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Abstract Synthetic Aperture Radar (SAR) pulses undergo variable propagation delays in the atmosphere
due to changes in pressure, temperature, and humidity within the troposphere, causing large error in
Interferometric SAR (InSAR) measurements of land surface displacement. Wet troposphere delay, resulting
from condensed water and water vapor clouds, can introduce delays of tens of centimeters that significantly
impact surface displacement estimates. This study provides unequivocal evidence of the wet troposphere's
impact on InSAR phase measurements by examining spatial patterns in NOAA NEXRAD weather radar
reflectivity and interferometric phase outliers. We utilize a feature‐comparison approach with reflectivity data
from NEXRAD radar stations to identify artifacts from wet tropospheric delays in InSAR phase measurements
derived from rapid repeat‐pass data acquired by UAVSAR L‐band SAR. NEXRAD's 5‐min scanning interval,
compared to UAVSAR's 30‐min revisit time, enabled detection of phase artifacts caused by fast‐moving and
developing clouds. We identify regions in InSAR interferograms with troposphere‐induced phase artifacts by
matching features common to InSAR phase outlier masks and NEXRAD high reflectivity masks. Matched
results between InSAR phase noise and NEXRAD reflectivity show phase delays of up to 25 radians in L‐band,
corresponding to 48 cm of delay. Comparison with tropospheric delays calculated using the Generic
Atmospheric Correction Online Service for InSAR (GACOS) showed global weather models lack sufficient
spatial and temporal resolution to accurately estimate observed wet troposphere delays. While our study focused
on UAVSAR, findings apply to other SAR missions, including L‐band NISAR and ALOS2/4, aiding
identification and interpretation of InSAR results affected by tropospheric delays.

Plain Language Summary In this study, we investigated how changes in the lowest layer of the
Earth's atmosphere affect Interferometric Synthetic Aperture Radar (InSAR) measurements, particularly those
caused by condensed water and water vapor clouds also known as wet troposphere delay. This delay occurs
when water vapor and clouds in the troposphere alter the path of SAR pulses, leading to inaccuracies in surface
displacement estimates. This study confirms the impact of wet troposphere delay on InSAR data by comparing
weather radar data from NOAA NEXRAD stations to detect wet tropospheric delays in InSAR measurements
obtained from UAVSAR. By comparing features in the radar data, we were able to pinpoint regions in the
InSAR images where tropospheric delays were present. Our analysis revealed significant delays of up to 48 cm.
While our study focused on UAVSAR, our findings are relevant for other SAR missions, like the upcoming
NISAR mission, helping to improve the interpretation of SAR data affected by atmospheric delays.

1. Introduction
Interferometric synthetic aperture radar (InSAR) is a remote sensing technique used to measure spatially‐
extensive surface displacement with accuracies as good as a few millimeters (Bamler & Hartl, 1998; Gonzá-
lez, 2024). InSAR is commonly used to observe a wide range of phenomena that produce changes in the Earth's
surface, most commonly those that result in surface displacement (Bürgmann et al., 2000; Massonnet &
Feigl, 1998) but also water level changes under flooded vegetation (Jaramillo et al., 2017; H. Liao et al., 2020; T.
Liao et al., 2020; Oliver‐Cabrera et al., 2021; Wdowinski et al., 2006). However, SAR echoes traveling through
the atmosphere are subject to variable delays due to changes in pressure, temperature, and relative humidity in the
troposphere. The impacts of tropospheric effects on InSAR observations at different wavelengths have been
documented (Bekaert et al., 2015; Fattahi & Amelung, 2015; Sailellah & Fukushima, 2023; H. A. Zebker
et al., 1997). Accounting for the propagation delays in transit through the troposphere is still one of the most
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important challenges faced by scientists using InSAR. Delays caused by these features can be of order tens of
centimeters, greatly impacting estimates of surface change.

