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| Background

Throughout the epidemiological literature, heat has been associated with impacts on health. In particular,
a non-linear association between temperature and mortality has been identified in time series studies,
specific to each geographic location with increases in the risk of mortality as temperatures rise above or
go below a specific threshold (Gasparrini et al., 2015; Masselot et al., 2023). When considering heat
wave episodes, studies have shown that extreme events have an even stronger impact on mortality (Guo
et al., 2017). Furthermore, a European study conducted to evaluate the impact of summer 2003 showed
that heat waves of high intensity and long duration had a greater effect on mortality (D’Ippoliti et al.,
2008).

Furthermore, during the warm season, exposure to high levels of pollution has significant impacts on the
human health, including increased hospital admissions and mortality for both total and specific chronic
conditions such as cardiovascular, respiratory, metabolic and neurologic diseases. In addition, stable
anticyclonic meteorological conditions favour the build-up of pollutants and the combined effect of
exposure to heat and air pollution has been associated with a further increased health impact (Anenberg
et al., 2020; Rai et al., 2023; Stafoggia et al., 2023; Parliari et al., 2024).

The epidemiological study carried out to estimate the synergistic effect of air pollution and extreme
temperatures on mortality during the warm season was carried put in T3.2. This work was functional for
the developed of combined environmental exposure (heat and air quality) health warning systems
developed in LIFE SIRIUS.

The guidance on heat—health action plans (HHAPs) published in 2008 by the World Health Organization
(WHO) Regional Office for Europe and most recent updated evidence published in 2021 stressed the key
role of heat—health warning systems (HHWS) in serving as information tools to identify and predict
weather conditions that may adversely affect health in a specific city (WHO, 2021). Studies have shown
how the introduction of HHWS and heat response plans have been shown to help reduce the health
burden of heat (de’'Donato et al., 2018). To date, there are limited health warnings that combine the effect
of environmental exposures. D3.2 will provide elements for the combined warning system developed in
LIFE SIRIUS.

2. Heat Health Warning Systems

Heat health warning systems are one of the core elements of a heat adaptation plans as defined by WHO
guidance (WHO, 2021). HHWS serve as tool on which prevention and emergency measures should be
modulated based on the severity of risks. They are different from a weather forecast of heat wave events
in that they identify temperatures that are harmful for health; specifically, in this case we consider the
association of temperatures to an increase in mortality looking at observed times series of temperature
and daily mortality data. Thresholds and levels of warning are set based on specific health risk thresholds
(increases in daily mortality) as described below.

Within the LIFE ASTI project, high spatial resolution HHWS were developed for Rome, lItaly and
Thessaloniki and Heraklion in Greece. In LIFE SIRIUS, a HHWW model was also developed for Nicosia,
Cyprus.
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2.1 Heat health warning system predictive model definition
The Tappmax threshold models are defined on the basis of the relationship between mortality and
Tappmax investigated through a city-specific Poisson regression model (Michelozzi et al. 2010). The
explicative variables included in the model are:

e holidays, month (May—August);

e the interaction between Tappmax and month;

e the number of consecutive hot days with Tappmax above the threshold (defined as the mean

temperature value corresponding to all days for which excess mortality was greater than 10%).

Maximum apparent temperature (Tappmax), an indicator that combines air temperature and humidity,
was selected as exposure variable to be included in the models and was calculated using the following
formula:

Tapp = -2.653 + 0.994Ta+0 0153(Td)?

where Ta and Td are the air and dew point temperatures °C, respectively. The maximum daily value
between 12:00-18:00 LST was then selected as daily exposure.

For each value of Tappmax, the model estimates the associated excess in daily mortality and, on the
basis of these results, defines monthly thresholds. Excess mortality is defined as the difference between
observed daily values and a baseline reference expected value. Baseline mortality is defined as the
average daily mortality by week and day of the week based on historical time series data (Thessaloniki,
Greece: 2013-2018; Rome, Italy: 2013-2018, Nicosia, Cyprus: 2005-2019). A generalized linear model
with a Poisson distribution was run:

log[E(Y;)] = a + tappmax; - month; + consecutiveqays.

where Y; is the number of deaths observed in the day i, tappmax; is the rounded value of apparent
maximum temperature, month; represents the month of observation, and consecutivedaysi is the count of

consecutive days exceeding the month specific threshold. For the variable consecutivedaysi it was decided
a priori to set a limit of eight.

Thresholds were set a priori to define two levels of risk.
o Alert—level 1: low (<20% excess in mortality)
e Alarm — level 2: high (=20% excess in mortality)

Threshold levels for warnings are then defined on the basis of the data as shown below in Figure 1,
yellow corresponds to an Alert — level 1 warning and orange corresponds to level 2 — Alarm warning.
Level 3 — heat wave warning is the third consecutive day of level 2, and it is not based on a higher risk in
mortality or temperature threshold. Details of the models for Rome and Thessaloniki have been produced
in the LIFE ASTI project and can be found in LIFE AST deliverables D6.1 and D6.2.

Figure 1 shows the model results for each city, including the threshold levels for warnings (level 1 and
level 2) and the number of consecutive days. These tables are integrated into the forecast model: if the
predicted Tappmax for a number of consecutive days exceeds the threshold and it corresponds to a
yellow box, a level 1 warning is issued. Similarly, if the forecasted Tappmax corresponds to an orange


https://lifeasti.eu/it/home-it/
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cell, a Level 2 warning will be triggered. A progressive increase in threshold levels by month was
observed due to acclimatization to heat as reported in the epidemiological literature in all three cities.

HHWW Warnings for each district/municipality are graded in the following manner: level 0 = no risk; level
1 = alert and readiness; level 2 = alarm; level 3 = heat wave.

Figure 1. Thresholds by month and Temperature values (rows) and number of consecutive days
(in columns) in Rome (A), Thessaloniki (B), Nicosia (C).
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3. Air pollution predictive model definition

Based on the epidemiological analysis carried out in T3.2, European air quality limits (respectively for
PM10 50 pg/m?® daily average and for Ozone 120 pg/m® maximum daily 8-hour mean) and distribution of
summer (May-September) values in the time series and number of days (Barberini et al. 2019) thresholds
were set to define the levels of warning for both PM10 and Ozone.

3.1 Rome model

The epidemiological analysis carried out in Task 3.2 showed a synergistic effect of temperature and air
pollution for Rome as shown as example in Table 1(a), in line with previous studies conducted in Rome
and ltalian cities (Stafoggia et al., 2023; Rai et al., 2023). A positive trend, with an increase in the percent
mortality variation from 3.2% to 18.55% from low to high levels of Ozone was observed. No significant
difference was observed in PM10 levels.

Table 1. Percent change in mortality due to increases in Tappmax between the 75th and 99th
percentile by levels of pollutants (defined as “Low”, “Medium”, and “High” based on 5th, 50th,
and 95th percentiles of pollutant summer distributions).

Low level (5%
percentile)

Medium level (50"
percentile)

High level (95t
percentile)

03 3.2% (C195%: 5.59-12.39)

15.5%(C195%: 9.90-20.59)

18.6%(C195%: 15.94-20.88)

PM10 | 20.6% (CI95%: 9.80-32.17)

25.9% (C195%:21.47-30.94)

21.6% (C195%:16.57-27.26)

The analysis of the distribution of PM10 and ozone concentrations in summer (May-September) in the
historical time series period of 2008-2018 was also evaluated to define thresholds and warning levels
(Figure 2a-b). During summer, the highest frequency of PM10 concentrations (60% of the days) was
between 25-40 ug/m3, while ozone registered concentrations between 100-120 pug/m?3 in 40% of the days.
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Figure 2a. Occurrence of PM10 concentration distribution during the summer months period 2008-2018.
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Figure 2b. Occurrence of Ozone concentration distribution during the summer months period 2008-2018.
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Considering all the above distributions and European Air Quality (EU AQ) standards, threshold values for
each pollutant and level of warning were defined. Level 3 corresponds to EU AQ limits or 3 consecutive
days of the previous level 2 threshold for PM10. While for Ozone, as we are considering only summer
values, the EU AQ limit itself is the threshold for level 2.

Table 2. Rome graded level of warning thresholds for daily mean PM10 concentrations and for
maximum daily 8-hour moving average O3.

Warning Thresholds PM10 | Thresholds O3 pg/m?®
pg/m®

level 0 <=25 <=100

level 1 >25 <=35 >100 <120

level 2 35.1-50 >=120.1-140

level 3 >50 or > 35 for 3 or > 140 or >120 for 3 or
more consecutive days | more consecutive days




For each day, the AQ warning level was determined by selecting the highest warning level between PM10
and Ozone. This value was then used together with the HHWS to define the combined warning level of

the area.

