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Supplementary Note 1 Model regions

We choose 8 regions in our model, see Supplementary Figure [Il These regions are based on US Census Divisions,

modified to account for coordination between groups of state, see Section 4 for more information.
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Southern Appalachia
TOLA

Supplementary Figure 1: Map showing the 8 regions in our model. The colours correspond to the regions in
our models: Great Lakes - Illinois Indiana, Michigan, Minnesota, Ohio and Wisconsin; Great Plains - Iowa, Kansas,
Missouri, Nebraska, North Dakota and South Dakota; Mountain - Arizona, Colorado, Idaho, Montana, Nevada,
New Mexico, Utah and Wyoming; Northeast Corridor - Connecticut, Massachusetts, Maine, New Hampshire, New
Jersey, New York, Pennsylvania, Rhode Island and Vermont; Pacific - Alaska, California, Hawaii, Oregon and
Washington; South Atlantic - Delaware, District of Columbia, Florida, Georgia, Maryland, North Carolina, South
Carolina, Virginia and West Virginia; Southern Appalachia - Alabama, Kentucky, Mississippi and Tennessee;
TOLA - Arkansas, Louisiana, Oklahoma, Texas. We used a shape file from the US Census Bureau [1] for the state

outlines.

Supplementary Note 2 Ratio of reported cases to estimated infections

We compare the weekly moving average of the percentage of reported cases to mean estimated infections for the
time period of the model in Supplementary Figure [2l We use the same model formulation without cases here to
illustrate two points. First, the percentage is small initially, which is why we do not use cases in the model until
11 May 2020. Second, sufficient tests are being done towards the end of May so they are informative to our model
and we can estimate an infection ascertainment ratio, see Section 4 for further details. Percentages may be greater

than 100% when our model estimates fewer cases than were reported. This occurs in states with little data.
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Supplementary Figure 2: Weekly moving average of the percentage of reported cases to mean estimated

infections for the time period of the model. The colours correspond to the States in each region subfigure.

Supplementary Note 3 State-level R; values

Supplementary Figure |3| shows the value of R; at two points during the epidemic. The first time point is for
the week centered on the date on which each state implemented any emergency decree order such as State of
Emergency, Public Health Emergency, and Public Health Disaster declarations. The second is for the week ending
on 01 June 2020.
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Supplementary Figure 3: State-level estimates of R;—gmergencyDecree and the average R; over the week
ending 01 June 2020. The colours indicate regional grouping as shown in Supplementary Figure [Il We do not
include estimates of Ri—pgmergencyDecree for Alaska, Hawaii, Montana, North Dakota, South Dakota, Utah, West
Virgina and Wyoming as Emergency Decree was declared in these states before we start modelling these states.
The error bars denote the 95% credible intervals and n = 105,006 deaths across the 50 states and the District of

Columbia up until 1 June and 479,422 cases from 11 May to 1 June.

Supplementary Note 4 Model predictions for all states

State-level estimates of infections, deaths and R;. Left: daily number of deaths, brown bars are reported deaths,
blue bands are predicted deaths, dark blue 50% credible interval (CI), light blue 95% CI. Middle: daily number
of infections, brown bars are reported infections, blue bands are predicted infections, Cls are same as left. The
number of daily infections estimated by our model drops immediately after an intervention, as we assume that all
infected people become immediately less infectious through the intervention. Afterwards, if the R; is above 1, the

number of infections will start growing again. Right: time-varying reproduction number R; dark green 50% CI,



light green 95% CI. Icons are interventions shown at the time they occurred.
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Supplementary Note 5 Effect sizes

We plot estimates of the posterior mean effect sizes and 95% credible intervals for the regional and state level

covariates. The relative percentage reduction in R; metric is interpreted as follows: the larger the percentage,

the more R; decreases, meaning the disease spreads less; a 100% relative reduction ends disease transmissibility

entirely. The smaller the percentage, the less effect the covariate has on transmissibility. A 0% relative reduction

has no effect on R; and thus no effect on the transmissibility of the disease, while a negative percent reduction

implies an increase in transmissibility.
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Supplementary Figure 4: Regional average mobility covariate effect size plots assuming mobility
stopped entirely (100% reduction in average mobility). The error bars show 95% credible intervals and
the dots show the mean estimate. The sample size n = 105,006 deaths across the 50 states and the District of