Different methods of varying sophistication and reliance on external information have been developed to account
for tropospheric phase delays (Murray et al., 2019). GNSS stations can be used to estimate and mitigate tropo-
spheric related errors (Byun & Bar‐Sever, 2009; Ding et al., 2017; Fernandes et al., 2010; Shamshiri et al., 2020;
Williams et al., 1998; Yao et al., 2015). While effective, this method is limited by the spatial distribution of GNSS
networks, restricting its applicability to regions with dense station coverage. Another strategy relies on precip-
itable water vapor (PWV) retrieval products from satellite‐based optical sensors such as the Moderate Resolution
Imaging Spectroradiometer (MODIS) and the Medium Resolution Imaging Spectrometer (MERIS), which have
demonstrated potential to improve InSAR accuracy (Li et al., 2006, 2009). However, these products are con-
strained by relatively coarse spatial resolution and temporal sampling that often do not coincide with InSAR
acquisitions. Additionally, their use is limited to clear‐sky conditions, which reduces their utility in many practical
scenarios. Corrections based on global weather models like ERA5 from the European Center for Medium‐Range
Weather Forecasts (ECMWF) have been shown to greatly improve InSAR measurements (Bekaert et al., 2015;
Fattahi & Amelung, 2015; Jolivet et al., 2011, 2014; Yu et al., 2018). Nevertheless, the spatial and temporal
resolution limitations of the weather models source data hinder accurate estimations of the highly variable
condensed water and water vapor clouds, which is often seen in InSAR images (Figure 1). Additionally, statistical
methods have been developed to separate tropospheric noise from geophysical signals by exploiting their distinct
spatiotemporal characteristics (Ferretti et al., 2001; Tymofyeyeva & Fialko, 2015; Wegmüller et al., 2010).
Stochastic models have also been employed to better characterize the variability of atmospheric noise and
improve correction accuracy (Cao et al., 2018, 2021). These statistical techniques can be used independently or in
combination with external data sources, such as weather models, to enhance the effectiveness of corrections.
However, capturing highly variable wet and turbulent delays remains challenging due to their short‐lived and
rapidly changing nature. As space‐borne SARs provide more data, covering more areas and collected more
frequently, atmospheric corrections based on the InSAR data itself are increasingly being used. By exploring the
volume of data, the temporal and spatial variability of the tropospheric patterns, these methods are able to improve
InSAR measurement accuracies (Cohen‐Waeber et al., 2018; Ebmeier, 2016; Gaddes et al., 2018; H.
Zebker, 2021; M. S. Zebker et al., 2023). However, these methods may not be as effective when data sets are
composed of a small number of interferograms or measure large magnitude surface changes in a very short repeat
pass interval (Oliver‐Cabrera et al., 2021).

Hanssen et al. (1999) extracted water vapor signals from InSAR and compared them to weather radar, satellite
imagery, and radiometry observations (e.g., GOES, AVHRR), noting the correlation between weather radar
observations and InSARwater vapor phase delay. Based on this, they suggested that InSAR observations could be
used for high resolution water vapor mapping. In this work, we build on this idea and implement an InSAR
weather phase delay recognition algorithm based on a feature‐comparison methodology that uses the reflectivity
images collected by the NOAA NEXt‐Generation RADar (NEXRAD) weather radar stations (NOAA National
Weather Service (NWS) Radar Operations Center (1991), 2024) to identify wet tropospheric delays in L‐band
InSAR data acquired by the airborne Uninhabited Aerial Vehicle Synthetic Aperture Radar (UAVSAR)
(Hensley et al., 2008). The data set comprises of rapid repeat (20–40 min interval) acquisitions in which the
InSAR phase measures changes in water level in a Louisiana wetland over a period during which tidal water levels
can change tens of centimeters in some parts of the scenes. In this case, eliminating phase outliers based on
statistics would also remove the real signal. The NEXRAD data are used to generate a mask to eliminate pixels
that are likely contaminated by tropospheric noise, keeping the real signal in uncontaminated areas. The NEX-
RAD reflectivity is compared to tropospheric delay estimated from GACOS, a weather model and GPS‐based
atmospheric correction for InSAR (Yu et al., 2018). Additionally, water level gauge data are used to show the
overall improvement in water level change (WLC) accuracy from the InSAR time series. Details of the data,
method, results, and limitations are given in the sections below.

2. Data Sets
The data sets used in this study consists of two main measurements, UAVSAR InSAR and NEXRAD weather
radar, in addition to water level gauge data from the Louisiana Coastwide Reference Monitoring System (CRMS)
used for validation of the method's reduction in noise from tropospheric delay. The SAR data were acquired over
southern Louisiana for the Delta‐X campaign in September 2021 to measure the exchange of water between the
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channels and the wetland (Cortese et al., 2024). The study area and exemplar InSAR and NEXRAD reflectivity
maps are shown in Figure 1. The instruments, data, and preprocessing steps are described below.