3.2 Thessaloniki model

The epidemiological analysis carried out in T3.2 illustrated the potential synergistic effect between
temperatures and air pollutants at low, medium and high concentrations for Thessaloniki which was taken
into account for the development of combine health warnings.

The analysis of the distribution of PM10 and Ozone concentrations in summer (May-September) in the
historical time series period of 2006-2018 was also evaluated to define thresholds and warning levels
(Figure 3 a-b). During summer, the highest frequency of PM10 concentrations was between 20-40 ug/ms,
while Ozone ranged between 90-110 ug/m?

Figure 3a. Occurrence of PM10 concentrations distributions during summer period 2006 -2016
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Figure 3b. Occurrence of Ozone concentration distributions during summer period 2006 -2016
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Considering all the above distributions and EU AQ standards, threshold values for each pollutant and
level of warning were defined. Level 3 corresponds to EU AQ limits or 3 consecutive days of the previous



level 2 threshold for PM10. As for Rome, the EU AQ limit itself serves as the level 2 threshold for Ozone,
and for each day the AQ warning level was determined by selecting the highest warning level between
PM10 and Ozone. This value was then used together with the HHWS to define the combined warning
level of the area.

Table 4. Thessaloniki Graded level of warning thresholds for daily mean PM10 concentrations and
for maximum daily 8-hour moving average O3.

Warning Thresholds PM10 | Thresholds O3 pg/m?
pg/m?®

level 0 <=29 <=95

level 1 >29 - <=41 >95-<120

level 2 >41.1-50 >=120.1 —140

level 3 >50 or > 41.1 for 3 or >140 or >= 120 for 3 or
more consecutive days | more consecutive days

3.3 Nicosia model

The epidemiological analysis carried out in T3.2 illustrated the potential synergistic effect between
temperatures and air pollutants at low medium and high concentrations for Nicosia which was taken into
account for the development of combine health warnings.

Figure 3a. Occurrence of PM10 concentrations distribution during summer period 2005-2019
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Figure 3b. Occurrence of ozone concentration distribution during summer period 2005 -2019
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The analysis of the distribution of PM10 and ozone concentrations in summer (May-September) in the
historical time series period of 2005-2019 was also evaluated to define thresholds and warning levels
(Figure 3). During summer, the highest frequency of Ozone and PM10 concentrations was between 32-40
pg/m3 and 70-90 ug/m3, respectively.

Considering all the above distributions and EU AQ standards, threshold values for each pollutant and
level of warning were defined. Also in this case, level 3 corresponds to EU AQ limits or 3 consecutive
days of the previous level (level 2) threshold for PM10, while , the EU AQ limit itself serves as the level 2
threshold for Ozone.

Table 4. Nicosia Graded level of warning thresholds for daily mean PM10 concentrations and for
maximum daily 8-hour moving average O3.

Warning Thresholds PM10 | Thresholds O3 pg/m?
pg/m?®

level 0 <=37 <=85

level 1 >37.1<48 >85 <100

level 2 >=48.1 -50 >=100-120

level 3 >50 or >=48.1 for 3
or more consecutive | >120 or > 100 for 3 or
days more consecutive days

As done for the other cities, the AQ warning level was determined by selecting the highest warning level
between PM10 and Ozone. This value was then combined with HHWS to define the overall warning level
for the area.
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4. Combined heat, air pollution and health warning system

The results of the two warning systems—HHWS and AQ warning levels—described above are combined
using the matrix below to generate the final combined warning.

High-resolution weather and air pollution forecast data from the SIRIUS modelling system, developed in
Deliverable D3.1, are used daily for each city. These forecasts have a lead time of 3 days and a
horizontal resolution of 250 meters, allowing for detailed predictions at the district level.

For each city, an automated script has been developed and integrated into the forecasting workflow to
generate HHWS predictions. The output of the combined model will be made available on the SIRIUS
website: https://sirius.devav.gr/.

Table 5. Matrix used to combine HHWS and AQ warnings.

HHW level

QA level

The combined warnings for each district/municipality are graded as follows:

e Level 0 = No risk

e Level 1 = Readiness
e Level 2 =Alarm

e Level 3 = Health risk

As an example, the Python script used to generate the combined warnings in Thessaloniki is described in
detail (include the code listing) in Annex 1.
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A.1 Thessaloniki’s daily HHWS forecast generator

The Python script “KASTOM-HHWS_ Municipality CSV_Thes.py” implements the HHWS Generator
tailored for the municipalities of Thessaloniki. The code integrates meteorological (apparent temperature,
TAPP) and air quality (PM;, and O3) forecast data from the operational LIFE-SIRIUS modelling system to
compute daily heat—health—warning levels for each municipality.

It uses municipality-specific spatial weighting strategies to extract grid-based model data, performs daily
aggregation and computes:

— heat Health Warning (HHW) levels;
— air Quality (QA) warning levels;
— the combined HHWS levels.

Each calculation accounts for:

— the spatial resolution of the forecast grid;
— historical data for the past 8 days (temperature) and 3 days (air pollutants);
— adaptive strategies for handling small or irregularly shaped municipalities.

The final outputs are stored as CSV files containing daily and detailed HHWS data per municipality.

A.1.1 Functional description
Main features

— Loads municipality shapefiles and aligns them with the model grid.

— Reads NetCDF files containing forecasts for apparent temperature (TAPP), PM,,, and Os.
— Calculates daily maximum TAPP and daily mean PM,, / O; per municipality.

— Determines HHW levels using Thessaloniki-specific thresholds and consecutive hot days.
— Determines QA levels using air quality thresholds and pollutant persistence.

— Combines HHW and QA levels using a warning matrix to derive the final HHWS level.

— Generates summary and detailed CSV reports per forecast period.

Municipality Weighting Strategies

Depending on size and geometry, the following spatial aggregation strategies are used:
Nearest Neighbour

— Adaptive Hybrid (combining buffer zones and area overlap)

Distance-weighted interpolation

Historical Data Integration

For each municipality, the code retrieves and interpolates historical forecast data (TAPP, PM 44, O3) from
operational folders up to 8 days back for temperature and 3 days back for air pollutants, to ensure
accurate identification of persistent heat or pollution episodes.
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A.1.2 Usage
The script can be executed from the command line as follows:

python3 KASTOM-HHWS_Municipality CSV_Thes.py \
-DM 03\
-insuffix /mnt/ops/lap_ops/data/SIRIUS OUT/netcdf \
-sy 2024 -sm 07 -sd 01\
-ey 2024 -em 07 -ed 03\
-odir /mnt/ops/lap_ops/data/SIRIUS_OUT/HHWS_CSV/Thessaloniki \

-v

Argument Description

-DM Model domain (only 03 supported —
Thessaloniki)

-insuffix Path to the input NetCDF directory

-sy, -sm, -sd Start date (year, month, day)

-ey, -em, -ed End date (year, month, day)

-odir Output directory for CSV files

-V Enables verbose mode with detailed logging

A.1.3 Usage Example Output Structure

Municip | Date Avg Te | Max_Tem | Avg PM10_u | Avg_ O3 u | HHW_L | QA_Le | HHWS_ L
ality mp_C p C gm3 gm3 evel vel evel

A 2024- | 29.1 35.3 42.5 118.0 2 1 2
Anuotik | 07-01
A
Koivotnt
a

A 2024- | 28.4 34.9 40.2 122.0 2 2 3
Anuotik | 07-01
A
Koivotnt
a

A.1.4 Code listing

The full source code implementing this process for Thessaloniki is provided below. It includes all data
handling, spatial aggregation, and calculation logic used in the LIFE-SIRIUS operational system.

