Correction for InSaR (aDtC-InSaR) is a collection of average daily tropospheric delay matrices created 
using ECMWF re-analysis of the global atmosphere and surface conditions (ERA5) as atmospheric data 
and tRaIN software. the construction method and annual variation according to the climatic zones 
are provided, and its effectiveness is evaluated. ADTC-InSAR facilitates the generation of tropospheric 
corrections in InSaR with easy access, fast application, and accuracy comparable to tRaIN. Its purpose 
is to serve as a starting point for tropospheric correction in the event of emergency response to extreme 
occurrences and as a reference for other research and academic objectives.

Background & Summary
Interferometry Synthetic Aperture Radar (InSAR), a technique based on a phase difference between two images, 
allows the study of Earth’s ground deformation induced by earthquakes1, mass wasting in landslides2,3, volcanic 
unrest, and deflation after magma withdrawal4–6, among the others. Over the past decade, the introduction of 
new constellations of satellites with higher capacity and more advanced sensors resulted in an unprecedented 
ability to track the temporal evolution of changes across the entire Earth’s surface. This implies an increasing 
number of scenes in accessible databases and the need for automated analysis, which is an effort that the scien-
tific community is releasing7,8.

A source of error of InSAR is the atmospheric delay caused by the refraction of the signal as it crosses the 
troposphere, resulting in a change in trajectory. The tropospheric delay has a dry component (or dry contribu-
tion) determined by atmospheric pressure and temperature. The order of magnitude is in meters and is affected 
by topography. The wet component (or wet contribution) is a function of the partial pressure of water vapor. 
As a result, it is influenced by the turbulent region of the atmosphere and is not affected by topography; it has a 
centimeter order of magnitude.

The importance of the tropospheric delay lies in the magnitude of the changes generated, considering that 
volcanic areas usually show ground deformations in the order of a few centimeters. Zebker et al.9 indicates that 
a change of 20% in relative humidity can generate a difference between 10 and 14 [cm] of delay, which can be 
more significant than the detected deformation even considering that the wet component only represents 10% of 
the total10. A more precise measurement of the tropospheric delay throughout the year is required for the most 
accurate interpretation. We can see this at Llaima volcano (Southern Andes, Chile: [−71.730°, −38.697°]) where 
different interpretations have been generated from InSAR. According to Fournier et al.11, between 2007–2008, 
there was subsidence on the volcano’s eastern flank, which is presumed to be related to the January 2008 erup-
tion and collapse. Bathke et al.12 specify that a deflation of: 10 [cm] occurred between 2003 and 2007, followed 
by: 8 [cm] of inflation that lasted until the end of 2008. Delgado et al.13 interpreted the interferogram signal one 
month before the April 2009 eruption as: 6–15 [cm] inflation of the west side of the volcanic edifice. Remy et al.14 
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stated that no deformation was evidenced between 2003–2011 and that the patterns observed in the interfero-
grams are the product of tropospheric error but pointed out the collapse of the eastern flank in 2008.

The Andes is a natural laboratory for InSAR studies due to the variety of active processes and latitudinal and 
topographic variation. This offers diverse climatic conditions in which the humid input would exert significant 
and different control on the tropospheric delay in each zone.

Methods for determining this delay range from using correlation with topography to more sophisticated 
models. Regardless of quality, heterogeneity in the treatment of this aspect hinders remote sensing studies from 
being compatible and comparable.

We aimed to investigate this topic through approaches based on globally available and recognized atmos-
pheric data. As a result of this study, Average Daily Tropospheric Correction for InSAR (ADTC-InSAR) data-
base has been developed using ERA-5 atmospheric reanalysis to produce a homogeneous and high-quality 
correction that offers information on tropospheric delay behavior at the continental scale. It is provided for 
three significant volcanic segments in the Andes that exhibit a range of Koppen-Geiger climates15. These are 
the Northern Volcanic Zone (NVZ), the Central Volcanic Zone (CVZ), and the Southern Volcanic Zone (SVZ). 
These zones have tropical, desert, and temperate climates, respectively (see Fig. 1).

We propose an ADTC-InSAR database that may assist in the research and understanding of tropospheric 
delay magnitudes and to understand better how the wet and dry components of the delay fluctuate in response to 
the prevailing climate. With this database, we were able to generate tropospheric corrections with good precision 
and fast application for InSAR data in the volcanic areas used as a case study.

Methods
Historically, the tropospheric delay needed for interferogram correction has been measured with a number of 
methods. These methods must consider complementary data in order to generate a tropospheric correction16. 
Some methods generate corrections considering the correlation with topography4,17,18, time and/or spatial fil-
ters19–25, InSAR or GPS time series26–30, using methods that involve the reconstruction of the path of the ray and 
estimation of the distance traveled31–34, and obtaining the tropospheric delay of the signal utilizing the integral of 
the refractivity through the atmosphere by using atmospheric variables such as the total tropospheric pressure, 
the temperature, and the partial pressure of water vapor14,21,35–43. This is beneficial when the connection between 
delay and elevation is not linear44. As will be detailed later, we will utilize a program that implements the latter 
strategy, which requires atmospheric data.

The study area consist of the 10 volcanoes of the Andean volcanic arc: Nevados Del Ruiz, Galeras, and 
Reventador in NVZ; Hualca hualca, Uturuncu and Robledo in CVZ; Copahue, Llaima, Cordón Caulle and 
Chaitén in SVZ. A distinct prevailing climate surrounds each volcanic zone. We identify mainly tropical, desert, 
and temperate climates in the NVZ, CVZ, and SVZ zones, respectively15 (see Fig. 1).

Generation of interferograms. For the generation of interferograms, we use Generic Mapping Tools 
Synthetic Aperture Radar (GMTSAR) software45,46 (https://topex.ucsd.edu/gmtsar/) with Land Observation 
System Phased-Array Synthetic-Aperture Radar (ALOS-PALSAR) and Shuttle Radar Topography Mission 3 
arc-Second Global Digital Elevation Model (DEM-SRTM47; https://www2.jpl.nasa.gov/srtm/) data. GMTSAR 
utilizes the p2p_ALOS.csh code to generate the interferograms with ALOS-PALSAR data. This function does data 
preprocessing, focuses and aligns Single Look Complex (SLC) images, filters the interferogram, unwraps phase, 
and geocodes the data.

For running GMTSAR, the configuration file config.ALOS.txt is required. In this file, these options have been 
selected: topo_phase=1, for topographic correction; switch_master=0, to utilize the master image as a reference; 
filter_wavelength=300, for the interferogram filter; correct_iono=0, to avoid generating ionospheric corrections; 
and threshold_snaphu=0.1, for phase unwinding with snaphu.

Advanced ALOS PALSAR (https://asf.alaska.edu/data-sets/sar-data-sets/alos-palsar/) data from the Japanese 
Aerospace Exploration Agency (JAXA, https://global.jaxa.jp/) between 2007 and 2011 were utilized to generate 
interferograms (see Table 1). The advantage is due to its L wavelength (1.27 GHz), which permits higher pen-
etration into the vegetation cover and lesser correlation loss. The utilized data contain Fine Beam Single (FBS) 
and Fine Beam Double (FBD) HH + HV polarization (where H: horizontal and V: vertical), with 20 and 10 m 
spatial resolution and an incidence angle of 34.3°; they were downloaded from https://search.asf.alaska.edu/#/. 
In addition, topographic information is required for topographic and tropospheric corrections. DEM-SRTM347, 
measured vertically in meters and with a 90 m spatial resolution (downloaded from https://topex.ucsd.edu/
gmtsar/demgen/) has been utilized.

Generation of aDtC-InSaR. The average tropospheric correction was constructed using TRAIN (Toolbox 
for Reducing Atmospheric InSAR Noise42,43; https://github.com/dbekaert/TRAIN) with ERA-5 atmospheric48,49 
and DEM SRTM347 data.

The tropospheric correction is based on the ERA-5 atmospheric reanalysis that superseded ERA-Interim. 
Thus, whereas ERA-Interim had an 80 km horizontal spatial resolution and 60 vertical levels to 0.1 hPa, ERA-5 
now has a 30 km horizontal spatial resolution and 137 vertical levels from the surface to above 80 km altitude 
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5). Additionally, the temporal resolu-
tion also increased from 6 hours to 1 hour. The European Centre for Medium-Range Weather Forecasts pro-
vides the ERA-5 data (ECMWF; https://www.ecmwf.int/) via its ECMWFAPI library https://pypi.org/project/
ecmwf-api-client/).

