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Supplementary Material: 

Computation of semivariogram structure functions to examine atmospheric noise 

Semivariograms are spatial structure functions that are useful for examining the variability 
within InSAR deformation fields as a function of distance between selected data point pairs [1–5]. 
The classical variogram estimator (𝛾(𝐻)) is computed as follows [6–8]: 
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Where H is the lag interval, |𝑁(𝐻)| is the number of pairs within the lag interval, and 𝑧  and 𝑧  
are the values at the data point located at point i and i+H, respectively. The point at which the 
experimental variogram does not continue to increase with increasing semivariance is known as the 
“sill”, and the distance at which this occurs is known as the “range”. The “sill” indicates the lag 
distance at which two points of interest are dissimilar from each other [9]. The “nugget-effect” is 
observed when the variogram is not differentiable at zero lag distance, and indicates that the variance 
within the image being analysed changes abruptly at distances smaller than that of the sample 
spacing [9,10]. While atmospheric noise in interferograms can have directional dependence [1–3], we 
assume that the noise in the non-deforming and neighboring deforming regions within the Telica and 
Masaya scenes is the same, and focus only on the impact of the length of the lag interval (distance) 
[5,10]. Following the recommendation of Bagnardi & Hooper [10], we performed our semivariogram 
analyses over the entire CSK scene and masked out regions of potential deformation specific to each 
case study region. The square-root of the semivariance was computed for comparison with the 
semivariograms given in Murray et al. [5]. We examined the semivariogram plots for each individual 
interferogram, and also averaged all semivariograms within each InSAR uncorrected and corrected 
dataset to examine the correlation of atmospheric noise with distance between the different corrected 
InSAR datasets as a whole. 

The majority of InSAR studies that examine the applicability of GWMs typically involve SAR 
data spanning >50 km [5,11–15]. Volcanic regions, however, can span anywhere between 2 km to 40 
km spatially [16], and thus the spatial resolution of the GWMs limits the ability to remove potential 
atmospheric artifacts on these scales. Examination of semivariogram results for each uncorrected and 
corrected interferogram for both Telica and Masaya case study regions demonstrate that the structure 
of the atmospheric noise varies greatly in terms of magnitude and on spatial scales from 
interferogram to interferogram (see selected Telica interferogram semivariograms shown in Figure 
S6). For time-series studies which incorporate hundreds of interferograms, interpreting 
semivariograms individually becomes tedious and subjective, particularly when the semivariogram 
does not follow a “typical” pattern (Figure S6, panel d). For example, in a few semivariograms, the 
linear corrected semivariogram demonstrates a small peak in the semivariance for lag distances less 
than 10 km (Figure S6, panel a). A similar observation is seen in about 26 GACOS corrected 
semivariograms for the Telica scenes, where one to two sharp peaks in semivariance are observed 
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below 18 km lag distance. The GACOS corrected semivariograms shown in Figure S6, panel d, have 
two peaks around 4 km and 11 km lag distances. After about 18 km lag distance, the semivariance 
drops to below that of the uncorrected and remaining corrected semivariograms. These peaks are 
also captured in the averaged semivariograms (Figure S7). 

Figure S7 depicts the average semivariance of all uncorrected and corrected interferograms for 
Telica and Masaya. The general structure of the averaged semivariograms indicate an overall increase 
in semivariance with an increase in lag distance. In general, the linear correction does not appear to 
reduce the semivariance greatly, and typically plot just above or below the uncorrected 
semivariogram. Overall, ERA5 appears to reduce the variance the most at Telica, and GACOS 
appears to reduce the variance the most at Masaya. A “sill” observed in semivariograms essentially 
delimits that there is no correlation between pixels that are separated by distances greater than the 
range [5,9]. For the Masaya semivariograms, we observe a change in slope around 30 km (Figure S7, 
panel c). This change in gradient is however not observed in the Telica semivariograms (Figure S7, 
panel a). The increasing semivariance with distance between 0-38 km suggests that large spatial scale 
signals are present within the Telica interferograms at spatial scales greater than that of the scene, 
such as orbital errors or large-scale atmospheric effects [5]. Previous estimates suggest that the 
atmospheric noise can have spatial scales ranging between 5 to 40 km [1,4,17], and our results fall 
within this range. In general, all of the semivariograms exhibit a nugget semivariance ranging 0.55 to 
0.71 cm, which indicates that there are potentially turbulent tropospheric phase delays present within 
the interferograms at distances smaller than the sample spacing (90 m). From the averaged 
semivariogram results, we observe that at ~10 km lag distance the average variance ranges between 
1.5–1.75 cm for both case study sites. Our results are double that observed in theoretical estimates of 
atmospheric noise over the Mojave desert in California, in which ~0.8 cm variance was observed at 
10 km lag distance [18], confirming that there would indeed be greater difficulty in trying to capture 
tropospheric phase delays in our case study regions. 