#!/usr/bin/env python3
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Daily HHWS Forecast Generator with Municipality-Specific HHWS Calculation
Creates daily summaries for each forecast day (3-day outlook)

Includes municipality-specific HHWS calculation with historical data lookup
import os

import sys

import glob

import argparse

import datetime

import pandas as pd

import numpy as np

import netCDF4

import geopandas as gpd

from shapely.geometry import Point, box

import pyproj

from pyproj import Transformer

from scipy.interpolate import RegularGridinterpolator

import warnings

warnings.filterwarnings('ignore')

class DailyHHWSProcessor:

"""HHWS processor that creates daily forecast summaries with municipality-specific HHWS
calculation"™"

def __init__ (self, shapefile_path=None):

if shapefile_path is None:
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self.shapefile_path = "/mnt/ops/lap_ops/software/ATMOS-
LAP_OPERATIONAL/operational_v20240724/CAMXx/scripts/Post_scripts/Thessaloniki_shape_files/thess
aloniki_municipalities.shp"

else:

self.shapefile_path = shapefile_path

self.municipalities = None

self.grid_resolution = None

# Strategy assignments based on previous analysis
self.municipality_strategies = {
"A' AHMOTIKH KOINOTHTA": "adaptive_hybrid",
"B' AHMOTIKH KOINOTHTA": "adaptive_hybrid",
"I" AHMOTIKH KOINOTHTA": "adaptive_hybrid",
"A' AHMOTIKH KOINOTHTA": "adaptive_hybrid",
"E' AHMOTIKH KOINOTHTA": "adaptive_hybrid",

"AHMOTIKH ENOTHTA TPIANAPIAY": "nearest_neighbor"

# Municipality-specific historical data storage

self.municipality _historical_data = {}

def convert_time_to_date(self, time_obj):

"""Convert cftime or datetime object to date, handling both types
try:

# Try regular datetime first

return time_obj.date()
except AttributeError:

# Handle cftime objects
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return datetime.date(time_obj.year, time_obj.month, time_obj.day)

def align_tapp_data_with_forecast(self, tapp_data, tapp_times, forecast_times, tapp_lats, tapp_lons,
forecast _lats, forecast_lons):

""Align TAPP data with forecast timeframe and grid™"

print(f"  Aligning TAPP data: {tapp_data.shape} -> forecast grid: {forecast_lats.shape}")

# Find time indices that match the forecast period
forecast_start = self.convert_time_to_date(forecast_times[0])

forecast_end = self.convert_time_to_date(forecast_times[-1])

aligned_indices =]

for i, tapp_time in enumerate(tapp_times):
tapp_date = self.convert_time_to_date(tapp_time)
if forecast_start <= tapp_date <= forecast_end:

aligned_indices.append(i)
if len(aligned_indices) == 0:

print(f"  No TAPP time overlap with forecast period")

return None
print(f"  Found {len(aligned_indices)} overlapping TAPP time steps")

# Extract time-aligned TAPP data

tapp_aligned = tapp_data[aligned_indices, :, :]

# Check if we need spatial interpolation (different grid sizes)

if tapp_aligned.shape[1:] |= forecast_lats.shape:



print(f*  TAPP grid {tapp_aligned.shape[1:]} |= forecast grid {forecast_lats.shape}")

print(f" Interpolating high-resolution TAPP to forecast grid for municipality-specific values™)

# Use scipy interpolation to properly resample TAPP to forecast grid

from scipy.interpolate import RegularGridinterpolator

nt = tapp_aligned.shape[0]
ny, nx = forecast_lats.shape

tapp_interpolated = np.zeros((nt, ny, nx))

# Create coordinate grids for interpolation
tapp_ny, tapp_nx = tapp_aligned.shape[1:]
tapp_y_coords = np.linspace(0, 1, tapp_ny)

tapp_x_coords = np.linspace(0, 1, tapp_nx)

forecast_y_coords = np.linspace(0, 1, ny)

forecast_x_coords = np.linspace(0, 1, nx)

# Create meshgrid for target coordinates
forecast_yy, forecast_xx = np.meshgrid(forecast_y coords, forecast_x_coords, indexing='"ij')

target_coords = np.stack([forecast_yy.ravel(), forecast_xx.ravel()], axis=1)

for t in range(nt):
# Create interpolator for this time step
interpolator = RegularGridinterpolator(
(tapp_y_coords, tapp_x_coords),
tapp_alignedlt, :, 1],

method='linear’,
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bounds_error=False,

fill_value=np.nan

# Interpolate to forecast grid
interpolated_values = interpolator(target_coords)

tapp_interpolated]t, :, :] = interpolated_values.reshape(ny, nx)

# Fill any NaN values with nearest neighbor
if np.any(np.isnan(tapp_interpolatedl[t, :, :])):
mask = np.isnan(tapp_interpolatedlt, :, :])

tapp_interpolated[t, mask] = np.nanmean(tapp_interpolated][t, :, :])

print(f"  Interpolated TAPP data to forecast grid")

print(f" TAPP range: {np.nanmin(tapp_interpolated):.1f} to
{np.nanmax(tapp_interpolated):.1f}°C")

return tapp_interpolated
else:
# Grids match, use directly

return tapp_aligned

def get_historical_values_for_date(self, historical_data, current_date, variable, days_back=8):
"""Get historical values for a specific variable going back specified days"""
current_date_obj = pd.to_datetime(current_date)

values =[]

dates =[]



foriinrange(1, days_back + 1):
hist_date = (current_date_obj - pd.Timedelta(days=i)).strftime('%Y-%m-%d")
if hist_date in historical_data:
values.append(historical_data[hist_date].get(variable, 0))
dates.append(hist_date)
else:
values.append(None) # No data available

dates.append(hist_date)
return values, dates

def get_hhw_thresholds(self):
"""Heat Health Warning thresholds for Thessaloniki by month""
# May thresholds to be used for other months
may_thresholds = [
(22.3,27,[0,1, 1, 2, 2, 2, 2, 2]), #temp_threshold, tappmax, levels by consecutive days 1-8

(None, 28,10,1,1,1,2,2,2,2)])

return {
1: may_thresholds, # January - use May thresholds
2: may_thresholds, # February - use May thresholds

3: may_thresholds, # March - use May thresholds

4: may_thresholds, # April - use May thresholds
5: may_thresholds, # May - original thresholds
6: [ #June

(28.3,31,[0,1,1,1,1, 2, 2, 2]),

(None, 32,10, 1,1,1,1,1, 2, 2]),
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(28.3,33,[0,1,1,1,1,1,1,2])

7:[ #July
(31.0,32,[0,1,1,1,1, 1,1, 2)]),
(31.0,33,[0,1,1,1,1,1,1, 1)),

(None, 34,10, 1,1,1,1,1,1,1])

8: [ # August
(31.0,32,[0,1,1,1,1,1, 1, 2)]),
(None, 33,[0,1,1,1,1,1,1,1]),

(None, 34,[0,1,1,1,1,1,1,1])

9: [ # September
(25.9,28,[0,1,1,2,2,2,2,2)]),
(None, 29,[0,1,1,1, 2,2, 2, 2]),
(None, 30,[0,1,1,1,1,2,2,2])
1,
10: may_thresholds, # October - use May thresholds
11: may_thresholds, # November - use May thresholds

12: may_thresholds # December - use May thresholds

def get_qa_thresholds(self):
""Air Quality thresholds for Thessaloniki""
return {
'PM10" {
0: (0, 27.3),

1:(27.3, 41.2),



2: (41.2, 50),

3: (50, float('inf'))
2
'03": {

0: (0, 100),

1: (100, 120),

2: (120, 147.1),

3: (147 .1, float('inf"))

def get_combined_warning_matrix(self):
"""Combined HHW and QA warning matrix"""
return [
[0, 0, 1,2], #HHW level O
[0, 1,1, 2], #HHW level 1
[1,1,2,3], #HHW level 2

[2,2,3,3] #HHW level 3

def load_municipality_historical_data_from_folders(self, current_date, domain, municipality_name,
weights, x_coords, y_coords, days_back=8):

"""Load municipality-specific historical data from previous forecast folders""
historical_data = {}
base path = "/mnt/ops/lap_ops/data/LIFE_ASTI_OUT/netcdf"

kastom_base = "/mnt/ops/lap_ops/data/lKASTOM_OUT/netcdf"

current_date_obj = pd.to_datetime(current_date)
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print(f"  Loading historical data for {municipality_name} (up to {days_back} days back)...")

foriin range(1, days_back + 1):
hist_date = current_date_obj - pd.Timedelta(days=i)

hist_date_str = hist_date.strftime('%Y-%m-%d")

# Find which folder contains this historical date

found_data = False

# Check folders from the historical date backwards (up to 3 days before hist_date)
for folder_offset in range(3):
folder_date = hist_date - pd.Timedelta(days=folder_offset)

folder_name = folder_date.strftime('%Y %m%d')