Columbia up until 1 June and 479,422 cases from 11 May to 1 June.
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Supplementary Figure 5: Regional intercept covariate effect size plots assuming mobility stopped
entirely (100% reduction in average mobility). The error bars show 95% credible intervals and the dots
show the mean estimate. The sample size n = 105,006 deaths across the 50 states and the District of Columbia

up until 1 June and 479,422 cases from 11 May to 1 June.
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Supplementary Figure 6: State-level covariate effect size plots assuming mobility stopped entirely

(100% reduction in average mobility). The error bars show 95% credible intervals and the dots show the

mean estimate. The sample size n = 105,006 deaths across the 50 states and the District of Columbia up until 1

June and 479,422 cases from 11 May to 1 June.

Supplementary Note 6 Forecast evaluation

We evaluate three-week ahead model forecasts (days t € {T'+1,...,T + 21}) for our model using two metrics.

The first metric is the mean absolute error (MAE), which is given by

where 3y ., ...

s
1 N
MAEt,migzwtﬁm*yt,ml, t=T+1,...,T+21, (1)
s=1

,’yj,fm are S posterior predictive samples of daily deaths on day ¢ in country m and ¥y, is the

observed value of the corresponding quantity. The continuous ranked probability score (CRPS) is a generalisation
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Supplementary Figure 7: MAE and CRPS 21 day forecast estimates for three models fit until 1 May,
15 May and 1 June. The blue ICL model refers to our model and the coral bars refer to the null model.

of MAE to probabilistic forecasts and can be estimated using Gneiting and Raftery

S s S
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Supplementary Figure[7] shows the mean MAE and CRPS for three different forecast periods across all time points
and states. In addition to the forecast results shown in Section 2.4, we also fit our model up to 1 May and 15 May
and show the error in our 21 day forecasts. We compare these forecasts to a simple log-linear “null” model fit to
the 31 days of death data prior to the end dates of our model runs (1 May, 15 May and 1 June) to evaluate our
predictions. We find the MAE and CRPS error were different for models fit up to different dates. Our model fit
to 1 May performs worse than the "null” model because this model only includes deaths (we only include cases
in our model after 11 May, see Supplementary Text 2. Our model performs similarly (1 June) or better than the
null model (15 May) in both MAE and CRPS. We include a state-level break down of MAE in Supplementary
Figure [§ and CRPS in Supplementary Figure [0}

The forecasts were also evaluated using the mean coverage of their 95% and 50% credible intervals. If model
uncertainty is well-calibrated then the observed quantities will fall outside of the 95% credible intervals 5% of the
time and 50% of the time for the 50% credible intervals. Recent work has highlighted that other prominent models
do not meet this criterion, which suggests that their uncertainty estimates are not well-calibrated . The mean

coverage of the 95% credible interval in a time period starting at time to with length L is given by

to+1+L

i3 t:%;rl 1 (yt,m € |:p2-5({@\ts,m}ss—1)ap97‘5({@\§,m}§—1)i|> , (3)

where 1(-) is the indicator function and p.({¥;,,}5-,) is the z-th percentile of the samples on day ¢ in country m.
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Supplementary Figure 8: State level 21 day forecast mean absolute error estimates for three models
fit until 1 May, 15 May and 1 June. The blue ICL model refers to our model and the coral bars refer to the

null model.
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Supplementary Figure 9: State level 21 day forecast CRPS estimates for three models fit until 1 May,
15 May and 1 June. The blue ICL model refers to our model and the coral bars refer to the null model.
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The mean coverage of the 50% credible interval is

to+1+L
10++

25 1 (vn € [ttt} et bo)] ) 4

t=to+1
The coverage was calculated for each state individually and then the mean across all the 50 state and the District

of Columbia was computed. Again these coverage probabilities were compared with the log-linear "null” model.
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Supplementary Figure 10: Coverage probabilities for 21 day forecasts for three models with data fit
to 1 May, 15 May and 1 June. The blue ICL model refers to our model and the coral bars refer to the null

model.

