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Supplementary Figure 1: Lag distribution used in the epidemic component in the model. The lag distribution determines the weighting of the effect of cases on previous days on cases on the current day.
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We implemented an age-stratified Endemic-Epidemic model based on Equation (A1):
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Here,  and  are fixed intercepts for the epidemic and endemic components, with age adjustments  in the epidemic component. All covariates are defined in Supplementary Table 1. The cumulative incidence of cases by age and region between the start of the fitting period and 1 month  before day , , and in the last month, , were introduced to allow the model to better capture short- and medium-term changes in immunity due to differences in the rate of spread of different variants (e.g. Delta and Omicron). The contact matrix between age groups was taken from Béraud et al  (1). 
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In comparison to France, since there was no NUTS-3 region in Czechia classified as “rural”, this level was dropped from the equation. The contact matrix was extracted from Prem et al (2).
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Since age-stratified data was not available in Italy, the model described in Equation (A3) does not include an age-specific intercept, nor the covariates  and  (Supplementary Table 1). The covariate  now describes the proportion of the overall national population tested in the past 14 days.



Supplementary Table 1: Definitions and sources of covariates included in the model 
	Variable
	Definition
	Source

	
	Total population of region  (in 100,000s)
	Country dependent, see Table 1

	
	Proportion of population of region  that is in age group 
	Country dependent, see Table 1

	, , , ,,
	Binary indicator variable controlling for the day of the week effect
	n/a

	
	Proportion of the population tested in the last 14 days nationally
	Country dependent, see Table 1

	
	Proportion of the population in age group  (in region  if subnational data is available) tested in the last 14 days
	Country dependent, see Table 1

	
	Binary indicator variable for whether region  is rural
	(3)

	
	Binary indicator variable for whether region 
 is predominantly rural
	(3)

	
	Binary indicator variable for whether region 
 is predominantly urban
	(3)

	
	Proportion of the population of age group  in region  who have received three vaccine doses before day , or have had their second dose in the past 120 days.
	Country dependent, see Table 1

	
	Cumulative incidence of cases in age group  in region  between the start of the fitting period and 1 month ago
	Country dependent, see Table 1

	
	Cumulative incidence of cases in age group  in region  in the last month (from day  up to day )
	Country dependent, see Table 1

	
	Binary indicator variable for whether day  was in a period when the proportion of sequenced cases that were Delta was higher than 30%
	(4)

	
	Binary indicator variable for whether day  was in a period when the proportion of sequenced cases that were Omicron was higher than 30%
	(4)

	
	Number of cases in the rest of Europe in the past 30 days on day  (in 100,000s)
	(4)
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For the non-age-stratified models for France and Czechia we drop the age-dependent covariates from the linear predictors for the epidemic and endemic components, such that the equations for France are:
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and those for Czechia are the same except without the  covariate as there are no regions classified as “rural” in Czechia.
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The ranked probability score (RPS) for integer forecasts is defined as:



where  is the true value,  is the predictive distribution,  is its cumulative distribution function and  is the indicator function (5). It compares the cumulative distribution of  to that of an ideal forecast with all probability mass assigned to the observed outcome , and thus takes the entire predictive distribution into account. Smaller values of the RPS indicate better predictive performance.
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The Dawid-Sebastiani score (DSS) is based on the first two moments of the predictive distribution of  and is defined as:



Smaller values of the DSS indicate better calibration.
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The squared error score (SES) is defined as the squared error of the mean of the predictive distribution :



Smaller SES values indicate better predictive performance.
[bookmark: _46r0co2]Weighted interval score (WIS)
The weighted interval score (WIS) for quantile forecasts is composed of three components: a sharpness component and separate penalties for over- and under-prediction. For a single interval, it is computed as:



where  and  are the  and  quantiles of . For a set of  prediction intervals and the median , it is calculated as a weighted sum:



with non-negative weights  (6). We choose  and , which means that the WIS converges to the rank probability score (RPS) as the number of intervals increases. Like the RPS, smaller scores indicate better predictive performance.
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The squared error of the median is a scoring rule for point forecasts and is defined as:



[bookmark: _111kx3o]Calibration: Comparison with baseline model
Supplementary Table 2: Median and 95% interval of ranked probability score (RPS), Dawid-Sebastiani score (DSS) and squared error score (SES) of one-, two-, three- and four-week-ahead local age-stratified case forecasts for Czechia and France and non-age-stratified forecasts for Italy for the baseline Endemic-Epidemic model (without transmission between regions, covariates or seasonality) and full Endemic-Epidemic model (with covariates and seasonality) across all time points in the prediction period from 29th October 2022 to 22nd  April 2023
	Country
	Forecast horizon (weeks ahead)
	RPS, median (95% interval)
	DSS, median (95% interval)
	SES, median (95% interval)

	
	
	Baseline
	Full
	Baseline
	Full
	Baseline
	Full

	Czechia
	1
	3.37 (1.55-7.37)
	1.55 (0.361-4.05)
	4.93 (3.18-8.31)
	2.94 (0.385-4.92)
	54.5 (8.55-274)
	9.29 (0.771-60)

	
	2
	5.47 (1.54-12)
	1.73 (0.351-4.68)
	6.01 (3.29-9.87)
	3.66 (0.35-6.92)
	152 (9.27-855)
	11.7 (0.777-76.3)

	
	3
	8.58 (1.58-21.8)
	1.87 (0.339-5.09)
	6.97 (3.24-9.18)
	5.21 (0.397-12.4)
	405 (8.82-2770)
	14 (0.696-91.7)