# TAPP from LIFE_ASTI_OUT
products_path = os.path.join(base_path, folder_name, "Products")
# KASTOM from KASTOM_OUT

kastom_folder = os.path.join(kastom_base, folder_name)

if not os.path.exists(products_path) or not os.path.exists(kastom_folder):

continue

# Look for TAPP files

hist_date formatted = hist_date.strftime('%d-%m-%Y")
tapp_files =]

for days_ahead in range(1, 6):

end_date_try = hist_date + pd.Timedelta(days=days_ahead)



end_formatted = end_date_try.strftime('%d-%m-%Y")

tapp_pattern =
f"{products_path}/Products_ TAPP_d{domain} {hist date formatted} {end_formatted}.nc"

potential_files = glob.glob(tapp_pattern)
if potential_files:
tapp_files = potential_files

break

if not tapp_files:
tapp_pattern = f"{products_path}/Products_ TAPP_d{domain} {hist_date formatted} *.nc"

tapp_files = glob.glob(tapp_pattern)

# Look for PM10 and O3 files
pm10_pattern = f"{kastom_folder}/Raw_PM10_d{domain}_*{hist_date_str}*.nc"

pm10_files = glob.glob(pm10_pattern)

03_pattern = f'{kastom_folder}/Raw_0O3_d{domain} *{hist_date_str}*.nc"

03_files = glob.glob(o3_pattern)

if tapp_files and pm10_files and 03 _files:
try:
# Load apparent temperature data
with netCDF4.Dataset(tapp_files[0], 'r') as nc:
tapp_data = nc.variables[TAPP'][;, :, 1]
tapp_lats = nc.variables['lat'][:, :]
tapp_lons = nc.variables['lon'][:, :]

times = netCDF4.num2date(nc.variables['time'][:], nc.variables['time"].units)



# Load PM10 data
with netCDF4.Dataset(pm10_files[0], 'r') as nc:

pm10_data = nc.variables['PM10"[;, :, :]

# Load O3 data
with netCDF4.Dataset(o3_files[0], 'r') as nc:

03_data = nc.variables['O3'][, :, ]

# Align TAPP data if needed
if tapp_data.shape[1:] |= pm10_data.shape[1:]:
# Need to interpolate TAPP to PM10/03 grid
aligned_tapp = self.interpolate_tapp_to_grid(tapp_data, tapp_lats, tapp_lons,
pm10_data.shape[1:], x_coords, y_coords)
else:

aligned_tapp = tapp_data

# Find the time index for our target date
target_indices =[]
for t_idx, time_step in enumerate(times):
time_date = self.convert_time_to_date(time_step)
target_date = hist_date.date()
if time_date == target_date:

target_indices.append(t_idx)

if target_indices:
# Calculate municipality-specific daily values using weights
daily_tapp_values =]

daily_pm10_values =[]
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daily_o3 values =]

for t_idx in target_indices:
tapp_weighted = self.calculate_municipality weighted_average(
aligned_tappl[t_idx:t_idx+1, :, :], weights)
pm10_weighted = self.calculate_municipality_weighted_average(
pm10_data[t_idx:t_idx+1, :, :], weights)
03 _weighted = self.calculate_municipality weighted_average(

03_data[t_idx:t_idx+1, :, :], weights)

daily_tapp_values.append(tapp_weighted[0])
daily_pm10_values.append(pm10_weighted[0])

daily_o3_values.append(o3_weighted[0])

# Get daily maximum for TAPP and daily average for pollutants
daily_tappmax = np.max(daily_tapp_values)
daily_pm10_avg = np.mean(daily_pm10_values)

daily_03_avg = np.mean(daily_o3_values)

historical_data[hist_date_str] = {
'tappmax’: float(daily_tappmax),
'om10'": float(daily_pm10_avg),

'03": float(daily_o3_avg)

print(f" Found data for {hist_date_str}: TappMax={daily_tappmax:.1f}°C,
PM10={daily_pm10_avg:.1f}, O3={daily_o3_avg:.1f}")

found_data = True
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break

except Exception as e:
print(f" Error loading data for {hist_date_str} from {products_path}: {e}")

continue

if not found_data:

print(f" No data found for {hist_date_str}")

print(f"  Loaded municipality-specific historical data for {len(historical_data)} days")

return historical_data

def interpolate_tapp_to_grid(self, tapp_data, tapp_lats, tapp_lons, target_shape, target_x_coords,
target_y_coords):

"""Interpolate TAPP data to match PM10/03 grid if needed"™"
try:

# If shapes already match, return original data

if tapp_data.shape[1:] == target_shape:

return tapp_data
print(f"  Interpolating TAPP historical data: {tapp_data.shape[1:]} -> {target_shape}")
# Use the same interpolation method as in align_tapp_data_with_forecast
nt = tapp_data.shape[0]
ny, nx = target_shape

tapp_interpolated = np.zeros((nt, ny, nx))

# Create coordinate grids for interpolation



tapp_ny, tapp_nx = tapp_data.shape[1:]
tapp_y_coords = np.linspace(0, 1, tapp_ny)

tapp_x_coords = np.linspace(0, 1, tapp_nx)

target_y_coords = np.linspace(0, 1, ny)

target_x_coords = np.linspace(0, 1, nx)

# Create meshgrid for target coordinates
target_yy, target_xx = np.meshgrid(target_y coords, target_x_coords, indexing='ij")

target_coords = np.stack([target_yy.ravel(), target_xx.ravel()], axis=1)

for t in range(nt):
# Create interpolator for this time step
interpolator = RegularGridinterpolator(
(tapp_y_coords, tapp_x_coords),
tapp_datalt, :, 1,
method="linear’,
bounds_error=False,

fill_value=np.nan

# Interpolate to target grid
interpolated_values = interpolator(target_coords)

tapp_interpolated[t, :, :] = interpolated_values.reshape(ny, nx)

# Fill any NaN values with nearest neighbor
if np.any(np.isnan(tapp_interpolated][t, :, :])):

mask = np.isnan(tapp_interpolatedlt, :, :])
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tapp_interpolated[t, mask] = np.nanmean(tapp_interpolated][t, :, :])

print(f"  Interpolated historical TAPP data successfully")

return tapp_interpolated

except Exception as e:
print(f" Error interpolating TAPP data, using original: {e}")

return tapp_data

def count_consecutive _days(self, history, current_date, variable, threshold, comparison=">="):
"""Count consecutive days above/below threshold using available data
NOTE: This counts PREVIOUS days only, not including the current day being forecast™"
consecutive_count=0

current_date_obj = pd.to_datetime(current_date)

print(f" Counting consecutive {variable} days from {current_date}")

print(f" Threshold: {variable} {comparison} {threshold}")

foriinrange(1, 9): # Check up to 8 previous days (not including current)

check_date = (current_date_obj - pd.Timedelta(days=i)).strftime('%Y-%m-%d")

if check_date not in history:
print(f" No data for {check_date} - breaking consecutive chain")

break

value = history[check_date].get(variable, 0)



condition_met = False

if comparison == ">=" and value >= threshold:
condition_met = True

elif comparison == '>' and value > threshold:
condition_met = True

elif comparison == '<=' and value <= threshold:
condition_met = True

elif comparison == '<' and value < threshold:

condition_met = True

if condition_met:

consecutive_count += 1

print(f" {check_date}: {variable}={value:.1f} {comparison} {threshold} —
Count={consecutive_count}")

else:
print(f" {check_date}: {variable}={value:.1f} NOT {comparison} {threshold} — Breaking
chain")
break
print(f" Total consecutive {variable} days: {consecutive_count}")

return consecutive_count

def calculate_hhw_level(self, tappmax, month, consecutive_days, thresholds):

"""Calculate Heat Health Warning level""

print(f" calculate_hhw_level: TappMax={tappmax:.1f}°C, Month={month},
Consecutive={consecutive_days}")

if month not in thresholds:

print(f" Month {month} not in thresholds")
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return O

month_thresholds = thresholds[month]

print(f" Month {month} thresholds: {month_thresholds}")

for i, threshold_entry in enumerate(month_thresholds):

threshold_temp, tappmax_val, levels = threshold_entry

print(f" Testing threshold {i+1}: temp_thresh={threshold_temp},
tappmax_thresh={tappmax_val}")

if tappmax >= tappmax_val:

print(f" TappMax {tappmax:.1f} >= {tappmax_val}")

if threshold_temp is not None and tappmax < threshold_temp:

print(f" TappMax {tappmax:.1f} < temp_threshold {threshold_temp}")
continue

else:
print(f" Temperature threshold check passed")

# Calculate days index: consecutive_days represents PREVIOUS days above threshold
# levels[0] = 1st day above threshold, levels[1] = 2nd consecutive day, etc.