These coverage results suggest that both the 95 and 50% credible intervals are well-calibrated for all the models
but best for our model and the null model fit to the 1 June. We hypothesise this is because they include more in

data in the forecast.

Supplementary Note 7 Mobility trends

In Supplementary Figure 11| we show the Google mobility trends [4] across the 50 states of the US and the District
of Columbia. In our model, we use the time spent at one’s residence and the number of visits to grocery stores,
pharmacies, recreation centres, and workplaces. Our regions are based on US Census Divisions, modified to
account for coordination between groups of state governments [5]. These trends are relative to a state-dependent
baseline, which was calculated shortly before the COVID-19 epidemic. For example, a value of —20% in the

average trend means that individuals, on average, are visiting 20% less shops, recreation places and workplaces
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than before the epidemic. We overlay the timing of two major state-wide NPIs (stay at home and emergency
decree) on Supplementary Figure (see @ for details). We note intuitive changes in mobility such as the spike
on 11th and 12th April for Easter.

Great Lakes Great Plains
AA - " A 1 ]
:_ 4 - « Emergency decree - A u Emergency decree
7y 0 . : .
o 50% A L] A Stay at home order issued o 50% . A Stay at home order issued
= Stay at home order eased = Stay at home order eased
a a
<] <)
£ €
£ ~Indiana £ % —~— lowa
8, ~—lllinois % ~— Kansas
c c
g ~— Ohio g ~— Missouri
O 509 —— Michigan O 509 —— North Dakota
~— Wisconsin ~— Nebraska
~»~ Minnesota ~o— South Dakota
S R ) S S
SR R R AR SRR GRS N SR SR R
VeSS Do P Ve Dy P
Mountain Northeast Corridor
« Emergency decree
2 - « Emergency decree .

. A = . A Stay at home order issued

: A u A Stay at home order issued

o A, = " s h d d = Stay at home order eased
> 50% A - tay at home order ease >, 50%
= £
e 5 Pennsylvani

~ Pennsylvania
£ ~ Utah £ . Yyk
~— New Yor
£ % ~ Arizona £ New J
I O ~— New Jersey
~— Colorado
2 ) 2 ~ Rhode Island
I} ~ New Mexico ] .
6 + Montana 6 -+~ Connecticut
~50% ~50% —=— Massachusetts
—~— Nevada .
~=— New Hampshire
~+ ldaho
— ~ Wyoming S A ~— Vermont
NIV S N SN IR INC S N SN ~— Maine
SRS R AR SRR GRS SR SR R
R A AN N R A AT
Pacific South Atlantic
Emergency decree
A e d Stay at home order issued
) “A n " . mergency ecree‘ Stay at home order eased
> 50% Stay at home order issued S, 50%
= Stay at home order eased =
a a
=] o ~— Maryland
€ £ Yl
~— Florida
£ 0% ~ Washington £ 0% )
[ — Califomia % ~+— North Carolina
E’ = c ~o— District of Columbia
] —~— Hawaii © N
6 o 6 —=— Virginia
—
-50% Alregkon -50% - Delaware
T Aasa ~=— South Carolina
e e ~ Georgia
el S S S $ $ el S S S S S irqin
Nl ,Léq’ Q)@Q’ Q\@ ,5?9 /\?9 @'5\ ‘Ss\ & q/@’v b‘@&@ ,,)?9 /\vﬁ ‘go‘\ ‘@‘\ ~— West Virginia
~ NNy P ~ NNy P
Southern Appalachia TOLA
A
A . A L]

. A " « Emergency decree . A L] « Emergency decree
> 50% 4 Stayathome orderissued 500, A Stay at home order issued
= Stay at home order eased = Stay at home order eased
a a
] ]
£ €
£ 0% Kentucky £ 0% Arkansas
) ) .
= Tennessee = Louisiana
< <
s Alabama s Texas
O 500 Mississippi O 509 Oklahoma