For each day between 2007 and 2011, the dry, wet, and total daily tropospheric delay were calculated using 
TRAIN to build the daily average database. Then, the daily tropospheric delays for each day between 2007 and 
2011 are then used to build a daily average grid for a whole year. For example, the matrices produced on January 
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1, 2007, 2008, 2009, 2010, and 2011 are averaged to obtain a single mesh. This term refers to the average daily 
tropospheric correction for dry, wet, and total conditions.

tropospheric correction. To compute the tropospheric correction using the daily average database, it is 
necessary to recollect the dates when the SAR images for the interferograms were acquired: date_MASTER and 
date_SLAVE. We require the ADTC-InSAR of the total daily tropospheric delay corresponding to the previously 
indicated dates. If date_MASTER is August 6, 2009, we search for August 6 in the ADTC-InSAR. This results in 
two meshes representing the ADTC-InSAR of the daily total tropospheric delay for the dates date_MASTER and 
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Legend

Fig. 1 On the upper left of the figure are the Koppen-Geiger Climates15, and the color bar on the right 
represents each Koppen-Geiger climate. The Andes Mountains volcanoes are divided into three zones: 
North Volcanic Zone (NVZ), the Central Volcanic Zone (CVZ), and Southern Volcanic Zone (SVZ). We 
extracted from this maps, the study areas shown on the right, which comprise the following volcanoes 
(magenta triangles): Nevados del Ruiz, Galeras, Reventador, Hualca-hualca, Uturuncu, Robledo, Copahue, 
Llaima, Cordón Caulle, and Chaitén. The two graphs on the bottom left offer time series of precipitation and 
air temperature at 2 meters for each volcano, with the legend on the right. Note that each volcanic zone is 
distinguished by a distinct color range: the Northern Volcanic Zone is red, the Central Volcanic Zone is green, 
and the Southern Volcanic Zone is blue. Note that Austral Volcanic Zone (AVZ) in yellow are not analyzed.
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date_SLAVE: mesh_MASTER and Mesh_SLAVE. The meshes are interpolated so that their points match those in 
the unwrapped interferogram. The data is converted from centimeters to radians, and the difference between their 
points is computed: mesh_SLAVE-mesh_MASTER. Thus, ADTC-InSAR, has made the tropospheric correction 
for the interferogram under consideration available.

analysis of average daily tropospheric delay. Two lines of analysis have been developed for evaluating 
the information of the daily average tropospheric delay: (1) to investigate the temporal behavior at the seasonal 
and annual time scales using various statistics such as median, mean, and standard deviation; and (2) to inves-
tigate the relationship between the total daily tropospheric delay, dry and wet contribution with Koppen-Geiger 
climates. As will be detailed further, the northern, central, and southern volcanic zones are characterized by their 
tropical, desert, and temperate climates, respectively.

analysis of tropospheric correction with aDtC-InSaR. This work aims to examine the efficiency of 
using ADTC-InSAR as a tropospheric correction. This consists of knowing if ADTC-InSAR is appropriate for use 
as a generic correction prior to, as a first guess, or even in place of data from specific dates, which is the common 
practice. For doing this, we compare a correction generated by ADTC-InSAR to one generated with specific 
dates. It is worth noting that specific dates cover days found throughout the 5 years window (2007–2011), while 
ADTC-InSAR only queries the day and month considered.

Thus, for each volcano, we generated two databases of tropospheric corrections for 500 random date pairings 
(described further below) to be compared, which we refer to as corrections with “ADTC-InSAR” and “TRAIN 
specific-dates”.

ADTC-InSAR correction implies locating the matching daily dates in the ADTC-InSAR database generated 
for the volcano to acquire the corresponding tropospheric correction. In contrast, “TRAIN specific-dates” trop-
ospheric correction entails producing the tropospheric corrections for InSAR conventionally, i.e., using TRAIN, 
for each previously selected random date. We intend to determine the degree of similarity and difference by 
comparing the magnitudes of the results produced by each method in each volcano.

It is worth mentioning that a Monte-Carlo process is applied to choose these 500 pairings of random dates. 
That is a well-recognized approach for tackling estimation and optimization problems50 in a wide variety of 
domains, including statistics, mathematics, and the physical sciences. However, the statistics barely vary signif-
icantly more than 100 dates after the volcano testing, and at 300, they level off. Consequently, 500 corrections 
were made with “TRAIN specific-dates” data (from 2007 to 2011) and 500 with ADTC-InSAR. The difference 
between identical pairs of day corrections was then calculated.

In this section, different statistics are applied depending on the instance. In the first place, the mean (μ, 
Eq. 1), median, standard deviation (σ, Eq. 2), quartiles 1 and 3, kurtosis (k, Eq. 3), and skewness (s, Eq. 4) are 
used to appreciate the data distribution of the corrections for 500 pairs of random dates in each volcano and the 
difference between the corrections. For example, the mean, median, standard deviation, and quartiles allow us 
to understand where the data are concentrated. At the same time, kurtosis and skewness provide information 
on how they are distributed.

The statistics used are defined in the following equations:

∑μ =
=n
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(1)i
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Volcano Abbr. Path

Master Slave Baseline

21.5 cm Date 
(yyyymmdd)

21.2 cm 
Absolute 
Orbit

20.9 cm 
Beam 
Mode

21.5 cm Date 
(yyyymmdd)

21.2 cm 
Absolute 
Orbit

20.9 cm 
Beam 
Mode

21.3 cm 
Temporal 
[Days]

21.2 cm 
Spatial [m]

Nevados Del Ruiz NDR 447 20080306 11269 FBS 20100312 22005 FBS 736 187.73

Galeras Gal 152 20070303 5880 FBS 20080905 13932 FBD 552 −319.262

Reventador Rev 108 20080107 10401 FBS 20090224 16440 FBS 418 148.619

Hualca-hualca HHu 103 20100119 21239 FBS 20110122 26607 FBS 368 −1236.799

Uturuncu Utu 98 20090320 16644 FBS 20100313 22012 FBS 358 −1219.686

Robledo Rob 101 20100318 22085 FBS 20101219 26111 FBS 276 −227.810

Copahue Cop 115 20101227 26228 FBS 20110211 26899 FBS 46 228.07

Llaima Lla 116 20071120 9701 FBS 20071005 9030 FBD 46 −201.040

Cordón Caulle CCa 118 20100213 21604 FBS 20100331 22275 FBS 46 −734.158

Chaitén Cha 121 20100218 21677 FBS 20070928 8928 FBD 874 6.487

Table 1. Table showing the SAR images used to generate interferograms in each of the volcanoes (column 
1) with their respective abbreviations (column 2) in the study area (section 2) including the path (column 
3) corresponding to ALOS-PALSAR images, the date (column 4 and 7) on which the image was captured 
(MASTER and SLAVE), its absolute orbit (column 5 and 8) and acquisition mode (FBS: Fine Beam Single 
Polarisation; FBD: Fine Beam Dual Polarisation; column 6 and 9) are showed. The temporal baseline (column 
10) and spatial baseline (column 11) are also displayed.
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Where, xi is the ith observations, μ is the mean, σ is the standard deviation, n is the number of the observations, 
and E(x) represents the expected value of the quantity x. Moreover, quartiles 1, 2 and 3 (Q1, Q2 and Q3) corre-
spond to measures of data distribution, which has scalar values. Q1, Q2 and Q3 correspond to the 25th, 50th and 
75th percentiles of the data distribution. In particular, Q2 is equivalent to the median.

In second place, when comparing the corrected interferograms with “TRAIN specific-dates” and those with 
ADTC-InSAR, the squared correlation coefficient (“R squared”, R2, Eq. 5), Nash-Sutcliffe coefficient51 (nse, 
Eq. 6), and the modified Willmott coefficient52 (d, Eq. 7) are utilized (in Table 4). These statistics allow two data 
sets to be compared to estimate their similarity. The “R squared”, or the coefficient of determination provides 
information on how well the “ADTC-InSAR” approximates the “TRAIN specific-dates”, when R2 = 1, these data 
sets fit perfectly. The Nash-Sutcliffe coefficient varies between inf and 1; when nse = 1, the data sets match per-
fectly. Furthermore, finally, the Willmott coefficient varies between 0 and 1; when d = 1, the data have a perfect 
agreement, and if d = 0, there is no agreement.

The statistics used are defined in the following equations:
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Where, Xi and Yi are the ith observations of datasets X and Y, X  and Y  are the means of datasets X and Y, and n 
is the number of the observations.