2.1. InSAR

The InSAR data was acquired over the Atchafalaya and Terrebonne basins with a revisit period of 20–40 min
collected during UAVSAR's 5–6‐hr flights in September 2021. These flights occurred during the 10 days after
Hurricane Ida made landfall at the eastern edge of Terrebonne Bay, a period during which there was substantial
and variable wet troposphere in the region. The images were collected from 12.5 km altitude, with an instrument
resolution of 0.8 m along the flight path and 1.7 m along the line‐of‐sight direction. Data were acquired over six
swaths from which we selected three representative cases, shown in Figure 1a, which are each 22 km wide and
vary in length from 37 to 87 km. The co‐registered stack of Single Look Complex (SLC) images for the flightline
WTERRE_34202 (swath shown in red in Figure 1a) was selected as the main example in this study (Jones,
Simard, et al., 2022). We selected the SLC stack from the 12 September 2021, flight to demonstrate the method
because it had extremely high phase outliers in localized areas (Figure 1b). This line was imaged seven times
during the flight between times 04:31 and 08:00 UTC. Additional results for data acquired on Sept. 3 (flightline
WTERRE_16300) and Sept. 5 (flightline ATCHAF_06309) are included in the supplement.

The SLCs were preprocessed to form interferograms and obtain the interferometric coherence. A multi‐look
averaging window of 12 by 3 in the azimuth and range directions, respectively, was applied to the interfero-
grams to obtain pixels with spatial resolution of approximately 6 m. Sets of nearest neighbor (NN), NN+1, and
NN+2 VV‐polarization interferograms were generated using the InSAR Scientific Computing Environment
(ISCE) (Rosen et al., 2012) and unwrapped using the statistical‐cost, network‐flow algorithm for phase
unwrapping (SNAPHU) (Chen & Zebker, 2001a, 2001b). Unwrapped phase products were examined to identify
phase unwrapping errors and corrected using the phase unwrapping correction algorithm described in Oliver‐
Cabrera et al. (2021). The mean and standard deviation of the InSAR phase for each pixel in the scene was
calculated from the set of all unwrapped interferograms.

2.2. NEXRAD

The NEXRAD network consists of 160 high‐resolution Doppler weather radars located in the contiguous United
States, Alaska, Hawaii, U.S. territories, and at U.S. military bases (Figure 2a). The data are collected using a
10 cm wavelength S‐band radar that scans a 360° azimuthal sweep to sample the atmosphere, with scan times of
4.5, 5, 6, or 10 min depending on the selected product (Figure 2b.). For this work, we use NEXRAD level 2
reflectivity images with 250 m resolution in range and 0.5° in azimuth (NOAA National Weather Service (NWS)
Radar Operations Center (1991), 2024) from the KLIX station located in New Orleans, located roughly 150 km

Figure 1. (a) Delta‐X UAVSAR coverage. Frame in red shows the scene used for the examples in this manuscript; the other scenes are included in the supplement. The
yellow star shows the location of New Orleans KLIX NEXRAD weather radar station. (b) UAVSAR wrapped phase interferogram overlain by a NEXRAD reflectivity
image (also shown in Figure S5 of Supporting Information S1). The InSARmap displays a large phase gradient due to wet troposphere and congruent with weather radar
observations (±2π radians corresponds to ±12 cm delay at L‐band). (c) GACOS‐derived (Yu et al., 2018) atmospheric phase delay in mm estimated for the
interferogram shown in panel (b). The phase delay from GACOS underestimates the phase gradient observed in InSAR by orders of magnitude.
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from the study area (Figure 1). The images used were those that most closely matched the UAVSAR acquisition
times to assign one NEXRAD reflectivity map to each SAR image.