S @ @ ¢ & Q@@ S & ¢ @ & &
SR R AR SRR RSN SR SR RN
N A DR A AR I R G AN

Supplementary Figure 11: Comparison of mobility data from Google with government interventions
for the 50 states and the District of Columbia. The solid lines show average mobility (across categories
“retail & recreation”, “grocery & pharmacy”, “workplaces”) and the dotted lines show “residential”. Intervention
dates are indicated by shapes as shown in the legend; see Section 4.1 for more information about the interventions

implemented. There is a strong correlation between the onset of interventions and reductions in mobility.
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Supplementary Note 8 Mobility regression analysis

In Supplementary Figure we regressed NPIs against average mobility. We parameterised NPIs as piece-wise
constant functions that are zero when the intervention has not been implemented and one when it has. We
evaluated the correlation between the predictions from the linear model and the actual average mobility. We
also lagged the timing of interventions and investigate its impact on predicted correlation. We observed reduced

correlation when lagging (forward and backwards) the timing of NPIs, which suggested an immediate impact on

mobility.
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Supplementary Figure 12: Mobility regression analysis. The left figure is a histogram of the correlation
between the predictions from the linear model and the average mobility. The right hand plot shows the effect of

lagging the intervention timing on thee correlation.

Supplementary Note 9 Comparison of model attack rates with and

without interventions in the model

We show in Supplementary Figure [13]| that there is little difference between the attack rates for two models where
we include the "Stay at Home” intervention in our model as well and when we just use mobility. We, therefore,

choose the mobility only model to limit the numbers of parameters we are fitting.
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Supplementary Figure 13: Comparison of model attack rates with and without interventions in the

model. The straight line has equation y = z.

Supplementary Note 10 State-specific weekly effects

Our model includes a state-specific weekly effect €, (see equations 12 and 14) for each week w in the epidemic
period for a state. As described in Section 4, we assign an autoregressive process with mean 0 as prior to this
effect. Supplementary Figure shows the posterior of this effect on the same scale as in Figure 3, that is, the
percent reduction in R; with mobility variables held constanﬂ Values above 0 have the interpretation that the
state-specific weekly effect lowers the reproduction number R; ,,, i.e. transmission for week ¢ and state m is lower

than what is explained by the mobility covariates.

!Draws from the posterior are transformed with 1 — f(—€,, 4, (¢)), Where f(z) = 2exp(x)/(1 + exp(x)) is twice the inverse logit

function.
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Supplementary Figure 14: Percent reduction in R; due to the weekly, state-level autoregressive effect.

In Supplementary Figure we compare the different terms contributing to Ry, as explained by equation 12,
for three example states. We choose New York, Montana and Washington for our vignettes because the autore-
gressive (purple) trend behave differently in these states. In New York, the autoregressive term increases R
before lockdown, which we hypothesise corresponds to importations and new seeding events from Europe driv-
ing transmission. Then the autoregressive term decreases as social distancing, mask wearing and handwashing
are implemented along side behavioural changes. In contrast, the autoregressive term reduces R; at the start in
Montana and the mobility trends remain very flat, adding some weight to the hypothesis of importations. This
could reflect the low density of that state and the correspondingly long distances between where people live, along
with behavioural changes. The autoregressive term remains mostly constant in Washington, in line with the states

early and effective epidemic response, and suggests that mobility is sufficient to capture the behaviour there.
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Supplementary Figure 15: Comparison of different contributors to R; for New York, Montana and

Washington. Here we consider all the contributions given in equation 12 - they grey solid line shows the

posterior mean estimate of R; and the coloured lines show the mean contributions from the other terms. We do

not present confidence intervals here to avoid confusion. The colour denotes pooling level and the line type the

mobility type where appropriate. Note the inverse logit transformation means these terms are not additive and

each line, apart from the overall trend, is calculated by assuming all the other terms in equation 12 are zero.