We wanted as minimal change as possible in the interferogram data in order to be able to compare it to the 
effect that may be produced by one approach or another. This is done to assess if the correction increases final 
result uncertainty. Therefore, we selected interferograms dates which do not exhibit deformation.

Data Records
ADTC-InSAR53 are data sets containing the average daily tropospheric delays corresponding to the day of each 
year for 10 volcanoes in the Andes: Nevados del Ruiz, Galeras, Reventador, Hualca-hualca, Uturuncu, Robledo, 
Copahue, Llaima, Cordón Caulle and Chaitén. The database provides the average daily tropospheric delay for 
the total as well as its wet and dry components. For each of them, and for every month, one file is provided per 
volcano (36 files for each volcano). These files each include columns containing the average daily tropospheric 

Volcanic zone Volcano Dry [%] Wet [%]

NVZ

Nevados Del Ruiz 90.3 9.7

Galeras 91.0 9.0

Reventador 89.6 10.4

CVZ

Hualca-hualca 96.0 4.0

Uturuncu 98.8 1.2

Robledo 98.4 1.6

SVZ

Copahue 97.3 2.7

Llaima 96.7 3.3

Cordón Caulle 96.4 3.6

Chaitén 96.0 4.0

Table 2. Table displaying the percentage contribution of the dry (third column) and wet (fourth column) daily 
delays to the total daily lag of each volcano (second column) in the volcanic zones (first column) studied.
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delays for each day of the relevant month. In addition, the longitude and latitude files of the points for each vol-
cano where the average daily tropospheric delays were measured are supplied.

Also, for the user to employ ADTC-InSAR as a tropospheric correction, the Corr__ADTC_InSAR.m and 
Corr__ADTC_InSAR.py scripts, executable in MATLAB and PYTHON, respectively, are also provided.

Finally, a README file providing this detailed information is also included.

technical Validation
This section presents two approaches for assessing the usefulness of ADTC-InSAR as a database for tropo-
spheric corrections in InSAR data: (1) climate-related behavior of tropospheric delay and its components, and 
(2) ADTC-InSAR application to interferograms.

Climate-related behavior of daily tropospheric delay and its components. Examining the tem-
poral dynamics of a daily tropospheric delay requires first identifying whether its components rise, decrease, or 
remain constant over the year. We also attempt to understand better why these changes occur and the connection 
between volcanic zones. Due to the cyclical nature of the process, the average daily tropospheric delay is shown on 
polar graphs (Fig. 2a–c). Boxplots and histograms illustrate the seasonal variation of extreme values (Fig. 2d–f). 
Second, the link between wet, dry, and total tropospheric delay is then shown using scatter plots (Fig. 2g). In 
addition, the percentage contribution of the wet and dry component to the total are estimated (Table 2). This 
enables us to deduce which component of the daily tropospheric delay substantially impacts the total amount and 
whether differences are detected between volcanic zones.

According to what is observed in the Koppen-Geiger climate data (see Fig. 1, and also Table 2 in Beck et al.15), 
NVZ has a substantial tropical climates presence in all the variables (Af, Am, and Aw). It is characterized by high 
temperatures (T° > 18[°C] in the coldest months) and copious precipitation (≥60 [mm/month] in the driest 
months). All these characteristics indicate a high humidity level. Type Cfb, which lacks dry seasons but has 
hot summers (>10[°C]), is the second most-prevalent type of temperate climate type. In the warmer months, 
Polar-tundra (ET) type temperatures range between 0–10[°C]. As shown in Fig. 1, precipitations vary signifi-
cantly throughout the year. Compared to other volcanic zones (CVZ and SVZ), the temperature at the height of 
2 meters is relatively high and stable. Roncancio et al.54 describe these zones as having a temperate, cool-to-cold, 
or extremely cold climate, with lowest and maximum daily temperatures, respectively, below 15 °C and 25 °C. 
The temperature behavior is significantly influenced by the orogenic characteristics of the Andes, humidity, and 
winds from the low plains, all of which influence the bimodal rainy regime54.

CVZ climates correlate to arid zones characterized by desert and steppe climates (BWk and BSk), with 
monthly temperatures below 18[°C]. The polar tundra climate (ET) is caused by the high elevation tempera-
ture of the Andes55, with temperatures ranging between −5 and 10[°C] (Fig. 1). In this geographical area, the 
so-called Altiplano winter depicted in Fig. 1 is present, which is accompanied by summer rains. These are the 
result of local fluctuations in solar insolation and are closely linked to changes in large-scale circulation, such as 
variations in the supply of moisture east of the central Andes56.

According to Fig. 1, the prevailing climate in the SVZ corresponds to a temperate climate, mostly due to the 
decrease in elevation of the Andes, the impact of the westerly winds, the high precipitation, and the oceanic 
conditions55. It depicts a hot summer with a dry season or without a dry season at all (Csb or Cfb, respectively). 
Consequently, the average temperature throughout the warmest months is regularly over 10[°C]. In contrast, 
the average temperature during the coldest months ranges from 0 (or even lower) to 18[°C]. Figure 1 illustrates 
that precipitations vary significantly throughout the year, whereas seasonal temperatures range between −5° 
to 15 °C. Having described and recognized that the predominant climates in NVZ, CVZ, and SVZ are tropical, 
desert, and temperate, respectively, it is conceivable to evaluate the ADTC-InSAR database obtained in the vol-
canoes of this study (see Fig. 1).

When considering volcanic climatic zones, the behavior of daily tropospheric delay is better understood. 
Following are some distinguishing features of NVZ, CVZ, and SVZ. NVZ, for instance, has a tropical rainforest 
climate (Fig. 1), which means a high humidity percentage. Consequently, it is easy to see why the NVZ region has 
greater wet daily tropospheric delays than CVZ and SVZ regions (see Fig. 2c). Due to the NVZ’s location on the 

Nevados 
Del Ruiz Galeras Reventador

Hualca-
hualca Uturuncu Robledo Copahue Llaima

Cordón 
Caulle Chaitén

Median [cm] 0.07 0.01 0.17 −0.70 −0.28 −0.03 0.20 0.31 −0.02 −0.42

Mean [cm] −0.17 −0.12 0.05 −0.62 −0.35 −0.20 0.09 0.24 0.01 −0.05

Standard 
deviation [cm] 3.97 3.74 4.16 4.96 3.61 4.03 4.23 4.70 4.67 5.06

Q1 [cm] −2.27 −2.30 −2.09 −3.54 −2.11 −2.07 −2.53 −2.61 −2.98 −3.14

Q3 [cm] 2.34 2.22 2.66 2.21 1.55 1.59 2.71 3.45 2.85 2.89

Kurtosis 3.74 4.06 4.30 3.46 4.29 4.81 3.39 3.09 3.63 3.54

Skewness −0.36 −0.32 −0.35 0.12 0.05 0.26 −0.14 −0.10 0.16 0.14

Table 3. The table presents different statistical indicators for each data set of the difference between applying 
tropospheric corrections with “TRAIN specific-dates” and ADTC-InSAR in 500 pairs of different dates in each 
volcano (Fig. 3). The statistics used are: the mean and median central tendency measurements, the standard 
variation, the firth and third quartiles (Q1 and Q3: accumulation of 25% and 75% of the data, respectively), 
kurtosis and skewness.
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Fig. 2 Comparison between total, dry and wet average daily tropospheric delay: (a–c) Polar plots illustrating 
the mean of average daily tropospheric delay of the (a) total, (b) dry, and (c) wet daily delay for each volcano, 
with the months progressing clockwise and the delays’ magnitudes labeled on the radial axis. (d–f) The graphs 
depict boxplots of the (d) total, (e) dry, and (f) wet daily tropospheric delay for all volcanoes during each season 
of the year (summer, fall, winter, spring) corresponding to the southern hemisphere. (g) The figure depicts 
scatter plots between the daily total tropospheric delays and their wet (top) and dry (bottom) components for 
each volcano. Each volcanic zone is distingished by a spectrum of different colors: Northern Volcanic Zone is 
a range of red colors (Brown: Nevados del Ruiz, red: Galeras, orange: Reventador), Central Volcanic Zone is 
range of green colors (dark green: Hualca hualca, light green: Uturuncu, lemon green: Robledo), and Southern 
Volcanic Zone is a range of blue colors (lilac: Copahue, purple: Llaima, blue: Cordón Caulle, cyan: Chaitén).

