SPECIAL PROJECT PROGRESS REPORT

All the following mandatory information needs to be provided. The length should reflect the complexity and
duration of the project.

Reporting year 2026

Project Title: Simulations of different types of breezes and their
interactions.

Computer Project Account: spesyagu

Principal Investigator(s): Carlos Yagiie Anguis

Affiliation: University Complutense of Madrid

Name of ECMWEF scientist(s)
collaborating to the project

(if applicable)

Start date of the project: 01/01/2025

Expected end date: 31/12/2027

Computer resources allocated/used for the current year and the previous one
(if applicable)
Please answer for all project resources

Previous year Current year
Allocated Used Allocated Used
High Performance (units) | 10.400.000 |2.311.676 | 400.000 2.288.310
Computing Facility
Data storage capacity | (Gbytes) | 10000 10000 10000 10000
June 2026 This template is available at:

http://www.ecmwf.int/en/computing/access-computing-facilities/forms




Summary of project objectives (10 lines max)

This project aims to improve the simulation and understanding of thermally-driven mesoscale flows—
such as mountain, valley, coastal, and urban breezes— and their interactions with other atmospheric
processes. We use high-resolution numerical modelling with the Weather Research and Forecasting
(WRF) model combined with high-quality observational data from complex terrains in the Iberian
Peninsula and the French Pyrenees. The project focuses on how land-atmosphere interactions affect key
meteorological variables. It addresses model biases and improves the representation of surface
turbulence and energy exchanges. Special attention is given to urban effects, thermal comfort, air
quality, and the development of operational forecasting tools for thermally-driven flows.

Summary of problems encountered (10 lines max)

Achieving accurate model configurations that properly represent land-atmosphere interactions in
complex terrain and surface heterogeneity requires extensive testing. Selecting optimal land surface
models (LSMs), and planetary boundary layer (PBL) parameterizations is time-consuming and highly
case dependent. Other challenges include handling large observational datasets for model validation,
especially in coastal, mountainous, and urban areas with high microscale variability.

Summary of plans for the continuation of the project (10 lines max)

We plan to continue optimizing WRF model configurations through operational forecasting
simulations, additional sensitivity experiments, and validation with observational datasets. As part of
this work, the project also aims to advance the development of operational simulations to improve the
automation and validation of the model. In parallel, sensitivity experiments will focus on representative
case studies involving thermally-driven mesoscale flows, including events related to the urban heat
island, thermal comfort, and air quality, particularly in coastal and mountainous regions. Additionally,
WRF with turbulence-resolving capability based on a large-eddy simulation (LES) approach (WRF-
LES) will be implemented in selected domains to more accurately represent turbulence and microscale
flows.
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Summary of results

If submitted during the first project year, please summarise the results achieved during the period from the
project start to June of the current year. A few paragraphs might be sufficient. If submitted during the
second project year, this summary should be more detailed and cover the period from the project start. The
length, at most 8 pages, should reflect the complexity of the project. Alternatively, it could be replaced by a
short summary plus an existing scientific report on the project attached to this document. If submitted during
the third project year, please summarise the results achieved during the period from July of the previous
year to June of the current year. A few paragraphs might be sufficient.

Coastal Breezes and Thermal Comfort During Heatwaves in Southwestern Spain.

During the first year of the project, we consolidated and quality-checked several observational
datasets from the Gulf of Cadiz in southwestern Spain (Figure 1). Preliminary WRF model
simulations tested different domain nesting strategies, vertical resolutions, LSMs, and PBL schemes.
These experiments confirmed that the model is sensitive to soil moisture initialization and to the
choice of physical parameterizations.
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Figure 1: Study area and weather stations in the Gulf of Cadiz, southwestern Spain. The blue line shows an approximate
boundary separating the southern area, mainly influenced by easterly winds, from the northern area, where sea breezes
usually develop. This boundary can change depending on the atmospheric conditions of each event.