The images were cropped and projected into the UAVSAR radar coordinate grid. To achieve this, we used a
georeferenced grid with the same extent and pixel size as the UAVSAR InSAR data. The NEXRAD data were
then cropped and resampled to match this grid precisely. Finally, we applied the UAVSAR geometry information
to project the resampled NEXRAD data into the UAVSAR radar coordinate system. Because the UAVSAR SAR
and the NEXRAD times are not synchronized, a pair of NEXRAD images, one before and one after each
UAVSAR acquisition were merged using the maximum reflectivity among the two (Figure S1 in Supporting
Information S1). Similarly, to improve weather feature matching, a composite reflectivity image was generated
for each NEXRAD acquisition time by taking the highest reflectivity value from all elevations scanned by the
station. The merged composite reflectivity images were formed in both time and elevation directions, providing a
set of maximum reflectivity maps corresponding to each available interferogram. These maps were then used to
create wet‐troposphere feature masks by applying a lower‐bound threshold of 5 dB. In meteorology, this
reflectivity boundary is classified as light precipitation, with 20–30 dB as moderate, and 30–40 dB as heavy
(Kumjian, 2018; Rogers & Yau, 1989). This threshold helps minimize false matches caused by noise in the
weather radar data. Figure 3 shows the reflectivity images and profiles for four times closely aligned with the SAR
acquisitions. Movement of the weather features over the 58 min period is seen.

2.3. CRMS Water Levels

The Louisiana Coastwide Reference Monitoring System (CRMS) is a program designed to monitor and evaluate
coastal restoration projects across the state's wetlands. It consists of 390 monitoring sites, each equipped with
submersible water level recorders that measure water level elevation hourly (Steyer et al., 2003). In this study, we
utilized data from CRMS0301, CRMS0322, and CRMS0329 to assess the impact of tropospheric noise on InSAR
phase measurements, with one site serving as a control in a stable, low‐noise region. We applied linear inter-
polation to the CRMSmeasurements to match the time of the SAR observations. Comparison between InSAR and
CRMS stations were performed by estimating a mean InSAR‐derivedWLC using a 10× 10 pixel sample centered
around each station location.

3. Methods
The methodology involves an automated one‐to‐one feature comparison between interferometric phase outliers
and weather features extracted from NEXRAD weather radar imagery to identify pixels for which the phase is
likely significantly contaminated by noise from wet troposphere delay. However, rather than eliminating single
pixels, the workflow considers the overlap of larger regions, called connected components (CCs), that form

Figure 2. NEXRAD coverage extent (a) orange circles show coverage extent and white triangles show station location. (b) Exemplifies the NEXRAD antenna azimuthal
acquisition pattern profile.
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clusters of pixels with similar phase outlier or NEXRAD reflectivity in order to identify spatially extensive wet
troposphere features. The workflow is shown in Figure 4 and described below.

The main weather phase delay recognition algorithm is applied using both the interferograms and the NEXRAD
weather mask inputs. The first step is to perform a statistical analysis using the standard deviation of phase from
all the interferograms in a stack to define a phase‐outlier cut‐off threshold. The cut‐off threshold is then used to
generate a set of phase‐outlier masks for each interferogram. The goal of setting the threshold is to extract most of
the regions showing relatively high interferometric signal from wet troposphere delays and group them into
spatially connected regions called CCs. If the phase outlier corresponds to actual surface change, then we expect
only random matches to occur between the weather radar features and interferometric phase. The appropriate

Figure 3. Timelapse progression of reflectivity images and corresponding vertical profiles (plotted over pixels intersecting
the red line) from four NEXRAD acquisitions over a 58 min period on 12 September 2021. Panels (a) through (d) present
snapshots from the initial time (T04:35:30) to the final time (T05:33:11). The profiles show that most of the cloud reflects
well above the 5 dB threshold indicated by the red line.

Earth and Space Science 10.1029/2025EA004382

OLIVER‐CABRERA ET AL. 5 of 14

 23335084, 2025, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025E

A
004382 by B

ureau O
f L

and M
anagem

ent, W
iley O

nline L
ibrary on [30/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



threshold to choose depends on the level of detected surface change and noise in the interferograms. For the case
of the examples shown in this work we established a cut‐off threshold of σ ∗ 1.5. This means that all the regions
that displayed interferometric phase standard deviation above 1.5 times the average for the entire scene, excluding
open water identified using a water mask, are included in a phase outlier mask. A set of NEXRADCCs are formed
using the features in the weather radar mask that are spatially connected.