Nevados Del Ruiz Robledo Copahue

Difference between correction with “TRAIN 
specific-dates” and ADTC-InSAR

Median [rad] 0.50 0.54 0.94

Mean [rad] 0.50 0.53 1.00

Standard deviation [rad] 0.15 0.16 0.22

Kurtosis 3.34 2.82 2.39

Skewness 0.39 −0.47 0.43

Comparison between correction with 
“TRAIN specific-dates” and ADTC-InSAR

R2 0.9946 0.9862 0.9771

nse 0.92 0.78 0.40

d 0.83 0.73 0.57

Table 4. Statistical pertaining to corrections with “TRAIN specific-dates” and ADTC-InSAR. The median, 
mean, standard deviation, kurtosis and skewness statistics are applied to the difference between applying the 
“TRAIN specific-dates” correction and ADTC-InSAR to real interferograms (fourth column of Fig. 4), and at 
500 cases of differences in corrections (Fig. 3). R2, nse and d are utilized to compare “TRAIN specific-dates” and 
ADTC-InSAR corrections to real interferograms (second and third column of Fig. 4).
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equator, this region exhibits distinct climatic behaviors: bimodality (two dry and two wet seasons) and unimo-
dality (one dry and one wet season)57. Indeed, the region’s central-south wet seasons begin in February-March 
(summer) and September-October (spring). The dry periods occur in June (winter) and December (summer). 
These dates coincide with periods (between spring and autumn) with increased tropospheric wet delay in the 
NVZ volcanoes (Fig. 2f). Thus, it increases from a mean value of 18.07 ± 1.64, and 17.94 ± 3.46 [cm] in winter 
and summer (mainly dry periods) to 19.21 ± 1.79 [cm], and 20.15 ± 1.74 [cm] on average in spring and autumn 
(mainly wet seasons), respectively. On the other hand, the large dry tropospheric delay magnitudes (Fig. 2b,e) 
had mean values of 177 ± 0.21 [cm], which might be a result of high temperatures since the dry component is a 
function of atmospheric temperature and pressure42,43.

The CVZ volcanoes, Uturuncu and Robledo, have an arid-cold-desert climate (Fig. 1). Figure 1 depicts the 
polar-tundra climate of the Hualca-hualca volcano (also in CVZ), which implies low temperatures and low 
humidity. These climatic conditions may explain the lower magnitudes of the daily wet and dry tropospheric 
delays compared to other zones (see Fig. 2b,c,e,f). Notably, the wet daily tropospheric delay rises in the CVZ 
volcanoes from December to April (summer-autumn, see Fig. 2c). In the spring-summer seasons, there is also 
an increase in the seasonal data distribution (Fig. 2f). The latter may have something to do with the so-called 
Altiplanic winter. Changes in the intensity and duration of the Altiplano humid airflow’s intensity and duration58 
enhance precipitation during summer, between December and February59.

The high dry daily tropospheric delay values in the SVZ are consistent with a temperate climate with warm 
summers. However, because temperatures in this zone are lower than in tropical zones such as NVZ, these delays 
are not as large. Likewise, precipitation is greater in NVZ, resulting in shorter wet daily tropospheric delays in SVZ.

Misra and Enge10 reported that the wet component accounts for just 10% of the total delay. The total con-
tribution of the wet component in the NVZ is ten percent, as seen in Table 2. In contrast, this proportion falls 
to less than 5% in all other locations (CVZ and SVZ). The drop in the humid contribution results from the 
lower humidity and temperature variations in this area since the temperature at which a change in humidity is 
triggered can considerably impact the resulting delay60. Thus, outstanding contributions to the total daily trop-
ospheric delay are restricted to tropical climate zones. Regardless, the dry contribution is much more significant 
than the wet contribution. It controls the total daily delay magnitude.

As demonstrated in Fig. 2g, correlations between the wet-to-total daily tropospheric delay, are more than 
90% in all regions. Moreover, based on the positions of the extreme values (Fig. 2a–c), the distributions of wet 
and total daily tropospheric delays are equivalent. It demonstrates that the total daily tropospheric delay varia-
tions may be conditioned by its humid contribution.

In conclusion, we determined that it is essential to establish the tropospheric correction depending on 
the position of a volcano in a specific climate condition. We also noted that despite the substantial difference 
between dry and wet contributions, the wet contribution dominates the correction with “specific-dates”: the dry 
contribution varies less with time, whereas the wet part varies considerably. The variability in relative humidity 
has a considerable impact on the wet component of the daily tropospheric delay. As a result, the wet contribu-
tion would be associated with the rainy seasons of these zones, such as the Altiplanic winter in CVZ and the wet 

Fig. 3 Histogram plots illustrate differences in tropospheric corrections between the “TRAIN specific-dates” 
and the ADTC-InSAR for the ten volcanoes in this study using 500 pairs of random dates. The histograms 
depicts three statistical parameters: the mean (solid black line), the median (segmented black line), and the 
standard deviation range (solid red line).
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seasons in NVZ. Consequently, a more thorough assessment of relative humidity derived from satellite missions 
or in-situ meteorological data may improve the local tropospheric correction for the InSAR data.

application of aDtC-InSaR to interferograms. We assess the pertinence of ADTC-InSAR by statis-
tically comparing its findings to “TRAIN specific-dates”. It was accomplished in two ways: first, by generating 
corrections for 500 randomly chosen date pairs at each volcano, and second, by applying the method to real 
interferograms.

The difference between “TRAIN specific-dates” and ADTC-InSAR corrections for 500 random date pairings 
is calculated and illustrated using histograms (see Fig. 3), while the statistics for these data distributions are 
included in Table 3.

According to the statistics, the mean and median had comparable values ranging from −0.62 to 0.24, and 
−0.70 to 0.31 [cm], respectively, indicating that over the 500 cases, the extremes do not appear to have a sig-
nificant impact in the mean, which are mainly centered about 0 [cm]. The leptokurtic kurtosis (K > 3) implies 
a larger accumulation of data near the mean and a rapid fall towards the extremes, whereas a skewness close to 
0 suggests a symmetrical distribution. In addition, based on the values of quartiles (which contain 50% of the 
data), which vary from −2.41 to 2.50, and the standard deviation (red lines in Fig. 3), most of the discrepancies 
between the two databases lie between relatively small values. Based on that, we can infer that ADTC-InSAR 
database is, therefore a viable choice for generating InSAR data corrections.

However, the ADTC-InSAR database as being an average over several years may tend to minimize extremes 
in atmospheric effects. Consequently, there may be greater or lesser differences between the two correction data-
bases depending on the degree of day-to-day variation at a particular location for a particular day. For instance, 
in the case of the Altiplano winter in the ZVC, this correlates to pairings of dates that contain days that are in 
periods with greater precipitation.

As stated previously, a comparison of corrections applied to interferograms of representative volcanoes 
from the three climatic zones was performed. Figure 4 shows ALOS-PALSAR data of Nevados del Ruiz (NVZ), 
Robledo (CVZ) and Copahue (SVZ) volcanoes. These unwrapped interferograms show no deformations, con-
sistent with previous research. In detail, no studies indicate deformation in Nevados del Ruiz between the inter-
ferogram dates (March 06, 2008, to March 12, 2010). InSAR and GPS stations have detected deformations at 
this volcano61,62, an increase in seismic activity63,64, and the extrusion of a dome since 201565. Even Reath et 
al.66 indicate that the volcano has behaved like an open system between approximately 2005 and 2012, with 
no magma injection or ejection from the reservoir. Since 1992, small deformations have been reported at the 
Robledo volcano67–69. Even between 2005 and 2010, deformations of 0.87 [cm/yr] were reported69, which are not 
visible in the interferograms of Fig. 4, because they do not cover the same period of time (March 18, 2010 and 
December 19, 2010) and their low magnitude. Lastly, deflations were detected in the Copahue volcano between 
2002 to 200711,19,70 and inflation has been observed since 201120,22. However, the interferogram does not span 
the time period between these two events as it only considers from December 27, 2010, to February 11, 2011.

The second purpose is also to examine the spatial disparities these two correction databases can cause on the 
interferograms. As a result, “TRAIN specific-dates” and ADTC-InSAR tropospheric corrections were applied 
to all interferograms (Table 1). The estimation of the difference between the two approaches can be observed in 
Fig. 4, which displays the results for Nevados del Ruiz, Robledo and Copahue volcanoes. Observed in the first 
column are unwrapped interferograms. ADTC-InSAR and “TRAIN specific-dates” corrected interferograms 
are shown in the second and third columns. The fourth column shows the difference between both corrections 
(in absolute values). In column 5 is the topography of the area. In the sixth column is the difference’s histogram 
(column 4).