days_idx = min(consecutive_days, 7)

level = levels[days_idx]

print(f" Days index: {days_idx} (consecutive_days={consecutive_days}), Level: {level}")

if level == 2 and consecutive_days >= 2: # Level 2 + 3+ total consecutive days
print(f" Level 2 + 3+ consecutive days — Level 3")

return 3



print(f" Returning HHW Level: {level}")
return level
else:
print(f" TappMax {tappmax:.1f} < {tappmax_val}")
print(f" No thresholds met — Level 0")
return O

def calculate_qa_level(self, pm10, 03, consecutive_pm10_days, consecutive_03_days,
ga_thresholds):

""Calculate Air Quality warning level™"
pm10_level =0

03 level =0

# Calculate PM10 level
for level, (min_val, max_val) in ga_thresholds['PM10".items():
if min_val < pm10 <= max_val:
pm10_level = level

break

# Check for PM10 consecutive days rule (level 3: >41.2 for 3+ days)
if pm10 > 41.2 and consecutive_pm10_days >= 3:

pm10_level =3

# Calculate O3 level
for level, (min_val, max_val) in ga_thresholds['O3"].items():

if min_val < 03 <= max_val:
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03 _level = level

break

# Check for O3 consecutive days rule (level 3: >120 for 3+ days)
if 03 > 120 and consecutive_o03_days >= 3:

o3 level=3
return max(pm10_level, 03 _level)

def calculate_combined_hhws_level(self, hhw_level, qa_level, matrix):

"""Calculate combined HHWS level using the warning matrix

return matrix[hhw_level][ga_level]

def calculate_municipality_hhws_for_timeframe(self, municipality_name, temp_time_series,
pm10_time_series, 03 _time_series, times, historical_data):

"""Calculate municipality-specific HHWS levels for all time steps"™"
hhw_thresholds = self.get_hhw_thresholds()
ga_thresholds = self.get_qga_thresholds()

warning_matrix = self.get_combined_warning_matrix()

# Arrays to store results
hhw_levels = np.zeros(len(times))
ga_levels = np.zeros(len(times))

hhws_levels = np.zeros(len(times))

# Array to store detailed calculation information

detailed_data =]
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print(f"  Calculating municipality-specific HHWS levels for {municipality_name}...")

for i, current_time in enumerate(times):
current_date = current_time.strftime('%Y-%m-%d")

current_month = current_time.month

# Get current municipality-specific values
tappmax = temp_time_series[i] # Already municipality-specific daily max
pm10 = pm10_time_series[i] # Already municipality-specific daily average

03 = 03_time_series|i] # Already municipality-specific daily average

# Count consecutive days for heat (8 days back)
# Use the LOWEST TappMax threshold for consecutive day counting
consecutive_heat_days =0
heat_threshold_used =0
if current_month in hhw_thresholds and len(hhw_thresholds[current_month]) > 0:
# Find the lowest TappMax threshold for consecutive day counting
min_tappmax = min([threshold[1] for threshold in hhw_thresholds[current_month]])

heat_threshold_used = min_tappmax

# Debug: Show what's in historical_data before counting
print(f" Historical data available: {list(historical_data.keys())}")
for date, data in historical_data.items():

print(f" {date}: TappMax={data.get('tappmax’, 'N/A"):.1f}°C")

consecutive_heat_days = self.count_consecutive_days(

historical_data, current_date, 'tappmax’, heat_threshold_used, >='
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# CRITICAL FIX: If current day also meets threshold, add 1 to consecutive count
# This ensures that consecutive days accumulate properly across forecast days

if tappmax >= heat_threshold_used:

print(f" Current day TappMax {tappmax:.1f}°C 2 {heat_threshold_used}°C — Adding 1
to consecutive count")

consecutive_heat_days += 1

else:

print(f" Current day TappMax {tappmax:.1f}°C < {heat_threshold_used}°C — No
addition to consecutive count")

# Debug output for troubleshooting

print(f" Debug - TappMax: {tappmax:.1f}°C, Month: {current_month}")
print(f" Heat threshold used for consecutive: {heat_threshold_used}°C")
print(f" Total consecutive heat days (including current): {consecutive_heat_days}")

if current_month in hhw_thresholds:

print(f" Available thresholds: {hhw_thresholds[current_month]}")
else:
print(f" No thresholds found for month {current_month}")

# Count consecutive days for pollutants (3 days back)

consecutive_pm10_days = self.count_consecutive_days(historical_data, current_date, 'pm10’,
41.2,'>")

consecutive_03_days = self.count_consecutive days(historical_data, current_date, '03', 120, >")

# Calculate warning levels

hhw_level = self.calculate_hhw_level(tappmax, current_month, consecutive_heat_days,
hhw_thresholds)



ga_level = self.calculate_ga_level(pm10, 03, consecutive_pm10_days, consecutive_o3_days,
ga_thresholds)

hhws_level = self.calculate_combined_hhws_level(hhw_level, ga_level, warning_matrix)

# Store results
hhw_levels[i] = hhw_level
ga_levels[i] = ga_level

hhws_levels[i] = hhws_level

# Get historical values for transparency (TappMax 8 days, PM10/03 3 days)

temp_history, temp_dates = self.get_historical_values_for_date(historical_data, current_date,
'tappmax’, 8)

pm10_history, pm10_dates = self.get_historical_values_for_date(historical_data, current_date,
'Pm10', 3)

03_history, 03_dates = self.get_historical_values_for_date(historical_data, current_date, '03', 3)

# Create detailed data entry

detailed_entry = {
'Date’: current_date,
'Municipality": municipality_name,
'Month': current_month,
'Hour": current_time.hour,
'Muni_TappMax_C'": round(tappmax, 2),
'Muni_PM10_ugm3": round(pm10, 2),
'Muni_0O3_ugm3'": round(03, 2),
'Heat_Threshold_Used": heat_threshold_used,
'Consecutive_Heat_Days': consecutive_heat_days,
'Consecutive_PM10_Days'": consecutive_pm10_days,

'Consecutive_03_Days": consecutive_o03_days,



}
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'HHW_Level": int(hhw_level),
'QA_Level" int(qa_level),
'HHWS_Level': int(hhws_level),

'Warning_Matrix_Used": "HHW{hhw_level} QA{qa_level}->HHWS{hhws_level}",

# Historical temperature data (8 days back) - Municipality-specific TappMax

"TappMax_Day_Minus_1": round(temp_history[0], 2) if temp_history[0] is not None else None,
'TappMax_Day_Minus_2": round(temp_history[1], 2) if temp_history[1] is not None else None,
"TappMax_Day_Minus_3": round(temp_history[2], 2) if temp_history[2] is not None else None,
"TappMax_Day_Minus_4": round(temp_history[3], 2) if temp_history[3] is not None else None,
"TappMax_Day_Minus_5'": round(temp_history[4], 2) if temp_history[4] is not None else None,
"TappMax_Day_Minus_6'": round(temp_history[5], 2) if temp_history[5] is not None else None,
"TappMax_Day_Minus_7": round(temp_history[6], 2) if temp_history[6] is not None else None,

"TappMax_Day_Minus_8'": round(temp_history[7], 2) if temp_history[7] is not None else None,

# Historical PM10 data (3 days back) - Municipality-specific
'PM10_Day_Minus_1": round(pm10_history[0], 2) if pm10_history[0] is not None else None,
'PM10_Day_Minus_2": round(pm10_history[1], 2) if pm10_history[1] is not None else None,

'PM10_Day_Minus_3": round(pm10_history[2], 2) if pm10_history[2] is not None else None,

# Historical O3 data (3 days back) - Municipality-specific
'03_Day_Minus_1" round(o3_history[0], 2) if 03_history[0] is not None else None,
'03_Day_Minus_2": round(o3_history[1], 2) if 03_history[1] is not None else None,

'03_Day_Minus_3" round(o3_history[2], 2) if 03 _history[2] is not None else None

detailed_data.append(detailed_entry)

# Update historical data for future calculations



historical_data[current_date] = {
'tappmax’: float(tappmax),
'om10'": float(pm10),
'03": float(03),
'hhw_level" int(hhw_level),
'qa_level": int(qa_level),

'hhws_level': int(hhws_level)

print(f" Updated historical_data[{current_date}]: TappMax={tappmax:.1f}°C,
HHW={hhw_level}")

if i == 0 or current_time.hour == 12: # Print once per day at noon
print(f" {current_date}: TappMax={tappmax:.1f}°C, PM10={pm10:.1f}, O3={03:.1}")

print(f" HHW={hhw_level}, QA={qa_level}, HHWS={hhws_level} | Consecutive:
Heat={consecutive_heat_days}, PM10={consecutive_pm10_days}, O3={consecutive_03_days}")

return hhw_levels, ga_levels, hhws_levels, detailed_data

# ... [Include all the other spatial aggregation methods unchanged] ...
# load_municipalities, load_netcdf_data, transform_coordinates,