Two sets of CCs are generated, one for the NEXRAD‐derived weather features and one for the interferometric
phase outliers. During the CC generation step, small feature removal is performed to keep only features with more
than 5,000 pixels. Additionally, each CC is expanded by 10 pixels around its borders to simplify shapes and group
nearby outlier pixels. Lastly, we perform a feature‐by‐feature matching of CCs in the phase outlier mask against
the NEXRAD‐weather CCs to define shape similarity and to flag regions in the image showing likely
atmospheric‐induced phase artifacts. We set a minimum spatial overlap threshold of 50% to flag atmospherically
induced InSAR phase, meaning that if 50% or more pixels in a phase outlier CC are also in a weather mask CC,
then the entire phase outlier CC is identified as being significantly impacted by atmospheric noise. This threshold
can be adjusted based on user analysis. Finally, a set of binary masks with values 0 for regions with no weather
feature matches and 1 for areas with matching weather features are generated, one for each interferogram.
Figure 5 shows an example of the algorithm steps performed for one interferogram.

4. Results
4.1. Wet Troposphere Masks

Results from the algorithm implementation show that the method can identify most of the tropospheric‐induced
phase delay (Figure 6). The example from flight line WTERRE_34202 shows large InSAR signals noticeable for
their red and blue colors in Figure 6a. The majority of the matched wet‐tropospheric delay exceed ±2π radian
phase, which corresponds to ∼±12 cm of range delay for an L‐band sensor. The NEXRAD reflectivity shows
cloud features in green‐yellow‐red colors that align with the observed InSAR phase delays, reaching more than
40 dB in some cases. Regions of clear skies in the NEXRAD data set are shown in dark blue (Figure 6b). Often,

Figure 4. InSAR weather phase delay recognition algorithm workflow. The workflow shown on the left‐hand side is applied separately to the reflectivity masks and
phase outlier masks to obtain connected components for each. The workflow on the right‐hand side identifies patterns in the phase outlier masks that correspond to high
NEXRAD reflectivity, indicating likely contamination from wet troposphere delay.
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when looking at satellite‐based interferograms (e.g., Sentinel‐1, ALOS2/4 etc.), expected surface change is in the
range of few centimeters or even millimeters, making large tropospheric phase delays (typically in the order of
tens of centimeters) more detectable since they exceed the expected measurable signal. However, in cases like the
ones presented here, where the interferograms are detecting WLC dynamics leveraged by rapid repeat passes,
tropospheric phase delays can be of the same order as the expected WLC, making them difficult to detect and
separate. By matching weather radar reflectivity to the interferograms, it becomes evident that many of those
large‐scale phase signals are produced by the presence of wet troposphere delay (Figure 6d). Additional examples
of the method applied to flightlines ATCHAF_06309 andWTERRE_16300 are shown in the Figures S2 and S3 in
Supporting Information S1, respectively.

4.2. Comparison With Water Level Gauge Data

We generated a WLC time series for flightline WTERRE_34202 and compared it to in situ measurements from
CRMS water level gauges, as described in Section 2.3. To assess the impact of troposphere‐induced phase delay
on the InSAR time series, we selected representative gauges from both wet troposphere weather feature affected
and unaffected regions. Specifically, we analyzed data from CRMS0301 and CRMS0322, located in impacted
areas (Figures 7a and 7b), and CRMS0329, situated in an unaffected region (Figure 7c) by wet tropospheric
effects (Figure 7).

A detailed look at the comparison between InSARWLC time series and CRMS water level gauges shows visible
jumps at times 05:35 and 05:06 for the examples shown in Figures 7a and 7b, respectively. Figure 6 shows that all
interferograms formed using images acquired at those times show large phase delays that were identified as being
induced by wet troposphere. By removing those two times steps from the time series, the root mean square error
(RMSE) dropped from 5.29 to 3.1 cm for case (a) and from 7.7 to 4.4 cm for case (b). For comparison, the
example shown in Figure 7c is for a gauge located outside the wet tropospheric‐impacted region (“clear sky”). In
this case, the RMSE of 2.1 cm is much lower than for the other two examples and changes little when removing
the time steps since it is located in a clear sky area.