Table 4 presents the statistics pertaining to the comparison of both corrections applied to the interferograms 
(second and third columns in Fig. 4), followed by its difference (column 4 in Fig. 4) and the statistics of the 
histogram of column 6 (in Fig. 4). First, note that the spatial variability of the corrected interferograms (second 
and third column of Fig. 4) are spatially very similar. This is evidenced by the spatial standard deviations of 
the fields that do not differ significantly. Thus, the standard variations of the second column (corrected with 
ADTC-InSAR) are 1.71, 9.03 and 1.21[rad], and for the third column (corrected with “TRAIN specific-dates”) 
are 1.79, 8.82 and 1.32 [rad], for Nevados del Ruiz, Robledo, and Copahue, respectively. In the fourth column is 
the absolute spatial difference. In the case of Nevados del Ruiz and Robledo the difference between both correc-
tions is centered at 0 [rad] (blue tones), while Copahue has mostly values closest to 1 [rad] (from yellow to cyan). 
It can also be noted that specifically over the summits (Nevados del Ruiz: [−75.32°, 4.89°]; Robledo: [−67.72°, 
−26.77°]; Copahue: [−71.17°, −37.85°]) is where the differences are the smallest. The latter is confirmed by 
the values of the histogram, which range from 0.19-to-1.18, 0.05-to-0.90, and 0.41-to-1.60 [rad] for Nevados 
del Ruiz, Robledo and Copahue, respectively, therein confirming the visual impression. Moreover, means and 
medians are comparable, with kurtosis varying between 2.39 and 3.34, confirming that extremes do not play a 
meaningful role. Instead, although skewness is low (<|0.5|), the difference of corrections established over 500 
cases (Fig. 3) shows that, in general, the corrections are symmetrical. Therefore, the asymmetry for these dates 
is only a particular case.

Lastly, spatial efficiency statistics between the two corrected fields (second and third columns of Fig. 4) are 
computed (see Table 4). First, spatial correlation is very high (R2 > 0.95) for all the volcanoes. Two efficiency 
metrics, the nse and the modified d, were also determined. These vary depending on the analyzed volcanoes 
and indicate that the ADTC-InSAR correction is very convenient to use in the Nevados del Ruiz (nse = 0.92 and 
d = 0.83) and Robledo (nse = 0.78 and d = 0.73) for these dates. Instead, the efficacy for the Copahue volcano, 
for these dates, is lower, with nse = 0.40 and d = 0.57. Despite the latter represents low efficiency values, they 
however imply that the corrections performed to the interferograms are in good agreement.
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This approach allow concluding that both tropospheric correction procedures behave similarly with small 
differences on interferograms, most likely due to circumstances on the day the SAR measurements were taken, 
which are not discernible when using an average mesh, such as ADTC-InSAR.

Usage Notes
ADTC-InSAR provides information on the total average daily tropospheric delay and its wet and dry compo-
nents for each days of the year. It can be used to analyze tropospheric delay behavior and correct InSAR data for 
tropospheric effects. Nevertheless, it must be kept in mind that, depending on the volcano and climatic zone, 
there are times of the year when the wet component of the average daily tropospheric delay tends to rise (see 
Fig. 2a,b). Since these grids are average conditions, they may reduce the severity of unusual extreme precipita-
tion circumstances, resulting in discrepancies with a correction based on “TRAIN specific-dates”.

The complete database weighs 49 GB, because ADTC-InSAR is a set of arrays within ASCII-files structures. 
As a result, the computational capabilities available must be considered. Each file [Abbr.]_era5_clim_[month] 
contains the average daily tropospheric delays (in cm) for each volcano, where [Abbr.] indicates the volcano 
according to Table 1, and [month] corresponds to the month. Each of these ASCII files contains a matrix of 
NxM, where each column contains the average daily tropospheric delays for the day of the month (M is the max-
imum number of days each month). It should be noted that each value n (<N) of each column has the longitude 
and latitude position contained in the [Abbr.]_ll files, respectively (ASCII-files containing 2-column arrays: 
longitude and latitude; these are found in the LONLAT_ASCII folder).

Finally, we intend to indicate why this database benefits the scientific community.
Our approach was centered on extreme events requiring effectiveness. Interferogram correction is labori-

ous, time-consuming, and consequently often unattainable in emergency situations. Downloading atmospheric 
data, processing them with software, and addressing other obstacles requires professional software management, 
which is not within usual staff capabilities, especially in a crisis. This easily accessible database saves time in 
generating a preliminary estimate of what is occurring prior to the release of actual datasets, which is crucial for 
good emergency response.

In addition, a comprehensive description of the mean variability of tropospheric corrections over some spe-
cific volcanoes is valuable regardless of the occurrence of an extreme event. Practically, this database may be 
used to estimate the optimal time of year to gather InSAR data based on the behavior of the tropospheric delay 
throughout the year. It can already serve as a comparative reference for reanalysis purposes. Thus, in the future, 
in addition to expanding the temporal range covered by the daily means, so that they may be used as a reference 
for certain decades, we will expand the database geographically to cover not only additional volcanic zones, but 
also specific regions of interest for SAR research71.

Fig. 4 Application of tropospheric correction to a real interferogram at the (a) Nevados del Ruiz, (b) Robledo and 
(c) Copahue volcanoes: (first column) unwrapped interferograms, in Nevados Del Ruiz between 2008/03/06 and 
2010/03/12 (path 447- frame 3520), in Robledo between 2010/03/18 and 2010/12/19 (path 101 - frame 6640), in 
Copahue between 2010/12/27 and 2011/02/11 (path 115 - frame 6410; see Table 1); (second column) unwrapped 
interferogram corrected with ADTC-InSAR; (third column) unwrapped interferogram corrected with “TRAIN 
specific-dates”; (fourth column) the absolute difference between the correction with ADTC-InSAR and with 
“TRAIN specific-dates”; (fifth column) the volcanoes topography in kilometers; and (sixth column) a histogram 
of the absolute difference shown on fourth colum. The X-axis of each graphs represent longitude, the Y-axis 
represents latitude, and the color bars represent phase in radians.
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We emphasize that, only a basic installation of Matlab or Python is required. This is convenient since it 
accommodates the user’s preferences and demands without requiring much effort.

Finally, based on all the above, this data set can also be used as a practical resource for undergraduate and 
postgraduate courses in geoscience institutions.

Code availability
ADTC-InSAR53 has been developed in MathWorks MATLAB version R2019a72 using TRAIN MATLAB software. 
It is possible to generate tropospheric corrections for the previously mentioned volcanoes using the Corr__
ADTC_InSAR.m and Corr__ADTC_InSAR.py scripts.

Received: 3 December 2021; Accepted: 26 July 2022;
Published: xx xx xxxx

References
 1. Simons, M., Fialko, Y. & Rivera, L. Coseismic Deformation from the 1999 Mw 7.1 Hector Mine, California, Earthquake as Inferred 

from InSAR and GPS Observations. Bulletin of the Seismological Society of America 92, 1390–1402, https://doi.org/ 
10.1785/0120000933 (2002).

 2. Riedel, B. & Walther, A. InSAR processing for the recognition of landslides. Advances in Geosciences 14, 189–194, https://doi.
org/10.5194/adgeo-14-189-2008 (2008).

 3. Yin, Y., Zheng, W., Liu, Y., Zhang, J. & Li, X. Integration of GPS with InSAR to monitoring of the Jiaju landslide in Sichuan, China. 
Landslides 7, 359–365, https://doi.org/10.1007/s10346-010-0225-9 (2010).

 4. Massonnet, D., Briole, P. & Arnaud, A. Deflation of Mount Etna monitored by spaceborne radar interferometry. Nature 375, 
567–570, https://doi.org/10.1038/375567a0 (1995).

 5. Chang, W.-L., Smith, R. B., Farrell, J. & Puskas, C. M. An extraordinary episode of Yellowstone caldera uplift, 2004–2010, from GPS 
and InSAR observations. Geophysical Research Letters 37, https://doi.org/10.1029/2010GL045451 (2010).

 6. Biggs, J., Lu, Z., Fournier, T. & Freymueller, J. T. Magma flux at Okmok Volcano, Alaska, from a joint inversion of continuous GPS, 
campaign GPS, and interferometric synthetic aperture radar. Journal of Geophysical Research: Solid Earth 115, https://doi.
org/10.1029/2010JB007577 (2010).

 7. Morishita, Y. et al. LiCSBAS: An Open-Source InSAR Time Series Analysis Package Integrated with the LiCSAR Automated 
Sentinel-1 InSAR Processor. Remote Sensing 12, https://doi.org/10.3390/rs12030424 (2020).