One of the main goals during this phase was to study how coastal breezes affect thermal comfort
during extreme heat events. In recent years, heatwaves have become more frequent and intense, with
the number of such events in Spain almost doubling (NUfiez Mora, 2021). In coastal regions, sea-land
breezes—caused by temperature differences between land and sea—can play an important role in
reducing high temperatures. This is particularly relevant in the southwest of the Iberian Peninsula,
where urban development is dense and nearly 60% of Spain’s population lives near the coast (de
Andrés et al., 2017). In these areas, thermal exposure varies greatly due to small-scale differences in
temperature, humidity, wind, and radiation, shaped by both natural features and urban structures.

To investigate the effect of coastal breezes on thermal comfort, we combined observational data from
weather stations with high-resolution WRF simulations that included the WRF-Comfort urban
module (Martilli et al., 2024). This setup allowed us to analyse how breezes influence thermal
conditions during heatwaves and to explore the interaction between mesoscale weather processes and
urban environments. Our findings show the value of combining mesoscale models and urban data to
better understand and manage the effects of climate extremes in cities.

To explore these interactions further, we studied two consecutive days in July 2024, one of which
occurred during a heatwave. Using WRF simulations with 1-km resolution, we examined how
temperatures evolved near several weather stations. In areas where the sea breeze developed, such as
near the La Jara station, temperatures dropped significantly in the afternoon instead of following the
usual bell-shaped pattern, showing a clear cooling effect (Figure 2).
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Figure 2: WRF simulation domain with 1 km resolution, showing the location of two weather stations. The plot displays
temperature data for two days in July 2024.

This drop was even more noticeable at urban points, where baseline temperatures were higher due to
urban heat, making them more sensitive to the breeze. In contrast, at stations further south like Puerto
Real, where easterly winds dominated, no breeze developed and temperatures remained high,
demonstrating strong spatial variation in the breeze’s influence.

We also evaluated thermal comfort using the Universal Thermal Climate Index (UTCI) at urban
locations, as shown in Figure 3. On the day before the heatwave, UTCI values decreased in the
afternoon when the breeze arrived, indicating better thermal comfort. However, on the heatwave day,
the WRF model showed a delayed arrival of the breeze, leading to higher UTCI values and poorer
comfort, even though observed data suggested milder conditions. This mismatch highlights the
importance of accurately modelling breeze dynamics in high-resolution simulations.
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Figure 3: Thermal comfort index (UTCI) and wind direction analysis at the urban points closest to the weather stations.
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In summary, coastal breezes can provide valuable cooling during extreme heat events, especially in
urban areas. However, their localized nature and the difficulty of capturing them accurately in models
present challenges. These results underline the need to improve the representation of local breezes in
weather models to better assess climate impacts and support effective heat adaptation strategies in
urban regions.

Looking ahead, part of our future work will focus on validating the vertical structure of coastal
breezes. Our research group regularly conducts radiosonde campaigns during breeze events to capture
vertical profiles of temperature, wind, and humidity. These observational datasets will be essential
for comparing and validating the model’s ability to simulate breeze development. So far, WRF
performs reasonably well in capturing the vertical structure of temperature and wind direction, both
before and during the breeze as shown in Figure 4. However, the model tends to underestimate wind
speed and specific humidity, particularly in the hours leading up to the breeze onset. Improving this
aspect will be key to enhancing model accuracy and understanding the physical processes involved
in breeze formation.
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Figure 4: Vertical profiles of temperature, wind speed, wind direction and specific humidity at the Puerto Real university
campus.

We are also working on improving the prediction of breeze events, which is especially useful for
planning field campaigns. In the Figure 5 shown, you can see the simulated and observed wind
direction and speed. The solid black lines represent observations, while the dashed lines show model
outputs from 3-day forecasts. Results indicate that even forecasts made one or two days in advance
tend to delay the onset of the breeze, consistent with what we observed in previous simulations. This
highlights the need for further improvements in short-term forecasting of mesoscale flows.
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Figure 5: Wind direction and wind speed from 3-day forecasts compared to observations at the La Jara weather station.
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Mountain Breezes in the city of Madrid

Meteorological conditions significantly influence the diurnal evolution of pollutants, particularly
through atmospheric dispersion processes. While many studies only link pollutant concentrations to
wind speed from conventional anemometers, fewer explore the role of turbulence variables, partly
due to the limited availability of suitable instruments in standard air-quality monitoring networks.

