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Abstract

The extent and dynamics of the semi-permanent North Atlantic high-pressure system known as the
“Azores High” influence the weather and climatic patterns of the Azores Islands, affecting vast areas of
western Europe, northern Africa, and the Mediterranean Basin. Climate change is increasing the intensity
and frequency of extreme weather events in the Azores and globally. We have used atmospheric water
vapor data from GNSS and reanalysis products from an atmospheric general circulation model (MERRA-2)
to investigate the dynamics of weather fronts in the Azores, and to explore how extreme weather events
are affected by climate change. We have utilized new GNSS approaches to investigate small-scale
atmospheric structures with high temporal resolution, which have been cross-compared with a MERRA2-
based atmospheric reanalysis approach developed at MIT. Atmospheric studies are important for
understanding climatic changes in extreme weather and for mitigating weather-related hazards such as
torrential downpours and landslides for the Azoreans.

Plain language summary:

The extent and dynamics of the North Atlantic semi-persistent high-pressure system known as the “Azores
High” influence the weather and climatic patterns in the Azores Islands, western Europe, and beyond. The
frequency and intensity of extreme weather events in the Azores, and globally, are increasing due to
climate change. We have used atmospheric water vapor data from GNSS and reanalysis products from an
atmospheric general circulation model to investigate how extreme weather events in the Azores are
affected by climate change. This understanding is important for mitigating the impact of weather hazards
for the Azoreans.

Accomplishments:

This project helped us to explore how GNSS techniques can be utilized to probe small-scale atmospheric
structure. As a part of the project, we presented 5 posters in several international conferences [Brock et
al., 2023; Mondal et al., 202443, b; Mateus et al., 2024; Ramrajvel, 2025], trained UROP students Lucy Brock,
Beshr Islam, and Nathra Ramrajvel, and REU student Noah Harley. We also submitted one manuscript for
publication in Geophysical Research Letters, entitled “Major melting event on the Ross Ice Shelf, Antarctica,
connected with enhanced atmospheric turbulence.”



Interactions with the Portuguese collaborator(s):

Pls Mondal and Elosegui (MIT), Paine (Harvard & Smithsonian), and Mateus (University of Lisbon) have
been actively collaborating since the submission of this project. As a part of the ongoing collaboration, we
participated in the project (as collaborators), “GNSS Atmospheric TOmography: probing storms in a
warming climate (GATO),” which was awarded to our Portugal colleagues by the Portugal Science Ministry,
the Portuguese counterpart of the MIT Portugal Program. The collaboration is balanced, solid, and prolific,
and has great promise to flourish into a sound collaborative research program should further funding be
made available.
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«The agreement between PWV auto-correlations from GNSS and
MERRA-2 time series at the four GNSS locations highlights the com-
plementarity of both techniques for atmospheric probing of extreme
events.
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o Cumulative distribution functions (CDF) of GNSS and MERRA-2
demonstrate the sampled PWV probabilities are mutualy consistent.

* Using this combination of atmospheric observables, one can study the

atmospheric structure over small networks, such as in Terceira Isiand
[Fig. 2inset].
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Spatial variation of tropospheric delay

« Tropospheric delay variations between two locations (e.g. site 1 at r)
and site 2 at r + b can be calculated using the so-called structure-
function D
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Summary and future work

+ Comparison of GNSS PWV.
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« The results lay the groundwork for further integration of GNSS and
2 products, to investigate the impact of climate change in

the Azores and thus advance effective mitigation.
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Background and Motivation

* Extreme weather events are becoming more frequent and intense in
the Azores and globally due to climate change, highlighting the need
to better understand their causes for effective mitigation.

* GNSS data and atmospheric models like MERRA-2 offer complemen-
tary ways to study weather fronts [Fig. 1].
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Figure 1: (a) GNSS signal delays due to the neutral atmosphere which can be
used to sense weather (such as the movement of frontal systems). (b) Contin-
uously operating GNSS networks in the Azores archipelago and (inset) small-
scale, high-density GNSS network (under deployment) in Terceira island.

* A single GNSS site measures point precipitable water vapor (PWV)
along the zenith every few minutes, while a GNSS network captures
regional PWV variations, revealing atmospheric structure and dynam-
ics.

* MERRA-2 offers multidecadal reanalysis of aerosol and meteorological
data, including PWV, through a global data assimilation system.