 8. Albino, F., Biggs, J., Yu, C. & Li, Z. Automated Methods for Detecting Volcanic Deformation Using Sentinel-1 InSAR Time Series 
Illustrated by the 2017–2018 Unrest at Agung, Indonesia. Journal of Geophysical Research: Solid Earth 125, e2019JB017908, https://
doi.org/10.1029/2019JB017908 (2020).

 9. Zebker, H. A., Rosen, P. A. & Hensley, S. Atmospheric effects in interferometric synthetic aperture radar surface deformation and 
topographic maps. Journal of Geophysical Research: Solid Earth 102, 7547–7563, https://doi.org/10.1029/96JB03804 (1997).

 10. Misra, P. & Enge, P. Global Positioning System: Signals, Measurements, and Performance, revised second ed (2012).
 11. Fournier, T. J., Pritchard, M. E. & Riddick, S. N. Duration, magnitude, and frequency of subaerial volcano deformation events: New 

results from Latin America using InSAR and a global synthesis. Geochemistry, Geophysics, Geosystems 11, https://doi.
org/10.1029/2009GC002558 (2010).

 12. Bathke, H., Shirzaei, M. & Walter, T. R. Inflation and deflation at the steep-sided Llaima stratovolcano (Chile) detected by using 
InSAR. Geophysical Research Letters 38, https://doi.org/10.1029/2011GL047168 (2011).

 13. Delgado, F., Pritchard, M. E., Ebmeier, S., González, P. & Lara, L. Recent unrest (2002–2015) imaged by space geodesy at the highest 
risk Chilean volcanoes: Villarrica, Llaima, and Calbuco (Southern Andes). Journal of Volcanology and Geothermal Research 344, 
270–288, https://doi.org/10.1016/j.jvolgeores.2017.05.020 (2017). Volcano Geodesy: Recent developments and future challenges.

 14. Remy, D. et al. Revised interpretation of recent InSAR signals observed at Llaima volcano (Chile. Geophysical Research Letters 42, 
3870–3879, https://doi.org/10.1002/2015GL063872 (2015).

 15. Beck, H. E. et al. Present and future Köppen-Geiger climate classification maps at 1-km resolution. Scientific data 5, 1–12, https://
doi.org/10.1038/sdata.2018.214 (2018).

 16. Rosen, P. et al. Synthetic aperture radar interferometry. Proceedings of the IEEE 88, 333–382, https://doi.org/10.1109/5.838084 
(2000).

 17. Nikkhoo, M., Walter, T. R., Lundgren, P. R. & Prats-Iraola, P. Compound dislocation models (CDMs) for volcano deformation 
analyses. Geophysical Journal International 208, 877–894, https://doi.org/10.1093/gji/ggw427 (2016).

 18. Elliott, J. R., Biggs, J., Parsons, B. & Wright, T. J. InSAR slip rate determination on the Altyn Tagh Fault, northern Tibet, in the 
presence of topographically correlated atmospheric delays. Geophysical Research Letters 35, https://doi.org/10.1029/2008GL033659 
(2008).

 19. Velez, M. L., Euillades, P., Caselli, A., Blanco, M. & Díaz, J. M. Deformation of Copahue volcano: Inversion of InSAR data using a 
genetic algorithm. Journal of Volcanology and Geothermal Research 202, 117–126, https://doi.org/10.1016/j.jvolgeores.2011.01.012 
(2011).

 20. Velez, M., Euillades, P., Blanco, M. & Euillades, L. Ground deformation between 2002 and 2013 from InSAR observations. In 
Copahue volcano, 175–198, https://doi.org/10.1007/978-3-662-48005-2_8 (Springer, 2016).

 21. Lundgren, P., Kiryukhin, A., Milillo, P. & Samsonov, S. Dike model for the 2012–2013 Tolbachik eruption constrained by satellite 
radar interferometry observations. Journal of Volcanology and Geothermal Research 307, 79–88, https://doi.org/10.1016/j.
jvolgeores.2015.05.011 (2015). SI: 2012-13 Tolbachik eruption.

 22. Lundgren, P. et al. Source model for the Copahue volcano magma plumbing system constrained by InSAR surface deformation 
observations. Journal of Geophysical Research: Solid Earth 122, 5729–5747, https://doi.org/10.1002/2017JB014368 (2017).

 23. Tizzani, P. et al. Magma and fluid migration at Yellowstone Caldera in the last three decades inferred from InSAR, leveling, and 
gravity measurements. Journal of Geophysical Research: Solid Earth 120, 2627–2647, https://doi.org/10.1002/2014JB011502 (2015).

 24. Le Mével, H., Gregg, P. M. & Feigl, K. L. Magma injection into a long-lived reservoir to explain geodetically measured uplift: 
Application to the 2007–2014 unrest episode at Laguna del Maule volcanic field, Chile. Journal of Geophysical Research: Solid Earth 
121, 6092–6108, https://doi.org/10.1002/2016JB013066 (2016).

 25. Euillades, P. A. et al. Co-eruptive subsidence and post-eruptive uplift associated with the 2011–2012 eruption of Puyehue-Cordón 
Caulle, Chile, revealed by DInSAR. Journal of Volcanology and Geothermal Research 344, 257–269, https://doi.org/10.1016/j.
jvolgeores.2017.06.023 (2017). Volcano Geodesy: Recent developments and future challenges.

 26. Wendt, A. et al. Possible structural control on the 2011 eruption of Puyehue-Cordón Caulle Volcanic Complex (southern Chile) 
determined by InSAR, GPS and seismicity. Geophysical Journal International 208, 134–147, https://doi.org/10.1093/gji/ggw355 
(2016).

 27. Jay, J. et al. Locating magma reservoirs using InSAR and petrology before and during the 2011–2012 Cordón Caulle silicic eruption. 
Earth and Planetary Science Letters 395, 254–266, https://doi.org/10.1016/j.epsl.2014.03.046 (2014).

https://doi.org/10.1038/s41597-022-01630-w
https://doi.org/10.1785/0120000933
https://doi.org/10.1785/0120000933
https://doi.org/10.5194/adgeo-14-189-2008
https://doi.org/10.5194/adgeo-14-189-2008
https://doi.org/10.1007/s10346-010-0225-9
https://doi.org/10.1038/375567a0
https://doi.org/10.1029/2010GL045451
https://doi.org/10.1029/2010JB007577
https://doi.org/10.1029/2010JB007577
https://doi.org/10.3390/rs12030424
https://doi.org/10.1029/2019JB017908
https://doi.org/10.1029/2019JB017908
https://doi.org/10.1029/96JB03804
https://doi.org/10.1029/2009GC002558
https://doi.org/10.1029/2009GC002558
https://doi.org/10.1029/2011GL047168
https://doi.org/10.1016/j.jvolgeores.2017.05.020
https://doi.org/10.1002/2015GL063872
https://doi.org/10.1038/sdata.2018.214
https://doi.org/10.1038/sdata.2018.214
https://doi.org/10.1109/5.838084
https://doi.org/10.1093/gji/ggw427
https://doi.org/10.1029/2008GL033659
https://doi.org/10.1016/j.jvolgeores.2011.01.012
https://doi.org/10.1007/978-3-662-48005-2_8
https://doi.org/10.1016/j.jvolgeores.2015.05.011
https://doi.org/10.1016/j.jvolgeores.2015.05.011
https://doi.org/10.1002/2017JB014368
https://doi.org/10.1002/2014JB011502
https://doi.org/10.1002/2016JB013066
https://doi.org/10.1016/j.jvolgeores.2017.06.023
https://doi.org/10.1016/j.jvolgeores.2017.06.023
https://doi.org/10.1093/gji/ggw355
https://doi.org/10.1016/j.epsl.2014.03.046


1 2Scientific Data |           (2022) 9:526  | https://doi.org/10.1038/s41597-022-01630-w

www.nature.com/scientificdatawww.nature.com/scientificdata/

 28. Rosen, P. A., Hensley, S., Zebker, H. A., Webb, F. H. & Fielding, E. J. Surface deformation and coherence measurements of Kilauea 
Volcano, Hawaii, from SIR-C radar interferometry. Journal of Geophysical Research: Planets 101, 23109–23125, https://doi.
org/10.1029/96JE01459 (1996).

 29. Yu, C., Li, Z. & Penna, N. T. Interferometric synthetic aperture radar atmospheric correction using a GPS-based iterative 
tropospheric decomposition model. Remote Sensing of Environment 204, 109–121, https://doi.org/10.1016/j.rse.2017.10.038 (2018).