Apart from that, the city of Madrid is surrounded in the Northern sector by the Guadarrama Mountain
range and the Eastern uplands (see Figure 6). Among others, the interaction between the city and this
complex orography is far from been understood.

Figure 6: Orography surrounding the city of Madrid.

Our main focus is to analyze the relationship between NO2 concentrations and turbulence variables,
comparing it to the more traditional wind speed approach. Observational data from Madrid (winter
2020) were used.

Observations from several meteorological campaigns in different urban locations show the influence
of atmospheric processes throughout the diurnal cycle on NO3 levels. The highest concentrations
occur in the evening and early night in winter under fair weather, due to the stabilization of the
atmospheric boundary layer (ABL). However, especially during days characterized by high stability
NO: levels are highly sensitive to small changes in afternoon and evening wind speed and turbulence
(see Figure 7).
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Figure 7: Urban observations during a synoptically-stable period, from 19 to 24 February 2020: a) Wind speed (ms* with
colours of the symbols indicating the NO; concentration) and wind direction (° from North, blue line. Wind speed is
plotted with logarithmic y-axis, using 10-min data in the grey lines and a 1-h running mean in the coloured symbols
signal, for a better visualization.

These conditions are also characterized by the onset of nocturnal thermally-driven flows, which
significantly reduce pollutant concentrations in complex urban terrains like Madrid (Roman-Cascon
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et al., 2023). In Figure 7 we can observe that during the night of 20"-22"" of February of 2020,
nighttime NE winds reach Madrid after days with predominant stability, leading to a significant drop
in pollutant levels (especially NO:), which tends to accumulate under the preceding stable conditions
meteorological (almost no wind during the preceding afternoon-evening) and traffic emissions.
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Figure 8: WRF simulation of near-surface wind and observed NO: concentrations over the city of Madrid and its
surroundings for (a) 19:00 UTC on 22 February 2020 and (b) 02:00 UTC on 23 February 2020. Shaded relief represents
terrain height (m a.s.l.), while white vectors depict horizontal wind at 45 m above ground level (AGL). Coloured dots
indicate hourly NO2 measurements at air-quality stations, classified as: <25 pg m= (white), 25-50 pg m= (yellow), 50—
75 ug m™ (light orange), 75-100 pg m= (dark orange), 100-125 pg m= (red), and > 125 pg m= (maroon). The pale-
green circle marks the reference station used for NOy observations. Black contours trace major administrative boundaries,
and the dashed grey grid denotes latitudes and longitudes at 0.2° intervals.

We performed numerical simulations with WRF (including the Building Effect Parameterization,
BEP) to elucidate the mechanism responsible for the observed nocturnal wind regime. Preliminary
results (Figures 8 and 9) reveal pronounced wind-channeling along the lowlands situated between the
Guadarrama Mountain Range to the north-west of the city and the eastern uplands to the north-east
and east. Near the surface, the Jarama and Henares river valleys enhance this channeling, accelerating
the north-easterly flow that ultimately reaches the urban area. The impact on NOx concentrations
becomes evident when the wind field at 19:00 UTC—when the thermally driven circulation is only
beginning to develop—is compared with that at 02:00 UTC, by which time the flow is fully
established and penetrates the urban boundary layer.

Panels 9b and 9c illustrate daytime (panel b, calm conditions at 20:00 UTC on 21 February) and
nighttime (panel ¢, 02:00 UTC on 22 February) cross-sections along the transect. The nighttime
section displays the vertical structure of the thermally driven circulation: a well-defined easterly to
north-easterly component confined to roughly the lowest 300 m above ground level, capped by the
modelled planetary boundary-layer height.

These findings should be regarded as preliminary. A comprehensive, dedicated investigation
including higher-resolution numerical experiments, and a systematic sensitivity analysis is required
to fully unravel the complex wind regimes that emerge from the interplay of orography, land-use
heterogeneity, urban morphology, and valley circulations in and around the Madrid metropolitan area.
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Figure 9: (a) Geographic location of the cross-section analysed in panels (b—c). The red segment traces the transect axis,
while the blue dots mark its start/end points and the ETSII air-quality station. (b) WRF vertical transect at 20:00 UTC on
21 February 2020. Shading denotes simulated wind-speed magnitude (m s™') and black arrows give the horizontal wind
vectors. The dashed blue curve is the planetary-boundary-layer height (PBLH) diagnosed by the model; the grey area
corresponds to the underlying terrain. The filled circle at the surface shows the observed hourly NOyx concentration at
ETSII, coloured according to the same categories used in Fig. 8. (c) As in (b) but for 02:00 UTC on 22 February 2020.