	
	4
	13.7 (1.55-36.9)
	1.97 (0.323-5.51)
	7.83 (3.35-9.76)
	7.92 (0.345-22.1)
	988 (9.37-8230)
	15.6 (0.637-107)

	France
	1
	6.97 (1.85-26.7)
	4.11 (1.22-17.8)
	5.44 (3.03-8.83)
	4.33 (1.81-7.81)
	286 (22.4-4890)
	100 (9.39-2090)

	
	2
	8.68 (2.51-36.2)
	6.27 (1.7-32.2)
	5.97 (3.66-11.7)
	5.12 (2.22-11.7)
	434 (33.5-8720)
	252 (17.9-7250)

	
	3
	10.2 (2.8-46.4)
	8.92 (2.36-49.9)
	6.44 (4.11-13.4)
	5.99 (2.74-16.9)
	671 (39-15700)
	496 (33.4-16300)

	
	4
	12.2 (3.06-55.6)
	11.9 (3.1-69.5)
	6.8 (4.41-13.5)
	6.98 (3.06-27.6)
	982 (50.8-25600)
	863 (59-29600)

	Italy
	1
	25.3 (6.87-127)
	21.6 (6.52-118)
	7.97 (5.76-11.1)
	7.66 (5.41-10.8)
	3170 (260-99500)
	2230 (224-94800)

	
	2
	27.7 (7.77-138)
	22.2 (7.11-132)
	8.28 (6.01-11.4)
	7.94 (5.52-11.9)
	3990 (341-122000)
	2690 (339-107000)

	
	3
	30.6 (9.19-156)
	24.7 (8.47-137)
	8.55 (6.39-11.6)
	8.39 (5.67-13.3)
	5750 (469-167000)
	3290 (467-114000)

	
	4
	34.2 (10.7-176)
	27.4 (9.08-155)
	8.78 (6.77-11.9)
	8.71 (5.94-14.1)
	8010 (672-241000)
	3950 (483-162000)




Supplementary Table 2 shows the scores (RPS, DSS, SES) for the case forecasts at different time horizons for each country for both the baseline Endemic-Epidemic model without transmission between regions, covariates or seasonality and the full Endemic-Epidemic model. There is a clear deterioration in predictive performance with increasing forecast horizon for all countries for both models. 
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[image: ]Supplementary Figure 2: PIT histograms showing the calibration of the daily case forecasts from the model for Czechia for 0-19 year-olds, 20-59 year-olds, 60-79 year-olds and 80+ year-olds (rows, top to bottom) for one-, two-, three- and four-week-ahead forecast horizons (columns, left to right) for 29th October 2022 to 22nd April 2023.
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Supplementary Figure 3: PIT histograms showing the calibration of the daily case forecasts for France for 0-19 year-olds, 20-59 year-olds, 60-79 year-olds and 80+ year-olds (rows, top to bottom) for one-, two-, three- and four-week-ahead forecast horizons (columns, left to right) for 29th October 2022 to 22nd April 2023.



[bookmark: _1egqt2p]Czechia: age-stratified death forecasts
[image: ]Supplementary Figure 4: PIT histograms showing the calibration of the weekly death forecasts from the model for Czechia for 0-19 year-olds, 20-59 year-olds, 60-79 year-olds and 80+ year-olds (rows, top to bottom) for one-, two-, three- and four-week-ahead forecast horizons (columns, left to right) for 29th October 2022 to 22nd April 2023.
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Supplementary Figure 5: PIT histograms showing the calibration of the weekly death forecasts from the model for France for 0-19 year-olds, 20-59 year-olds, 60-79 year-olds and 80+ year-olds (rows, top to bottom) for one-, two-, three- and four-week-ahead forecast horizons (columns, left to right) for 29th October 2022 to 22nd April 2023.
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Supplementary Figure 6: Comparison of one-, two-, three- and four-week-ahead national-level case forecasts (rows, top to bottom) for Italy, Czechia and France (columns, left to right) from non-age-stratified version of our model (Endemic-Epidemic (EE) model) with ensemble forecasts from the European COVID-19 Forecast Hub (ensemble) and observed cases (data) for 29th October 2022 to 22nd April 2023. Dashed lines show median forecasts, shaded regions the 95% prediction interval for the forecasts.
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Supplementary Figure 7:  PIT histograms showing the calibration of the daily case forecasts from the non-age-stratified version of the model for Italy, Czechia and France (columns, left to right) for one-, two-, three- and four-week-ahead forecast horizons (rows, top to bottom) for 29th October 2022 to 22nd April 2023.
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Supplementary Figure 8: Comparison of one-, two-, three- and four-week-ahead national-level death forecasts (rows, top to bottom) for Italy, Czechia and France (columns, left to right) from non-age-stratified version of our model (Endemic-Epidemic (EE) model) with ensemble forecasts from the European COVID-19 Forecast Hub (ensemble) and observed cases (data) for 29th October 2022 to 22nd April 2023. Dashed lines show median forecasts, shaded regions the 95% prediction interval for the forecasts.
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Supplementary Figure 9: PIT histograms showing the calibration of the weekly death forecasts from the non-age-stratified version of the model for Italy, Czechia and France (columns, left to right) for one-, two-, three- and four-week-ahead forecast horizons (rows, top to bottom) for 29th October 2022 to 22nd April 2023.
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