Figure 5. Single interferogram example from UAVSAR flightline WTERRE_34202 showing each step from the feature
comparison algorithm. The algorithm flow is arranged from left to right, starting with the original unwrapped interferogram
to the left and proceeding to the resulting mask and masked interferogram on the right side. (a) Raw unwrapped
interferogram. (b) Masks derived using phase standard deviation threshold for (top) InSAR with the regions that are above
the phase standard deviation threshold shown in yellow, and (bottom) the NEXRAD regions that have reflectivity above 5 dB
shown in yellow for the two acquisition times of the images forming the interferogram. (c) Connected components (CCs) for
(top) the thresholded InSAR phase mask in panel (b), and (bottom) the NEXRADmasks in panel (b). Each color represents a
region of adjacent pixels (a single CC). (d) InSAR phase CCs intersecting NEXRAD CCs obtained from feature matching.
Different colors represent regions of adjacent pixels. (e) Final phase mask showing in red areas marked as affected by
tropospheric phase delay. (f) Interferogram after masking the areas affected by tropospheric phase delay.
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5. Discussion
Throughout this work, we introduce a novel algorithm designed to enhance the detection of tropospheric phase
delays in interferometric products by integrating weather radar data. Weather radar provides valuable information
due to its extensive spatial coverage, availability across various locations worldwide, and ability to capture rapid
tropospheric variations, particularly those associated with the wet troposphere. As illustrated in Figure 1,
commonly used atmospheric models for InSAR corrections, such as ERA5 and GACOS, while robust and widely
utilized, lack the temporal and spatial resolution necessary to capture these fine‐scale atmospheric variations. This
limitation is evident in Figure 1b, where the observed tropospheric feature induces a phase delay of approximately
47 cm (25 radians), whereas for the same site, GACOS estimates indicate a delay of only∼2 mm, entirely missing
the tropospheric anomaly. While the tropospheric phase delay recognition algorithm detected the majority of
regions with wet troposphere‐induced phase delay (Figure 6c), some of them still remain. Such is the case for
interferogram T05:35‐T07:02 (see Figure 6a) where the interferometric signal located at the center of the
interferogram in blue color was not detected even though the same feature was identified for all the other in-
terferograms in the series. This could be due to a couple of reasons: First, the overlap of features may be affected
by differences in radar viewing geometry and spatial resolution between the SAR sensor and the weather radar.
While UAVSAR, a side‐looking airborne instrument, images its target from an overhead diagonal perspective,
NEXRAD collects data from the ground in an azimuthal pattern (Figure 2). These differing acquisition angles can
lead to variations in both the shape and location of the atmospheric feature being observed. Using multiple
NEXRAD stations can improve feature matching, especially when the study area is centrally located and
observable from several stations at different angles. However, stations that are located far from the study area lose

Figure 6. Full set of unwrapped interferograms (a) from UAVSAR flight line WTERRE_34202 acquired on 12 September 2021. The color scale ranges from − 2π (blue)
to 2π (red), as shown in the bottom right corner. Panel (b) displays NEXRAD composite reflectivity maps, ranging from − 10 to 30 dB (color scale at bottom right),
projected into the UAVSAR grid and merged to match the two InSAR acquisition times. Unwrapped interferograms masked using the detected tropospheric‐phase delay
regions are shown in panel (c) and the extracted phase outliers connected components (CCs) as well as the NEXRAD CCs used to form the mask of weather induced
phase delay are presented in panel (d).
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visibility particularly of tropospheric features at lower altitudes due to the azimuthal acquisition pattern (Figure
S4 in Supporting Information S1). Connected component grouping and/or overlapping tolerances may need to be
adjusted to account for these differences. Connected component grouping can be modified by using different
phase outlier cut‐off thresholds or by forcing the separation of a single CC into two or more CCs by implementing
a mask or an image processing morphological operation (e.g., erosion). The overlapping tolerances can be
adjusted by simple relaxing or increasing the minimum spatial overlap threshold between phase and weather radar
components. Second, real InSAR phase change from the process of interest (e.g., WLC or surface displacement)
and troposphere‐induced phase can display similar magnitudes and overlap spatially. This can result in a large
feature that includes the combination of phase changes and may require additional post‐processing to be resolved.
The example in Figure 8 shows that the troposphere‐induced phase delay overlaps with what seems to be WLC
patterns in the upper part of the interferogram (Figure 8a). The tropospheric phase delay recognition algorithm in
this case extracted both the region of WLC as well as the phase delay due to troposphere presence and generalized

Figure 7. InSAR time series of water level change (WLC) compared to measurements at CRMS in situ water level gauges.
The red arrows indicate the location of the water level stations for which data are shown in the plots. The plots to the right of
each map show the extracted time series for both InSAR‐derived WLC and the water level gauge. There are two WLC time
series plot for each example site (a–c). The upper plot displays the unmodified InSAR time series, including the tropospheric
noise, with the affected timesteps highlighted by red circles. The bottom plot shows the InSAR time series after dropping
time‐steps 05:06 and 05:35, which contain most of the wet tropospheric delay in this flightline. A mean WLC sample over a
10 × 10 window centered at the CRMS station was used to generate the InSAR time series.
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them into one very large CC (Figure 8c) that did not pass the overlap threshold (Figure 8e), thus was not
recognized as a potential tropospheric noise feature.