 

Supplementary Figures 

 
Figure S1. Plot of the perpendicular baselines versus Telica CSK acquisition dates. The green dots 
represent the 50 CSK acquisition dates, with the first date set to zero perpendicular baseline. A 
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threshold of 300 m or less perpendicular baseline and a temporal threshold of less than 180 days were 
used to create 199 interferogram pairs (grey lines). 

 

 
Figure S2. Plot of the perpendicular baselines versus Masaya CSK acquisition dates. The green dots 
represent the 60 CSK acquisition dates, with the first date set to zero perpendicular baseline. A 
threshold of 300 m or less perpendicular baseline and a temporal threshold of less than 180 days were 
used to create 281 interferogram pairs (grey lines). 

 
Figure S3. Geographic maps displaying the topography of Nicaragua, location of Telica and Masaya 
volcanoes (red triangles), descending and ascending CSK tracks (black boxes), and the grid nodes for 
the GWMs (blue circles). a) NARR grid, b) ERA5 grid, and c) HRES CMWF grid. These maps were 
created using the GMT6 public domain software [19]. 

a)

NARR HRES ECMWFERA5
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Figure S4. Comparison of the different tropospheric phase delay correction methods using Telica 
unwrapped interferogram 20141223-20141227. a) Uncorrected interferogram, b-e) Total tropospheric 
delay map for each correction method, f-i) Corrected interferograms using the tropospheric delay 
maps in the first row, and j-m) Phase-elevation plots of the uncorrected interferogram (black dots) 
versus the total delay map (colored dots). The geographic extent and colorbar scale for all the 
interferograms and delay maps are the same, as indicated in panel (a). The colorbar scale for the 
GACOS data is indicated on the GACOS total delay map. The black triangles in the interferograms 
and maps indicate the location of Telica volcano in the CSK scene, which is masked out for the phase-
elevation plots. 

 

Figure S5. Comparison of the different tropospheric phase delay correction methods for Masaya 
unwrapped interferogram 20151013-20160309. a) Uncorrected interferogram, b-e) Total tropospheric 
delay map for each correction method, f-i) Corrected interferograms using the tropospheric delay 
maps from the first row, and j-m) Phase-elevation plots of the uncorrected interferogram (black dots) 
versus the total delay map (colored dots). The geographic extent and colorbar scale for all the 
interferograms and delay maps are the same, as indicated for panel (a). The black triangles in the 
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interferograms and maps indicate the location of the summit of Masaya in the CSK scene, and the 
dashed outline of the caldera. 

 
Figure S6. Examples of semivariogram plots for selected Telica CSK uncorrected and corrected 
interferograms a) 20150305-20150824 (linear), b) 20150418-20150601 (ERA5), c) 20150225-20150430 
(NARR), and d) 20140124-20150209 (GACOS). The correction methods in brackets indicate the 
correction method that appears to be performing the poorest for each example. The legend shown in 
(a) is the same for each panel in the figure. 

a) b)

d)c)
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Figure S7. Averaged semivariogram plots for Telica and Masaya. These plots are similar to that of 
Figure S3, except here the lines indicate the averaged semivariance of all interferograms for each 
uncorrected and corrected InSAR dataset (a,c). Panels (b) and (d) include the averaged semivariance 
from panels (a) and (c), respectively, with the addition of shaded envelopes indicating the maximum 
and minimum semivariograms for the uncorrected and corrected datasets. Please note the y-axis scale 
for panels (a,c) are different from those shown in panels (b,d). 
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Figure S8. Venn diagrams displaying the results from visual assessment of the full scene phase-
elevation plots for the GWM datasets only at a) Telica, and b) Masaya. Within the circles, each number 
represents the percentage of interferograms for which there was good agreement (similar spread in 
LOS phase and trend of the total phase delay map phase-elevation plot with the uncorrected 
interferogram phase-elevation plot). The numbers outside the circles represents the percentage of 
interferograms for which there was poor agreement (poor spread in LOS phase and/or opposite trend 
of the total phase delay map phase-elevation plot with the uncorrected interferogram phase-elevation 
plot). 

 

Figure S9. Venn diagrams displaying the variance reduction results for the GWM datasets only at a) 
Telica, and b) Masaya. Within the circles, each number represents the percentage of interferograms 
for which the GWM reduced the variance in the corrected interferogram. The numbers outside the 
circles represents the percentage of interferograms for which all GWMs demonstrated an increase in 
the variance for a single interferogram. The converse of these Venn diagrams (variance increase) are 
given in Figure 11. 
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