* Combining PWV from a network of GNSS stations and MERRA-2 en-
ables high-resolution analysis of small-scale water vapor pattemns in the
atmosphere.

Data & Methods

« For this study, we used GNSS tropospheric products from the Nevada
Geodetic Laboratory (NGL) (from 2012-2019), and MERRA-2 gridded
products from the NASA website, for the year of 2017.

* We utilized the data from the continuously operating GNSS network
in the Azores to explore tropospheric delay variability, but only 4 sites
(i.e., VFDC, RAEG, AZGR, QEMD; see Fig. 1b) for comparisons with
MERRA-2.

* We calculate the PWV using *am" (atmospheric model) version 14.0
[Paine 2024).

* We calculate wet delay structure function and estimated structure con-
stant C?, to test whether the turbulence during extreme event can be
detectable using a network of GNSS.
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PWYV time-series

© PWV estimates from MERRA-2 using "am". The red vertical line on
2017 October 14 shows the timing of hurricane Ophelia [Fig. 2 inset]
that battered the Azores with high winds and heavy rainfall.

]: P | .\lll, I | N
| ts'u',m,wflrﬂ“‘l"“fff% |

‘W H‘{"h !

h
%

mt : mw i ok

Figure 2: PWV time-series from (blue) MERRA-2 for four GNSS sites over
2017 with (inset) a (red) PWV spike during hurricane Ophelia.
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Figure 3: Comparison of GNSS and MERRA-2 via PWV time series and per-

centage difference from at GNSS sites VFDC and RAEG over October 2017.

* The GNSS and MERRA-2 estimates show good agreement, as further
visualized by the percentage difference staying within 20 percent for
the majority of the data points.

« Noteably, the percentage difference is positive most of the time, indi-
cating the GNSS measurements are on average slightly higher.
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Spatial variation of tropospheric delay

* The zenith wet delay (zwd) variations between two sites (e.g., site 1 at
rand 2 atr + b) is calculated using the so-called structure-function D

D(b) = E [(i(r +b) - I(b))"] = o + C* (lb—’)

where b = b is the baseline length or distance between two stations,
[ a stochastic variable (here “zenith wet delay"), and E || the expected
value The structure-function can be modeled using a power law, where
o is a non-atmospheric variance, C* a structure constant, B a scale
length (in km), and « the power-law exponent (e.g., 2/3 according to
Kolmogorov turbulence theory).

Figure 4: (a) Multi-day C* estimates using non-overlapping, fixed-length time
windows from 3 to 14 days, with error bars on the (red circles) weekly esti-
mates, and (c) daily C estimates using overlapping (1-day step), variable-
length time windows from 3 to 14 days. (b) and (d) are the respective C*
estimate histograms, both showing a median C* of about 25.

Figure 5: 30-day running mean of C” estimates. Vertical bars indicate the
timing of the hurricanes in Azores archipelago.

Summary and future work

* Preliminary results show strong correspondence between GNSS and
MERRA-2 PWV, supporting better extreme weather analysis.

* GNSS-derived PWV-structure function can be used to study atmo-
spheric dynamics (further investigation needed).

* Results support combining GNSS and MERRA-2 to study climate
change impacts in the Azores.
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“ Motivation and objectives

belf (RIS), West Antarctica,
mel(lng in January 2016, a significant event since 1980 [Fig 1]
“The event was caused by basal and surface melting, the latter due to

-A fow nl\ndlts have indicated the existence of turbulent mixing of the
8. Huetal, (2019)).

*Here,

Figure I: (a) Total number of melt-days in Whlhumnmmlﬂluny
2016 from

Atmospheric turbulence on the Ross Ice Shelf, West Antarctica,,

during the January 2016 melting event
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A GNSS netwark samples the time.varying water vapar distribution
over a region thus probing into atmospheric structure and dynamics
| Nilsson et al., 2009).
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» Baseline length and height distribution

*The 13-station GNSS network results in 78 zenith-wet-delay pair-wise
combinations that are evenly distributed.

Baseline lengths range between 20 and 440 km |Fig. 6al.

*Height separatons between most (85%) station pairs are Jess than 35m
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* Atmospheric turbulence during melting event

+Wo eatimated ime-vaytng urbulence model parumters (e
and o) around the melting event using a fixed-length, variabl
kg window batch non inear Jeast 5quares, with window wids
ranging between 3 and 14 days and step size becween 1 day and the
‘windaw width [Figs. 7-8].
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