Although the algorithm correctly identified most of the tropospheric‐induced phase delay, a careful review is still
necessary to refine thresholds to ensure the best possible results. One could also consider discarding the SAR
acquisition at time 05:35 to remove the residual tropospheric feature shown in Figure 6a. However, this is not
recommended here because there were only a few Delta‐X InSAR acquisitions over a very short repeat‐pass
interval, so the cloud‐free regions of the images provide useful information on patterns of water flows through
wetlands and canals. Discarding an entire scene because of spatially limited phase noise is not always desirable. It
is anticipated that satellite‐InSAR measurements will exhibit a higher spatial correlation between phase outliers
and the wet troposphere. This expectation arises from the inherent characteristics of satellite‐based measure-
ments, which commonly feature reduced variability of the acquisition geometry compared to those obtained from
UAVSAR, for which the incidence angle varies from∼22° in the near range to∼67° in the far range. Nonetheless,
the persistent challenge of the rapidly moving wet troposphere remains, posing a significant issue that new
missions such as NISAR will face, particularly in tropical and coastal regions.

Results presented in this work demonstrate that NEXRAD data exhibits strong spatial correlation with tropo-
spheric delay patterns observed in the UAVSAR data set. However, weather radar alone may not always be
sufficient to fully characterize or isolate tropospheric noise. This limitation arises from fundamental differences in
the type of information each system provides. InSAR‐derived tropospheric delay is primarily influenced by at-
mospheric water vapor, whereas NEXRAD primarily detects hydrometeors such as rain, hail, and snow. As a
result, tropospheric delay may be present in InSAR observations without a corresponding signal in NEXRAD
data, particularly under non‐precipitating conditions. Nonetheless, during the active phases of the precipitation
lifecycle, the two data sets tend to exhibit a high degree of correlation (Hanssen et al., 1999; Kinoshita
et al., 2013). To better understand the relationship between the weather radar reflectivity and interferometric
phase, we show in Figure 9a profile plot of NEXRAD reflectivity and InSAR phase over a region exhibiting a
distinct atmospheric pattern. The tropospheric phase delay observed in the interferogram (Figure 9a) exceeds 7.5
radians (∼14.2 cm), while the reflectivity in Figure 9c reaches nearly 40 dB. The profile plot shows that the peak
phase delay matches the weather radar peak reflectivity (Figure 9b). Precipitation rates derived from the NEX-
RAD measurements are up to 6 mm/hr. A detailed examination of interferogram T0431‐T0506 (Figure 9a) re-
veals that the same cloud feature was captured twice as it shifted during the time interval between the two SAR
acquisitions used to generate the interferogram. The cloud is first captured in the upper left corner displaying
phase in negative radian values (shown in blue colors) and appear again toward the upper center of the inter-
ferogram but here with positive phase (in red colors). The weather radar reflectivity measurements show com-
parable values. This same pattern is also visible in Figures 5, 6a and 6b (e.g., T0431‐T0535 and T0506‐T0535).
This illustration aids in understanding the connection between tropospheric phase delay and the presence of

Figure 8. Example of connected component (CC) mismatch. Maps shown from left to right are: (a) Interferogram for time
T05:35‐T0702, (b) NEXRAD weather radar mask for time T05:35, (c) extracted phase outlier mask for interferogram (a, d)
NEXRAD CC to be compared against feature (c, e) overlap between features (c, d).
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clouds, as well as the correlation with cloud‐water content. Furthermore, it provides insight on the impact of fast
moving wet‐troposphere and its effect on rapid repeated SAR measurements.