# apply_nearest_neighbor_strategy, apply_adaptive_hybrid_strategy,
# apply_buffer_zone_strategy, apply_area_overlap_strategy,

# apply_distance_weighted_strategy, group_times_by day,

# calculate_municipality_weighted_average, calculate_daily_statistics

def load_municipalities(self):

""Load municipalities shapefile
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if not os.path.exists(self.shapefile_path):

raise FileNotFoundError(f"Municipalities shapefile not found: {self.shapefile_path}")

print("  Loading municipalities shapefile...")

self.municipalities = gpd.read_file(self.shapefile_path)

if self. municipalities.crs != "EPSG:2100":

self.municipalities = self.municipalities.to_crs("EPSG:2100")

print(f"  Loaded {len(self.municipalities)} municipalities")

return self.municipalities

def load_netcdf_data(self, filepath, variable_name):
"""Load data from NetCDF file""
if not os.path.exists(filepath):

return None, None, None, None

try:
with netCDF4.Dataset(filepath, 'r') as nc:
lats = nc.variables['lat'][;, :]
lons = nc.variables['lon'][;, :]
time_var = nc.variables['time']

times = netCDF4.num2date(time_var[:], time_var.units, time_var.calendar)

if variable_name in nc.variables:
data = nc.variables[variable_name][;, :, :]
return data, lats, lons, times

else:
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print(f" Variable {variable_name} not found in {os.path.basename(filepath)}")

return None, lats, lons, times

except Exception as e:
print(f"  Error loading {variable_name} from {filepath}: {e}")

return None, None, None, None

def transform_coordinates(self, lons, lats):

"""Transform coordinates and calculate grid resolution"™"
transformer = Transformer.from_crs("EPSG:4326", "EPSG:2100", always_xy=True)
x_coords, y_coords = transformer.transform(lons.flatten(), lats.flatten())

x_coords = x_coords.reshape(lons.shape)

y_coords = y_coords.reshape(lats.shape)

# Calculate actual grid resolution

total_x_span = x_coords.max() - x_coords.min()
total_y_span =y_coords.max() - y_coords.min()
dx = total_x_span / (x_coords.shape[1] - 1)

dy = total_y span / (x_coords.shape[0] - 1)

self.grid_resolution = (dx, dy)

print(f"  Grid resolution: {dx:.0f} x {dy:.0f} meters")
return x_coords, y_coords

def apply_nearest_neighbor_strategy(self, municipality geom, x_coords, y_coords, n_neighbors=5):

"""Apply nearest neighbor strategy

center = municipality_geom.centroid
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distances =]

for i in range(x_coords.shape[0]):
for j in range(x_coords.shape[1]):
point = Point(x_coordsli, j], y_coordsi, j])
dist = center.distance(point)

distances.append((dist, i, j))

distances.sort()

nearest = distances[:n_neighbors]

weights = np.zeros(x_coords.shape)
for dist, i, j in nearest:
if dist > O:
weight = 1.0/ (1.0 + dist / 1000.0)

weights]i, j] = weight

total_weight = np.sum(weights)
if total_weight > O:

weights = weights / total_weight
return weights

def apply_adaptive_hybrid_strategy(self, municipality_geom, municipality_area_km2, x_coords,
y_coords):

"""Apply adaptive hybrid strategy

dx, dy = self.grid_resolution
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if municipality_area_km2 < 1.0:

weights = self.apply_nearest_neighbor_strategy(municipality_geom, x_coords, y_coords,
n_neighbors=3)

elif municipality_area_km2 < 3.0:

weights = self.apply_buffer_zone_strategy(municipality_geom, x_coords, y_coords,
buffer_meters=300)

else:

weights = self.apply_area_overlap_strategy(municipality_geom, x_coords, y_coords)

if np.sum(weights > 0.01) < 3:

secondary_weights = self.apply_distance_weighted_strategy(municipality_geom, x_coords,
y_coords, max_distance=1500)

weights = weights + 0.5 * secondary_weights
return weights

def apply_buffer_zone_strategy(self, municipality_geom, x_coords, y_coords, buffer_meters=500):
"""Apply buffer zone strategy"™"
buffered_geom = municipality_geom.buffer(buffer_meters)

weights = np.zeros(x_coords.shape)
for i in range(x_coords.shape[0]):
for j in range(x_coords.shape[1]):

point = Point(x_coordsli, j], y_coordsi, j])

if buffered_geom.contains(point):

dist_to_original = point.distance(municipality_geom.boundary)

if municipality_geom.contains(point):
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weight = 1.0
else:

weight = max(0, 1.0 - (dist_to_original / buffer_meters))
weightsli, j] = weight
return weights

def apply_area_overlap_strategy(self, municipality_geom, x_coords, y_coords, min_overlap=0.01):
""Apply area overlap strategy"™"
dx, dy = self.grid_resolution

weights = np.zeros(x_coords.shape)

for i in range(x_coords.shape[0]):
for j in range(x_coords.shape[1]):
center_x, center_y = x_coordsli, j], y_coordsi, j]
cell_polygon = box(
center_x - dx/2, center_y - dy/2,

center_x + dx/2, center_y + dy/2

try:
intersection = municipality_geom.intersection(cell_polygon)
if not intersection.is_empty:
overlap_fraction = intersection.area / cell_polygon.area
if overlap_fraction >= min_overlap:
weights]i, j] = overlap_fraction

except:



pass

return weights

def apply_distance_weighted_strategy(self, municipality_geom, x_coords, y_coords,

max_distance=2000):
""Apply distance weighted strategy™"
dx, dy = self.grid_resolution

weights = np.zeros(x_coords.shape)

for i in range(x_coords.shape[0]):
for j in range(x_coords.shape[1]):
center_x, center_y = x_coords]i, j], y_coords]i, j]

point = Point(center_x, center_y)

dist_to_boundary = point.distance(municipality_geom.boundary)
dist_to_centroid = point.distance(municipality_geom.centroid)

dist = min(dist_to_boundary, dist_to_centroid)

if dist <= max_distance:
cell_polygon = box(
center_x - dx/2, center_y - dy/2,

center_x + dx/2, center_y + dy/2

try:
intersection = municipality_geom.intersection(cell_polygon)

if not intersection.is_empty:



overlap_factor = intersection.area / cell_polygon.area

else:

overlap_factor = 0.1

if dist == 0:
distance_weight = 1.0

else:

distance_weight = 1.0/ (1.0 + dist / 500.0)

weight = overlap_factor * distance_weight

if weight > 0.01:
weightsli, j] = weight
except:

pass

return weights

def group_times_by_day(self, times):
""Group time steps by forecast day"""

daily_groups = {}

for i, time_step in enumerate(times):
date_str = time_step.strftime('%Y%m%d')
if date_str not in daily_groups:
daily_groups[date_str] =[]

daily_groups[date_str].append(i)
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return daily_groups

def calculate_municipality_weighted_average(self, data, weights):
""Calculate weighted average using optimal strategy weights""
total_weight = np.sum(weights)

if total_weight == 0:

return np.full(data.shape[0], np.nan) if len(data.shape) == 3 else np.nan

if len(data.shape) == 3: # Time series data
weighted_sum = np.sum(data * weights[np.newaxis, :, :], axis=(1, 2))
return weighted_sum / total_weight

else: # Single time step
weighted_sum = np.sum(data * weights)

return weighted_sum / total_weight

def calculate_daily_statistics(self, time_series_data, daily_indices):
"""Calculate daily mean and max for a time series"""
if len(daily_indices) == 0:

return np.nan, np.nan

daily_values = time_series_data[daily_indices]

valid_values = daily_values[~np.isnan(daily_values)]

if len(valid_values) == 0:

return np.nan, np.nan

daily_mean = np.mean(valid_values)

daily_max = np.max(valid_values)
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return daily_mean, daily_max

def process_municipality _daily forecasts(self, municipality, x_coords, y_coords, datasets, times):
"""Process municipality with daily breakdowns including municipality-specific HHWS calculation""
muni_name = municipality['name']

muni_geom = municipality.geometry

muni_area = municipality.get('Shape__Are', 0) / 1e6

# Get optimal strategy for this municipality

strategy = self.municipality_strategies.get(muni_name, "adaptive_hybrid")

print(f" Processing {muni_name} (area: {muni_area:.2f} km?)")

print(f" Strategy: {strategy}")