 30. Onn, F. & Zebker, H. A. Correction for interferometric synthetic aperture radar atmospheric phase artifacts using time series of 
zenith wet delay observations from a GPS network. Journal of Geophysical Research: Solid Earth 111, https://doi.
org/10.1029/2005JB004012 (2006).

 31. Hofmeister, A. Determination of path delays in the atmosphere for geodetic VLBI by means of ray-tracing. Ph.D. thesis, Wien https://
doi.org/10.34726/hss.2016.21899 (2016).

 32. Haji Aghajany, S. & Amerian, Y. Three dimensional ray tracing technique for tropospheric water vapor tomography using GPS 
measurements. Journal of Atmospheric and Solar-Terrestrial Physics 164, 81–88, https://doi.org/10.1016/j.jastp.2017.08.003 (2017).

 33. Haji-Aghajany, S., Voosoghi, B. & Amerian, Y. Estimating the slip rate on the north Tabriz fault (Iran) from InSAR measurements 
with tropospheric correction using 3D ray tracing technique. Advances in Space Research 64, 2199–2208, https://doi.org/10.1016/j.
asr.2019.08.021 (2019).

 34. Haji-Aghajany, S. & Amerian, Y. Atmospheric phase screen estimation for land subsidence evaluation by InSAR time series analysis 
in Kurdistan, Iran. Journal of Atmospheric and Solar-Terrestrial Physics 205, 105314, https://doi.org/10.1016/j.jastp.2020.105314 
(2020).

 35. Poland, M. P. et al. Volcano geodesy in the Cascade arc, USA. Bulletin of Volcanology 79, 1–33, https://doi.org/10.1007/s00445-017-
1140-x (2017).

 36. Cao, Y., Jónsson, S. & Li, Z. Advanced InSAR Tropospheric Corrections From Global Atmospheric Models that Incorporate Spatial 
Stochastic Properties of the Troposphere. Journal of Geophysical Research: Solid Earth 126, e2020JB020952, https://doi.
org/10.1029/2020JB020952 (2021).

 37. Aghajany, S. H., Voosoghi, B. & Yazdian, A. Estimation of north Tabriz fault parameters using neural networks and 3D 
tropospherically corrected surface displacement field. Geomatics, Natural Hazards and Risk 8, 918–932, https://doi.org/10.1080/19
475705.2017.1289248 (2017).

 38. Roukounakis, N. et al. Tropospheric Correction of Sentinel-1 Synthetic Aperture Radar Interferograms Using a High-Resolution 
Weather Model Validated by GNSS Measurements. Remote Sensing 13, https://doi.org/10.3390/rs13122258 (2021).

 39. Jolivet, R., Grandin, R., Lasserre, C., Doin, M.-P. & Peltzer, G. Systematic InSAR tropospheric phase delay corrections from global 
meteorological reanalysis data. Geophysical Research Letters 38, https://doi.org/10.1029/2011GL048757 (2011).

 40. Jolivet, R. et al. Improving InSAR geodesy using Global Atmospheric Models. Journal of Geophysical Research: Solid Earth 119, 
2324–2341, https://doi.org/10.1002/2013JB010588 (2014).

 41. Cao, Y., Jónsson, S. & Li, Z. Robust InSAR Tropospheric Delay Correction Using Global Atmospheric Models. EGU21–11636, 
https://doi.org/10.5194/egusphere-egu21-11636 (2021).

 42. Bekaert, D., Walters, R., Wright, T., Hooper, A. & Parker, D. Statistical comparison of InSAR tropospheric correction techniques. 
Remote Sensing of Environment 170, 40–47, https://doi.org/10.1016/j.rse.2015.08.035 (2015).

 43. Bekaert, D. P. S., Hooper, A. & Wright, T. J. A spatially variable power law tropospheric correction technique for InSAR data. Journal 
of Geophysical Research: Solid Earth 120, 1345–1356, https://doi.org/10.1002/2014JB011558 (2015).

 44. Doin, M.-P., Lasserre, C., Peltzer, G., Cavalié, O. & Doubre, C. Corrections of stratified tropospheric delays in SAR interferometry: 
Validation with global atmospheric models. Journal of Applied Geophysics 69, 35–50, https://doi.org/10.1016/j.jappgeo.2009.03.010 
(2009). Advances in SAR Interferometry from the 2007 Fringe Workshop.

 45. Sandwell, D., Mellors, R., Tong, X., Wei, M. & Wessel, P. Open radar interferometry software for mapping surface Deformation, 
https://doi.org/10.1029/2011EO280002 (2011).

 46. Sandwell, D., Mellors, R., Tong, X., Wei, M. & Wessel, P. GMTSAR: An InSAR processing system based on generic mapping tools. 
UC San Diego: Scripps Institution of Oceanography (2011).

 47. (SRTM), N. S. R. T. M. Shuttle Radar Topography Mission (SRTM) Global. OpenTopography https://doi.org/10.5069/G9445JDF 
(2013).

 48. Muñoz Sabater, J. Era5-land hourly data from 1981 to present. ECMWF https://doi.org/10.24381/cds.e2161bac (2012).
 49. Muñoz Sabater, J. Era5-land hourly data from 1950 to 1980. ECMWF https://doi.org/10.24381/cds.e2161bac (2012).
 50. Kroese, D. P., Brereton, T., Taimre, T. & Botev, Z. I. Why the Monte Carlo method is so important today. WIREs Computational 

Statistics 6, 386–392, https://doi.org/10.1002/wics.1314 (2014).
 51. Nash, J. & Sutcliffe, J. River flow forecasting through conceptual models part I—A discussion of principles. Journal of Hydrology 10, 

282–290, https://doi.org/10.1016/0022-1694(70)90255-6 (1970).
 52. Willmott, C. J. On the validation of models. Physical Geography 2, 184–194, https://doi.org/10.1080/02723646.1981.10642213 

(1981).
 53. López Pozo, F., Abarca-del-Rio, R. & Lara, L. Climatology of tropospheric delay in InSAR data applied as tropospheric correction to 

volcanoes in Los Andes, Figshare, https://doi.org/10.6084/m9.figshare.c.5715728.v1 (2022).
 54. Roncancio, D., Lecha, L. & Nardocci, A. Classification of daily weather types in Colombia: a tool to evaluate human health risks due 

to temperature variability. International journal of biometeorology 64, 1795–1806, https://doi.org/10.1007/s00484-020-01963-4 
(2020).

 55. Sarricolea, P., Herrera-Ossandon, M. & Meseguer-Ruiz, Ó. Climatic regionalisation of continental Chile. Journal of Maps 13, 66–73, 
https://doi.org/10.1080/17445647.2016.1259592 (2017).

 56. Lenters, J. & Cook, K. Summertime precipitation variability over South America: Role of the large-scale circulation. Monthly 
Weather Review 127, 409–431, 10.1175/1520-0493(1999)127<0409:SPVOSA>2.0.CO;2 (1999).

 57. Urrea, V., Ochoa, A. & Mesa, O. Seasonality of Rainfall in Colombia. Water Resources Research 55, 4149–4162, https://doi.
org/10.1029/2018WR023316 (2019).

 58. Garreaud, R., Vuille, M. & Clement, A. C. The climate of the Altiplano: observed current conditions and mechanisms of past 
changes. Palaeogeography, Palaeoclimatology, Palaeoecology 194, 5–22, https://doi.org/10.1016/S0031-0182(03)00269-4. Late-
quaternary palaeoclimates of the southern tropical Andes and adjacent regions (2003).

 59. Torres-Batlló, J. & Martí-Cardona, B. Precipitation trends over the southern Andean Altiplano from 1981 to 2018. Journal of 
Hydrology 590, 125485, https://doi.org/10.1016/j.jhydrol.2020.125485 (2020).

 60. Hanssen, R. & Feijt, A. A first quantitative evaluation of atmospheric effects on SAR interferometry. ERS SAR Interferometry 406, 
277 (1997).

 61. Lundgren, P., Samsonov, S. V., López Velez, C. M. & Ordoñez, M. Deep source model for Nevado del Ruiz Volcano, Colombia, 
constrained by interferometric synthetic aperture radar observations. Geophysical Research Letters 42, 4816–4823, https://doi.
org/10.1002/2015GL063858 (2015).

 62. Hernández Serrato, A. & Noboa Tobar, J. A. Monitoreo de la deformación del Volcán Nevado del Ruiz mediante el procesamiento 
de datos GNSS a través del Sistema de Referencia Espacial Canadiense. Facultad de Ciencias Exactas y Naturales, Universidad de 
Caldas (2021).