Additionally, detailed examination of the InSAR phase profile shows sharp peaks observed at approximately
pixel samples 6,400 and 8,000. These peaks likely correspond to detected WLC, since they are located near an
open water channel that feeds the wetlands and are located outside of the region impacted by wet tropospheric
delay, having no reflectivity or precipitation recorded. Using the phase outliers removed from Figure 6c, we
analyzed phase delay values by grouping them according to reflectivity ranges. Our findings indicate that for
reflectivity levels between 5 and 20 dB, corresponding to light precipitation, the most frequent phase delay values
range from 1 to 2 radians. In the 20–30 dB range, associated with moderate precipitation, the predominant phase
delay values fall between 3 and 3.5 radians. For higher reflectivity values of 30–40 dB, indicative of heavy
precipitation, the most common phase delay values range from 3.5 to 5.5 radians. While modeling and removing
the observed tropospheric delay may be desirable, it is particularly challenging for cases of study like the one
presented here in which the time series are very short, making it difficult to isolate a period with clean InSAR
phase measurements that could serve as a reliable reference. Additionally, the magnitude of the tropospheric
phase delay is often comparable to the expected water level changes in the region, complicating the separation of
atmospheric effects from actual surface changes. Compounding the issue, the study area is a wetland dominated
by emergent vegetation and is notoriously difficult to access. As a result, there are no reliable water level gauges
inside the wetland region to validate any atmospheric correction models. This remains an open question for future
work, perhaps over less dynamic regions. The work by Murray et al. (2019) provides a comprehensive review of
various methodologies and data sets available for correcting atmospheric phase delays. Although the authors
discussed the potential use of weather radar data, such as NEXRAD, they emphasize its limitation to United States
(U.S.) territories and its inability to directly detect tropospheric wet delay. Contrary to what the authors reported,
our results demonstrate a strong correlation between wet tropospheric features and InSAR phase delay (Figure 9).
Furthermore, while the NEXRAD system is only available for the U.S. territory, similar systems are available
around the globe, including the Canadian Weather Radar Network (CWRN), the United Kingdom Met Office
Radar Network, and the European Operational Program for the Exchange of Weather Radar Information, among
others. These findings, along with the feasibility of implementing the proposed approach in various countries,
suggest that incorporating weather radar data as a correction layer for InSAR can support detection of atmospheric
delays. This is particularly beneficial in regions with highly dynamic atmospheric conditions, where weather
models or GNSS data may lack sufficient temporal or spatial resolution (Murray et al., 2019).

6. Conclusions
We unequivocally demonstrated the impact of wet troposphere on InSAR phase measurements using corre-
sponding spatial patterns observed with the NEXRAD weather radar reflectivity and phase outliers. Our wet

Figure 9. InSAR and NEXRAD reflectivity profiles sample at the magenta dashed line location (b). Gray profile shows phase
in radians, orange profile reflectivity in decibels and blue precipitation rate in mm/hr. Maps (a, c) show the interferogram and
reflectivity at times T0431‐T0506, respectively.
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troposphere recognition method leveraged weather radar information to improve interpretation of InSAR phase
signals, and allows us to automatically identify and remove unreliable InSAR observations within an interfer-
ogram, with the potential to keep the information in reliable areas. This was demonstrated on a data set where the
phase change is due to WLC, a case in which large phase changes could easily be the real signal of interest.
Observed troposphere‐induced phase delays reach up to 25 radians for the example data shown, which translates
to approximately 47 cm of noise on a displacement or WLC signal. Identification of regions impacted by
tropospheric delay is thus critical when using L‐band InSAR measurement of surface elevation change. The
weather radar matching method was able to detect regions impacted by wet troposphere and mask them out,
reducing measurement errors without affecting measurements in unimpacted areas. A comparison against
weather model delay derived from GACOS, a standard method for InSAR atmospheric noise correction, showed
that it has insufficient temporal and spatial resolution to address wet troposphere phase delays, which can alter
much more quickly than is captured by the standard methods. While the method suggested in this work was
specifically developed for rapid‐repeat InSAR products, it can be used to identify phase delays due to wet
troposphere observed by other InSAR instruments, including the L‐band NISAR and ALOS2/4, and potentially
other frequency SARs (C‐band Sentinel‐1; X‐band TerraSAR‐X) also. Importantly, our approach provides an
additional layer of atmospheric information that will help improve InSAR estimations in cases where weather
models are unable to capture small‐scale atmospheric patterns. This is particularly important in coastal and
tropical areas where wet troposphere is common.
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