# Apply the optimal strategy
if strategy == "nearest_neighbor":
weights = self.apply_nearest_neighbor_strategy(muni_geom, x_coords, y_coords)
elif strategy == "adaptive_hybrid":
weights = self.apply_adaptive_hybrid_strategy(muni_geom, muni_area, x_coords, y_coords)
else:

weights = self.apply_adaptive_hybrid_strategy(muni_geom, muni_area, x_coords, y_coords)
print(f" Coverage: {np.sum(weights > 0.01):.0f} grid cells")
# Calculate weighted time series for each variable

time_series_data = {}

for var_name, data in datasets.items():



if data is not None:

avg_values = self.calculate_municipality_weighted_average(data, weights)

if isinstance(avg_values, np.ndarray):

time_series_data[var_name] = avg_values

# Load municipality-specific historical data
first_forecast_date = times[0].strftime('%Y-%m-%d")
historical_data = self.load_municipality_historical_data_from_folders(

first_forecast_date, '03', muni_name, weights, x_coords, y_coords

# Group times by day

daily_groups = self.group_times_by day(times)

# Calculate daily time series (for HHWS calculation)
daily_temp_series =[]

daily_pm10_series =[]

daily_o3_series =]

daily_times =]

for date_str in sorted(daily_groups.keys()):

daily_indices = daily_groups[date_str]

if ' TAPP' in time_series_data:

_, daily_tapp_max = self.calculate_daily_statistics(time_series_data['TAPP'], daily_indices)

daily_temp_series.append(daily_tapp_max)

if 'PM10" in time_series_data:
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daily_pm10_mean, _ = self.calculate_daily_statistics(time_series_data['PM10'], daily_indices)

daily_pm10_series.append(daily_pm10_mean)

if 'O3'in time_series_data:
daily_0o3_mean, _ = self.calculate_daily_statistics(time_series_data['O3'], daily_indices)

daily_o3_series.append(daily_03_mean)

# Use the first time of the day as representative

daily_times.append(times[daily_indices[0]])

# Calculate municipality-specific HHWS levels

hhw_levels, qa_levels, hhws_levels, detailed_hhws_data =
self.calculate_municipality_hhws_for_timeframe(

muni_name, daily_temp_series, daily_pm10_series, daily_03_series, daily_times, historical_data

# Calculate daily statistics for reporting
daily_results =[]

detailed_results =]

for idx, date_str in enumerate(sorted(daily_groups.keys())):

daily_indices = daily_groups[date_str]

daily_data = {
'Date': date_str,
'Municipality: muni_name,

'Area_km2'": round(muni_area, 2)



# Calculate daily statistics for each variable
for var_name, time_series in time_series_data.items():
if var_name == "TAPP":
daily_mean, daily_max = self.calculate_daily_statistics(time_series, daily_indices)
daily_data['Avg_Temp_C'] = round(daily_mean, 1) if not np.isnan(daily_mean) else 0
daily_data['Max_Temp_C'] = round(daily_max, 1) if not np.isnan(daily_max) else 0
elif var_name in [PM10', 'O3"):
daily_mean, daily_max = self.calculate_daily_statistics(time_series, daily_indices)

daily_data[f'Avg_{var_name}_ugm3'] = round(daily_mean, 1) if not np.isnan(daily_mean) else

# Add municipality-specific HHWS levels

if idx < len(hhws_levels):
daily_data['HHW_Level] = int(hhw_levels[idx])
daily_data['QA_Level] = int(ga_levels[idx])

daily_data[HHWS_Level'] = int(hhws_levels[idx])

# Add detailed data

if idx < len(detailed_hhws_data):
detailed_data = detailed_hhws_data[idx].copy()
detailed_data['Area_km2'] = round(muni_area, 2)
detailed_data['Strategy _Used'] = strategy
detailed_data['Grid_Cells_Used'] = int(np.sum(weights > 0.01))
detailed_results.append(detailed_data)

else:
daily_data[HHW Level1=0

daily_data['QA_Level]=0
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daily_data[HHWS_Level1=0
daily_results.append(daily_data)
return daily_results, detailed_results
# ... [Continue with rest of the methods - find_current_netcdf files, process_daily forecasts, etc.] ...

def process_daily forecasts(self, netcdf dir, domain, start_date, end_date):

""Process daily forecasts for all municipalities with municipality-specific HHWS calculation

print(f\n  Processing daily HHWS forecasts with municipality-specific HHWS calculation...")

# Find current NetCDF files

found_files, missing_files = self.find_current_netcdf_files(netcdf_dir, domain, start_date, end_date)

# Load current forecast data with time alignment
datasets = {}

lats, lons, times = None, None, None

# Load apparent temperature data from LIFE_ASTI_OUT (97 timesteps)

tapp_data_full, tapp_lats, tapp_lons, tapp_times = self.load_netcdf data(found_files[ TAPP'], TAPP')

# Load PM10 data from KASTOM_OUT (72 timesteps)

pm10_data, lats, lons, times = self.load_netcdf data(found_files['PM10'], 'PM10")

# Load O3 data from KASTOM_OUT (72 timesteps)

03_data, , , = self.load_netcdf_data(found_files['O3'], 'O3")
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if lats is None or times is None or tapp_data_full is None:

raise ValueError("Could not load coordinate or time data")

if pm10_data is None or 03_data is None:

raise ValueError("Could not load required pollution data for HHWS calculation")

print(f" Processing {len(times)} PM10/03 time steps from {times[0]} to {times[-1]}")

print(f" TAPP data: {len(tapp_times)} time steps from {tapp_times[0]} to {tapp_times[-1]}")

# Align TAPP data with PM10/03 timeframe

tapp_data = self.align_tapp_data_with_forecast(tapp_data_full, tapp_times, times, tapp_lats,
tapp_lons, lats, lons)

if tapp_data is None:

raise ValueError("Could not align TAPP data with forecast timeframe")

datasets[TAPP'] = tapp_data
datasets['PM10']1 = pm10_data

datasets['O3'] = 03_data

# Transform coordinates

x_coords, y_coords = self.transform_coordinates(lons, lats)
# Process each municipality with municipality-specific HHWS calculation
all_daily_results =[]

all_detailed_results =]

for idx, municipality in self.municipalities.iterrows():
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daily_results, detailed_results = self.process_municipality daily_forecasts(
municipality, x_coords, y_coords, datasets, times

)

all_daily_results.extend(daily_results)

all_detailed_results.extend(detailed_results)
return pd.DataFrame(all_daily_results), pd.DataFrame(all_detailed_results), times

def find_current_netcdf files(self, netcdf _dir, domain, start_date, end_date):

"""Find current forecast NetCDF files

date_range = f"{start_date.strftime('%Y-%m-%d")} {end_date.strftime('%Y-%m-%d")}"

# Look for TAPP files in LIFE_ASTI_OUT Products folder
life_asti_base = "/mnt/ops/lap_ops/data/LIFE_ASTI_OUT/netcdf"
folder_name = start_date.strftime('%Y%m%d')

products_path = os.path.join(life_asti_base, folder_name, "Products")

# TAPP file pattern

start_formatted = start_date.strftime('%d-%m-%Y")

end_extended = end_date + datetime.timedelta(days=1)

end_formatted = end_extended.strftime('%d-%m-%Y")

tapp_pattern = f"Products_ TAPP_d{domain} {start formatted} {end_formatted}.nc"

tapp_file = os.path.join(products_path, tapp_pattern)

patterns = {
'PM10": f"Raw_PM10_d{domain} {date_range}.nc",
'03": f'"Raw_03_d{domain} {date range}.nc",

'TAPP': tapp_file



found_files = {}

missing_files =[]

for var, pattern in patterns.items():
if var == "TAPP".
filepath = pattern
else:

filepath = os.path.join(netcdf_dir, pattern)

if os.path.exists(filepath):

found_files[var] = filepath

print(f"  Found {var}: {os.path.basename(filepath)}")
else:

missing_files.append(var)

print(f" Missing {var}: {filepath}")

if not found_files.get('PM10'):

raise FileNotFoundError(f"Critical file missing: PM10 file not found in {netcdf_dir}")

if not found_files.get('O3"):

raise FileNotFoundError(f"Critical file missing: O3 file not found in {netcdf_dir}")

if not found_files.get('TAPP'):

raise FileNotFoundError(f"Critical file missing: TAPP file not found in {products_path}")

return found_files, missing_files
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def create_daily_csv_output(self, df, start_date, end_date):

"""Create CSV output organized by daily forecasts with municipality-specific HHWS data

dates = sorted(df['Date"].unique())
output_lines =]

for date in dates:
# Add date header

output_lines.append(f"\n# Daily Municipality-Specific HHWS Forecast for {date}")

output_lines.append("Municipality,Area_km2,Avg_PM10_ugm3,Avg_0O3_ugm3,Avg_Temp_C,Max_Temp
_C,HHW_Level,QA_Level HHWS_Level")