Supplementary Note 11 Comparison of R; estimations

We compare our R; estimates on 01 June 2020 with estimates made by rt.live . Overall, our estimates were

weakly correlated (p = 0.42) with both of us estimating R; > 1 in 23 states (red points) including Montana and
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Alaska. However, the rt.live estimates are slightly more pessimistic because they predict R; > 1 in 10 states where

we predict Ry < 1 (blue points). In contrast we predict R; > 1 in 5 states where they predict R; < 1 (green

points).
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Supplementary Figure 16: Comparison of our and rt.live [7] R; estimates. Colours are used to indicate
groupings if each model predicted R; > 1. Standard 2 letter state codes are used as labels- Alabama AL, Alaska
AK, Arizona AZ, Arkansas AR, California CA, Colorado CO, District of Columbia DC, Connecticut CT, Delaware
DE, Florida FL, Georgia GA, Hawaii HI, Idaho ID, Illinois IL, Indiana IN, Towa IA, Kansas KS, Kentucky KY,
Louisiana LA, Maine ME, Maryland MD, Massachusetts MA, Michigan MI, Minnesota MN, Mississippi MS,
Missouri MO, Montana MT, Nebraska NE, Nevada NV, New Hampshire NH, New Jersey NJ, New Mexico NM,
New York NY, North Carolina NC, North Dakota ND, Ohio OH, Oklahoma OK, Oregon OR, Pennsylvania PA,
Rhode Island RI, South Carolina SC, South Dakota SD, Tennessee TN, Texas TX, Utah UT, Vermont VT, Virginia
VA, Washington WA, West Virginia WV, Wisconsin WI and Wyoming WY.

Supplementary Note 12 Median absolute percent error

We compared the magnitude of our cumulative death median absolute percent error (MAPE) estimates from our

forecasts from 1 June given in Supplementary Table [I| with global COVID-19 forecasts found in Friedman et
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al. [8]. This is not a parameter we explicitly wanted to forecast but enabled us to compare with other models in
literature. Friedman et al’s paper included both SEIR type models (IHME — MS SEIR [9], Youyang Gu [10], MIT
- DELPHI [11] and Imperial-LMIC [12]) and dynamic growth rate models (LANL-Growthrate |[13]). The forecasts
in Friedman et al. [8] were not all fit to the same date range, but to some point in June and are only presented
for the whole of the US and not to each state specifically. Unlike the models compared by Friedman et al., the
MAPE of our cumulative death forecasts did not increase significantly over time. Our 3 week median cumulative
death MAPE across all states (9.9%) was similar to the US estimate from Friedman et al. (4.1-8.6 excluding the
Imperial-LMIC model which was not calibrated for high income settings), but the magnitude was slightly higher
in our forecasts for some states, in particular Alaska and Wyoming, which were the last two states to reach 10

cumulative deaths and so had the least data in our models.
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Supplementary Table 1: State level 1 week, 2 week and 3 week median absolute percentage error

(MAPE) from our cumulative death forecasts fitted until 1 June.