 63. Ordoñez, M. et al. Keeping watch over colombia’s slumbering volcanoes. Eos 96, 12–17, https://doi.org/10.1029/2015EO025079 
(2015).

https://doi.org/10.1038/s41597-022-01630-w
https://doi.org/10.1029/96JE01459
https://doi.org/10.1029/96JE01459
https://doi.org/10.1016/j.rse.2017.10.038
https://doi.org/10.1029/2005JB004012
https://doi.org/10.1029/2005JB004012
https://doi.org/10.34726/hss.2016.21899
https://doi.org/10.34726/hss.2016.21899
https://doi.org/10.1016/j.jastp.2017.08.003
https://doi.org/10.1016/j.asr.2019.08.021
https://doi.org/10.1016/j.asr.2019.08.021
https://doi.org/10.1016/j.jastp.2020.105314
https://doi.org/10.1007/s00445-017-1140-x
https://doi.org/10.1007/s00445-017-1140-x
https://doi.org/10.1029/2020JB020952
https://doi.org/10.1029/2020JB020952
https://doi.org/10.1080/19475705.2017.1289248
https://doi.org/10.1080/19475705.2017.1289248
https://doi.org/10.3390/rs13122258
https://doi.org/10.1029/2011GL048757
https://doi.org/10.1002/2013JB010588
https://doi.org/10.5194/egusphere-egu21-11636
https://doi.org/10.1016/j.rse.2015.08.035
https://doi.org/10.1002/2014JB011558
https://doi.org/10.1016/j.jappgeo.2009.03.010
https://doi.org/10.1029/2011EO280002
https://doi.org/10.5069/G9445JDF
https://doi.org/10.24381/cds.e2161bac
https://doi.org/10.24381/cds.e2161bac
https://doi.org/10.1002/wics.1314
https://doi.org/10.1016/0022-1694(70)90255-6
https://doi.org/10.1080/02723646.1981.10642213
https://doi.org/10.6084/m9.figshare.c.5715728.v1
https://doi.org/10.1007/s00484-020-01963-4
https://doi.org/10.1080/17445647.2016.1259592
https://doi.org/10.1029/2018WR023316
https://doi.org/10.1029/2018WR023316
https://doi.org/10.1016/S0031-0182(03)00269-4
https://doi.org/10.1016/j.jhydrol.2020.125485
https://doi.org/10.1002/2015GL063858
https://doi.org/10.1002/2015GL063858
https://doi.org/10.1029/2015EO025079


13Scientific Data |           (2022) 9:526  | https://doi.org/10.1038/s41597-022-01630-w

www.nature.com/scientificdatawww.nature.com/scientificdata/

 64. Londoño, J. M. & Kumagai, H. 4D seismic tomography of Nevado del Ruiz Volcano, Colombia, 2000–2016. Journal of Volcanology 
and Geothermal Research 358, 105–123, https://doi.org/10.1016/j.jvolgeores.2018.02.015 (2018).

 65. Londono, J. M. Evidence of recent deep magmatic activity at Cerro Bravo-Cerro Machín volcanic complex, central Colombia. 
Implications for future volcanic activity at Nevado del Ruiz, Cerro Machín and other volcanoes. Journal of Volcanology and 
Geothermal Research 324, 156–168, https://doi.org/10.1016/j.jvolgeores.2016.06.003 (2016).

 66. Reath, K. et al. Using Conceptual Models to Relate Multiparameter Satellite Data to Subsurface Volcanic Processes in Latin America. 
Geochemistry, Geophysics, Geosystems 21, e2019GC008494, https://doi.org/10.1029/2019GC008494 (2020).

 67. Pritchard, M. E. & Simons, M. An InSAR-based survey of volcanic deformation in the central Andes. Geochemistry, Geophysics, 
Geosystems 5, https://doi.org/10.1029/2003GC000610 (2004).

 68. Henderson, S. T. & Pritchard, M. E. Decadal volcanic deformation in the Central Andes Volcanic Zone revealed by InSAR time 
series. Geochemistry, Geophysics, Geosystems 14, 1358–1374, https://doi.org/10.1002/ggge.20074 (2013).

 69. Brunori, C., Bignami, C., Stramondo, S. & Bustos, E. 20 years of active deformation on volcano caldera: Joint analysis of InSAR and 
AInSAR techniques. International Journal of Applied Earth Observation and Geoinformation 23, 279–287, https://doi.org/10.1016/j.
jag.2012.10.003 (2013).

 70. Euillades, P., Velez, M., Meljem, M., Cadelli, A. & Martinez-Diaz, J. DInSAR SBAS data processing in the southern Andes: The 
Copahue-Agrio Caldera study case, paper presented at 4th Alexander von Humboldt International Conference. Eur. Geosci. Union, 
Santiago (2008).

 71. Euillades, P. et al. Recent advancements in multi-temporal methods applied to new generation SAR systems and applications in 
South America. Journal of South American Earth Sciences 111, 103410, https://doi.org/10.1016/j.jsames.2021.103410 (2021).

 72. MATLAB. R2019a (The MathWorks Inc., Natick, Massachusetts, 2019).

acknowledgements
This is a contribution of the Southern Andes GEO Supersite (https://geo-gsnl.org). F.L acknowledges ANID 
BECAS/DOCTORADO NACIONAL 21181860. The contributions of L.E.L were supported by Fondecyt grant 
#1211792 and CIGIDEN-Fondap grant #151100. We are also grateful to the three reviewers for their dedication 
to our work, which has been considerably enhanced by their suggestions and criticisms.

author contributions
F.L.P.: writing, modeling and data archiving; R.A.D.R.: writing, conceptual design and supervision; L.E.L.: review 
and supervision.

Competing interests
The authors declare no competing interests.

additional information
Correspondence and requests for materials should be addressed to F.L.-P.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2022

https://doi.org/10.1038/s41597-022-01630-w
https://doi.org/10.1016/j.jvolgeores.2018.02.015
https://doi.org/10.1016/j.jvolgeores.2016.06.003
https://doi.org/10.1029/2019GC008494
https://doi.org/10.1029/2003GC000610
https://doi.org/10.1002/ggge.20074
https://doi.org/10.1016/j.jag.2012.10.003
https://doi.org/10.1016/j.jag.2012.10.003
https://doi.org/10.1016/j.jsames.2021.103410
https://geo-gsnl.org
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	ADTC-InSAR: a tropospheric correction database for Andean volcanoes
	Background & Summary
	Methods
	Generation of interferograms. 
	Generation of ADTC-InSAR. 
	Tropospheric correction. 
	Analysis of average daily tropospheric delay. 
	Analysis of tropospheric correction with ADTC-InSAR. 

	Data Records
	Technical Validation
	Climate-related behavior of daily tropospheric delay and its components. 
	Application of ADTC-InSAR to interferograms. 

	Usage Notes
	Acknowledgements
	Fig. 1 On the upper left of the figure are the Koppen-Geiger Climates15, and the color bar on the right represents each Koppen-Geiger climate.
	Fig. 2 Comparison between total, dry and wet average daily tropospheric delay: (a–c) Polar plots illustrating the mean of average daily tropospheric delay of the (a) total, (b) dry, and (c) wet daily delay for each volcano, with the months progressing clo
	Fig. 3 Histogram plots illustrate differences in tropospheric corrections between the “TRAIN specific-dates” and the ADTC-InSAR for the ten volcanoes in this study using 500 pairs of random dates.
	Fig. 4 Application of tropospheric correction to a real interferogram at the (a) Nevados del Ruiz, (b) Robledo and (c) Copahue volcanoes: (first column) unwrapped interferograms, in Nevados Del Ruiz between 2008/03/06 and 2010/03/12 (path 447- frame 3520)
	Table 1 Table showing the SAR images used to generate interferograms in each of the volcanoes (column 1) with their respective abbreviations (column 2) in the study area (section 2) including the path (column 3) corresponding to ALOS-PALSAR images, the da
	Table 2 Table displaying the percentage contribution of the dry (third column) and wet (fourth column) daily delays to the total daily lag of each volcano (second column) in the volcanic zones (first column) studied.
	Table 3 The table presents different statistical indicators for each data set of the difference between applying tropospheric corrections with “TRAIN specific-dates” and ADTC-InSAR in 500 pairs of different dates in each volcano (Fig.
	Table 4 Statistical pertaining to corrections with “TRAIN specific-dates” and ADTC-InSAR.