# Add data for this date

date_data = df[df['Date'] == date].copy()

for _, row in date_data.iterrows():
line = f"{row['Municipality']},{row['Area_km2'}{row.get('Avg_PM10_ugm3’,
0)},{row.get('Avg_0O3 ugm3’,
0)},{row['Avg_Temp_C'l},{frow['Max_Temp_C']},{row['HHW_Level']},{row['QA_LevelT},{row[HHWS_Level']
}ll

output_lines.append(line)

# Add summary information
output_lines.append(f"\n# Municipality-Specific HHWS Forecast Summary")

output_lines.append(f"# Forecast Period: {start_date.strftime('%Y-%m-%d')} to
{end_date.strftime('%Y-%m-%d")}")

output_lines.append(f'# Generated: {datetime.datetime.now().strftime('%Y-%m-%d %H:%M:%S")}")

output_lines.append(f'# Municipalities: {len(df['Municipality'].unique())}")
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output_lines.append(f'# Forecast Days: {len(dates)}")
output_lines.append(f'# CALCULATION METHOD: Municipality-specific HHWS levels")

output_lines.append(f'# TappMax: Municipality-specific daily maximum apparent temperature (8
days historical)")

output_lines.append(f"# PM10/03: Municipality-specific daily averages (3 days historical)")
output_lines.append(f'# HHWS Levels: 0=None, 1=Low, 2=Medium, 3=High")

output_lines.append(f"# HHW Levels: Heat Health Warning (0-3) based on municipality TappMax +
consecutive heat days")

output_lines.append(f'# QA Levels: Air Quality Warning (0-3) based on municipality PM10/03 +
consecutive pollution days")

return "\n'.join(output_lines)

def save_daily_results(self, df, detailed_df, times, output_dir, domain, start_date, end_date):
"""Save daily forecast results including detailed municipality-specific HHWS calculation data™"
# Create output directory using forecast period
forecast_period = f'{start_date.strftime('%Y%m%d')}_{end_date.strftime('%Y %m%d')}"

final_output_dir =
f'/mnt/ops/lap_ops/data/KASTOM_OUT/HHWS_CSV/Thessaloniki/{forecast_period}"

os.makedirs(final_output_dir, exist_ok=True)
# Generate filename
daily_filename = f"HHWS_Municipality_Specific_d{domain} {forecast_period}.csv"

daily_path = os.path.join(final_output_dir, daily_filename)

# Create daily CSV content

csv_content = self.create_daily_csv_output(df, start_date, end_date)

# Save daily CSV
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with open(daily_path, 'w') as f:

f.write(csv_content)
print(f"  Municipality-specific daily forecasts CSV: {daily_path}")

# Save detailed DataFrame with all municipality-specific HHWS calculation information
detailed_filename = f"HHWS_Municipality Detailed_d{domain} {forecast period}.csv"
detailed_path = os.path.join(final_output_dir, detailed_filename)
detailed_df.to_csv(detailed_path, index=False)

print(f"  Detailed municipality-specific HHWS data CSV: {detailed_path}")

print(f"  Municipality-specific TappMax, PM10, O3 values used for HHWS calculation")

print(f" Historical TappMax: 8 days back (TappMax_Day_ Minus_1 to TappMax_Day_Minus_8) -
municipality-specific")

print(f" Historical PM10/03: 3 days back (PM10_Day_Minus_1 to PM10_Day_Minus_3,
03_Day_Minus_1 to O3_Day_Minus_3) - municipality-specific")

print(f" HHWS levels: Calculated per municipality using their specific values and spatial
aggregation strategy")

# Print daily summary

self.print_daily_summary(df)
return daily_path, detailed_path
def print_daily_summary(self, df):
"""Print daily forecast summary including municipality-specific HHWS levels"""

print(f\n  Municipality-Specific Daily HHWS Forecast Summary:")

print("="* 80)

dates = sorted(df['Date"].unique())



for date in dates:
print(f'n  {date}:")

date data = df[df['Date'] == date]

# Show municipality-specific HHWS levels

for _, row in date_data.iterrows():
municipality = row['Municipality']
max_temp = row['Max_Temp_C']
avg_pm10 = row.get('Avg_PM10_ugm3', 0)
avg_o3 = row.get('Avg_03 _ugm3', 0)
hhws_level = row[HHWS_Level']
hhw_level = row[HHW_Level']

ga_level = row['QA_LevelT

# Warning emoji based on HHWS level

emoji=" "ifhhws_level==0else" "if hhws_level==1else" "if hhws_level == 2 else

print(f" {emoji} {municipality}: HHWS={hhws_level} (HHW={hhw_level}, QA={qa_level}) |
TappMax={max_temp:.1f}°C, PM10={avg_pm10:.1f}, O3={avg_03:.1f}")

# Overall statistics by municipality
print(f\n ~ Municipality HHWS Level Summary:")
municipalities = sorted(df['Municipality'l.unique())
for municipality in municipalities:

muni_data = df[df['Municipality'] == municipality]

hhws_levels = muni_data[HHWS_Level'].tolist()
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max_hhws = max(hhws_levels)
avg_hhws = np.mean(hhws_levels)

print(f" {municipality}; Max HHWS={max_hhws}, Avg HHWS={avg_hhws:.1}")

print(f\n  Municipality-specific daily forecast processing with HHWS calculation completed!")
print(f" Each municipality has its own HHWS levels based on spatial aggregation of grid data")

print(f" Historical data (TappMax 8 days, PM10/03 3 days) calculated per municipality")

def main():

"""Main function

parser = argparse.ArgumentParser(description='"Daily HHWS Forecast Generator with Municipality-
Specific HHWS Calculation')

parser.add_argument('-DM', '--domain’, required=True, help='"Model domain (e.g., 03)")
parser.add_argument('-insuffix', --input_suffix', required=True, help="Input NetCDF directory path')
parser.add_argument('-sy', --syear', required=True, help="'Start year')

parser.add_argument('-sm’, '--smon’, required=True, help="'Start month')
parser.add_argument('-sd', '--sday', required=True, help="Start day')

parser.add_argument(-ey', '--eyear', required=True, help="End year")

parser.add_argument('-em’, '--emon’, required=True, help="End month')
parser.add_argument(-ed', --eday', required=True, help="End day')

parser.add_argument('-odir', "--outdir', required=True, help="Output directory')

parser.add_argument(’-v', '--verbose', action="store_true', help="Verbose output')
args = parser.parse_args()

try:

# Parse dates
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start_date = datetime.datetime(int(args.syear), int(args.smon), int(args.sday))

end_date = datetime.datetime(int(args.eyear), int(args.emon), int(args.eday))

# Only process domain 03 (Thessaloniki)

if args.domain !='03":
print(f" HHWS municipality analysis only available for domain 03 (Thessaloniki)")
print(f" Skipping domain {args.domain}")

return

print(f"\n Daily HHWS Forecast Generator with Municipality-Specific HHWS Calculation™)
print(f'="* 60)

print(f'Domain: {args.domain}")

print(f"Forecast Period: {start_date.strftime('%Y-%m-%d")} to {end_date.strftime('%Y-%m-%d")}")
print(f"CALCULATION METHOD: Municipality-specific TappMax, PM10, O3 values for HHWS")

print(f"HISTORICAL DATA: TappMax (8 days), PM10/03 (3 days) - all municipality-specific")

# Extract NetCDF directory
netcdf _dir = args.input_suffix.rstrip('Raw_").rstrip('/")
print(f"NetCDF Directory: {netcdf_dir}")

print(f"TAPP Directory:
/mnt/ops/lap_ops/data/LIFE_ASTI_OUT/netcdf/{start_date.strftime('%Y%m%d")}/Products/")

# Initialize processor

processor = DailyHHWSProcessor()

# Load municipalities

processor.load_municipalities()
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# Process daily forecasts with municipality-specific HHWS calculation
df, detailed_df, times = processor.process_daily forecasts(

netcdf dir, args.domain, start_date, end_date

if df.empty:
print(f"  No daily forecast data processed")

return

# Save daily results
daily_path, detailed_path = processor.save_daily_results(

df, detailed_df, times, args.outdir, args.domain, start_date, end_date

except Exception as e:
print(f"  Error in municipality-specific daily HHWS processing: {e}")
if args.verbose:
import traceback
traceback.print_exc()
sys.exit(1)
if _name__ ==" main__ "

main()
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