State 1 week 2 weeks 3 weeks
Alabama 7.8% 8.1% 9.1%
Alaska 75.0% 66.7% 50.0%
Arizona 9.1% 13.5% 17.4%
Arkansas 9.7% 10.4% 13.7%
California 7.4% 8.4% 10.0%
Colorado 7.1% 7.1% 7.1%
Connecticut 7.4% 7.4% 7.4%
Delaware 8.3% 8.3% 8.3%
District of Columbia 8.6% 8.3% 8.4%
Florida 8.5% 10.3% 12.9%
Georgia 6.6% 8.8% 10.2%
Hawaii 29.4% 29.4% 29.4%
Idaho 15.5% 13.6% 14.4%
Illinois 8.4% 8.9% 9.9%
Indiana 8.6% 9.4% 10.8%
Towa 8.6% 8.2% 7.9%
Kansas 11.7% 11.4% 11.2%
Kentucky 8.1% 8.0% 7.9%
Louisiana 7.7% 7.7% 8.1%
Maine 13.1% 11.9% 11.8%
Maryland 7.6% 7.7% 7.9%
Massachusetts 7.6% 7.6% 7.3%
Michigan 7.8% 7.7% 7.7%
Minnesota 8.9% 9.8% 9.7%
Mississippi 9.3% 9.4% 11.7%
Missouri 7.6% 8.2% 10.3%
Montana 33.3% 31.6% 33.3%
Nebraska 11.1% 10.4% 10.4%
Nevada 9.0% 8.8% 8.9%
New Hampshire 11.5% 15.3% 16.2%
New Jersey 8.1% 8.0% 8.0%
New Mexico 10.5% 12.7% 14.5%
New York 7.8% 7.9% 7.9%
North Carolina 8.2% 8.0% 8.2%
North Dakota 13.9% 13.5% 13.0%
Ohio 7.5% 8.2% 8.9%
Oklahoma 8.6% 8.3% 8.1%
Oregon 9.8% 11.1% 12.0%
Pennsylvania 8.1% 8.9% 9.4%
Rhode Island 8.3% 8.8% 10.6%
South Carolina 8.4% 8.6% 9.4%
South Dakota 17.2% 13.5% 13.8%
Tennessee 8.3% 8.0% 9.4%
Texas 6.9% 7.3% 9.2%
Utah 11.6% 10.8% 11.7%
Vermont 16.1% 16.1% 15.8%
Virginia 7.5% 7.7% 8.6%
Washington 7.3% 7.6% 8.3%
West Virginia 14.3% 13.6% 15.7%
Wisconsin 8.3% 8.2% 8.4%
Wyoming 33.3% 31.2% 33.3%
Median 8.5% 8.8% 9.9%
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Supplementary Note 13 Sensitivity analysis to infection fatality ratio

Geographic-specific contact surveys are important for calculating the weighted IFR values according to the meth-
ods in [14}, [15]. There is no large-scale cross-generational contact survey, similar to the polymod survey [16],
implemented in the USA. Therefore, it was important to understand if the model was robust to changes in the
underlying contact survey. We calculated the IFRs using three different contact matrices: UK, France and Nether-
lands. We believe that the USA is culturally closest to that UK out of those countries we had contact matrices for,
but also considered France where we saw the greatest mixing of the elderly and the Netherlands which showed the
average behaviour of the European studies used in |15]. We found that the IFR, calculated for each state using the
three contact matrices, lay within the posterior of IFR in our model (Supplementary Figure . We also noted
that our results remained approximately constant when using the IFR calculated from the three different contact

matrices as the mean of the prior IFR in out model, see Section 4.

29



Alabama A
Alaska
Arizona
Arkansas 4
Californiaq
Colorado -
Connecticut A
Delaware
District of Columbia
Florida 4
Georgia -
Hawaii -

Idaho 4

lllinois A
Indiana o

lowa -

Kansas -
Kentucky A
Louisiana 4
Maine
Maryland
Massachusetts A
Michigan
Minnesota -
Mississippi 4
Missouri4
Montana 4
Nebraska 4
Nevada A

New Hampshire 4
New Jersey -
New Mexico
New York 4
North Carolina 4
North Dakota
Ohio
Oklahoma A
Oregon -
Pennsylvania 4
Rhode Island 4
South Carolina -
South Dakota A
Tennessee
Texas -

Utah -
Vermont A
Virginia A
Washington A
West Virginia o
Wisconsin A

State

Wyoming -

* France
¢ Netherlands
¢ UK

Posterior

T
0.0075

:
0.0100
ifr

T
0.0125

Supplementary Figure 17: Sensitivity analysis for IFR. The red, green and blue dots show the IFR point

estimates calculated according to using the French, Dutch and and UK contact matrices respectively.

The purple dot shows the mean of our posterior estimates for the IFR run using the UK contact matrix estimate

(central measure of the error bars) and the purple error bars shows the 95% credible intervals of the distribution.

The sample size n = 105,006 deaths across the 50 states and the District of Columbia up until 1 June and 479,422

cases from 11 May to 1 June.

Since we are using the same contact matrix across all the states, the differences in IFR are due to the population

demographics and not due to differential contacts. The low IFR in Texas and Utah reflects the younger population

there whereas the higher IFR in Florida and Maine is due to the older population. This is a limitation of our

methods.
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