Multiscale WRF simulations of nocturnal valley winds in the Aure Valley

To investigate the nocturnal down-valley winds that develop in the Aure Valley (central French
Pyrenees) and their transition towards the Lannemezan plateau, we performed a set of high-resolution
numerical simulations with the Weather Research and Forecasting model (WRF-ARW, v4.5.1). The
complexity of the terrain and the shallow, thermally driven nature of these flows demand both fine
horizontal resolution and a large number of vertical levels near the surface, which is the main driver
of the computational cost reported here.

The simulations follow a multiscale, one-way nesting strategy that bridges the synoptic forcing and
the valley-scale turbulent flow. A first mesoscale stage couples two domains at 5 km and 1 km
horizontal grid spacing (121 x 121 and 301 x 301 grid points, respectively), centred on the valley and
forced by ECMWEF-IFS analyses. This stage runs with conventional boundary-layer and surface
physics (MYNN PBL scheme, Noah land-surface model, Thompson microphysics and
RRTM/Dudhia radiation). The innermost domain, at 200 m grid spacing (81 x 146 grid points), is
then driven offline through the WRF ndown.exe procedure, switching off the boundary-layer
parameterisation and resolving turbulence explicitly with a 3-D sub-grid scheme. This domain uses
SRTM 1-arc-second topography to capture the narrow valley geometry that governs the channelled
flow.

Because the down-valley jet is confined to the lowest few hundred metres above ground, the vertical
grid is critical and represents the core of our sensitivity study. We carried out a series of experiments
that share identical domains and physics and differ only in the vertical discretisation: a baseline grid
of 60 levels, an intermediate grid of 80 levels, and a high-resolution grid of 90 levels with the first
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model level at 6 m and a gentle near-surface stretching. The finer grids place substantially more levels
within the lowest kilometre (increasing from 13 in the baseline grid to 25-35 in the refined ones),
improving the representation of the jet core and the surface temperature inversion, at the expense of
a markedly higher computational load.

The cost of these simulations is dominated by two factors. First, numerical stability over the steep
200 m terrain, combined with the thin near-surface layers, requires a short fixed time step of 0.4 s,
which considerably increases the number of integration steps for each simulated night. Second, the
increase from 60 to 90 vertical levels raises both the computational and the memory footprint of the
“’LES’’ domain. Each simulated case spans a full nocturnal cycle plus several hours previous and
after the formation of the flow to capture the establishment, development and decay of the nocturnal
circulation. Several cases and vertical-grid configurations were run, which motivates the requested
allocation.

All simulations are evaluated against the nocturnal radiosondes of the MOSAI campaign (Lohou et
al., 2025), comparing vertical profiles of wind speed, wind direction, temperature and water-vapour
mixing ratio, in order to identify the configuration that best reproduces the observed valley-wind
structure.

In Figure 10, a preliminary comparison between the observations gathered by the radiosoundings and
the closest model grid point is shown. Figure 11 contains 2 vertical transects at the valley exit that
show the 2D wind field at midday (13:00 UTC; left panel) and midnight (02:00: right pannel)
representing the upvalley and downvalley flows respectively and how the interact with the large scale
winds aloft.
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Figure 10. Vertical profiles of (rows) wind speed and wind direction corresponding to (columns) 20:00 23:00 and 05:00
UTC for the night between the 18th and 19th of August of 2023. Black lines correspond to the observations from the
radiosoundings, colored lines correspond to the 1 km domains and dashed lines to the 200 m ones. Blue shading in the
second row indicates the downvalley wind direction.
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Figure 11. Vertical transects of the wind at the Aure Valley exit around midday (left panel) and midnight (right panel)
corresponding to the night between the 18th and 19th of August of 2023. Arrows represent 2D wind direction and shading
indicates wind speed. Terrain is shown in brown colour. The plotted transect is indicated in the top right map in red
colour.
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