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Abstract

Coronavirus disease 2019 (COVID-19) will likely remain a major public health burden; accu-
rate forecast of COVID-19 epidemic outcomes several months into the future is needed to
support more proactive planning. Here, we propose strategies to address three major fore-
cast challenges, i.e., error growth, the emergence of new variants, and infection seasonality.
Using these strategies in combination we generate retrospective predictions of COVID-19
cases and deaths 6 months in the future for 10 representative US states. Tallied over
>25,000 retrospective predictions through September 2022, the forecast approach using all
three strategies consistently outperformed a baseline forecast approach without these strat-
egies across different variant waves and locations, for all forecast targets. Overall, probabi-
listic forecast accuracy improved by 64% and 38% and point prediction accuracy by 133%
and 87% for cases and deaths, respectively. Real-time 6-month lead predictions made in
early October 2022 suggested large attack rates in most states but a lower burden of deaths
than previous waves during October 2022 —March 2023; these predictions are in general
accurate compared to reported data. The superior skill of the forecast methods developed
here demonstrate means for generating more accurate long-lead forecast of COVID-19 and
possibly other infectious diseases.

Author summary

Infectious disease forecast aims to reliably predict the most likely future outcomes during
an epidemic. To date, reliable COVID-19 forecast remains elusive and is needed to sup-
port more proactive planning. Here, we pinpoint the major challenges facing COVID-19
forecast and propose three strategies. Comprehensive testing based on retrospective fore-
casts shows the forecast approach using all three strategies consistently outperforms a
baseline approach without these strategies across different variant waves and locations in
the United States for all forecast targets, improving the probabilistic forecast accuracy by
~50% and point prediction accuracy by ~100%. The superior skills of the forecast methods
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developed here demonstrate means for generating more accurate long-lead COVID-19
forecasts. The methods may be also applicable to other infectious diseases.

Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in late 2019,
causing the coronavirus disease 2019 (COVID-19) pandemic. Since its onset, mathematical
modeling has been widely applied to generate projections of potential pandemic trajectories,
including for cases, hospitalizations, and deaths. These model projections are often based on
specific assumptions (i.e., scenarios) regarding critical factors affecting transmission dynamics.
For example, the scenarios often include a combination of public health policies [e.g., non-
pharmaceutical interventions (NPIs) including lockdown/reopening and masking, and vacci-
nations], population behavior (e.g., adherence to the policies and voluntary preventive mea-
sures), and anticipated changes in the epidemiological properties of SARS-CoV-2 variants
[1-4]. While such efforts have provided overviews of the potential outcomes under various
scenarios, they do not assign likelihoods to the scenarios/projected trajectories, and the most
likely trajectory is typically not known until the outcome is observed. That is, scenario projec-
tion is not equivalent to calibrated infectious disease forecast, which aims to reliably predict
the most likely future outcomes during an epidemic. As COVID-19 will likely remain a major
public health burden in the years to come, sensible forecast of the health outcomes several
months in the future is needed to support more proactive planning.

Compared to forecast of epidemic infections (e.g., influenza), a number of additional chal-
lenges exist for long-lead COVID-19 forecast. First, SARS-CoV-2 new variants will likely con-
tinue to emerge and remain a major source of uncertainty when generating COVID-19
forecasts [5,6]. As has been observed for the major variants of concern (VOCs) reported to
date (i.e., Alpha, Beta, Gamma, Delta, and Omicron), future new variants could arise at any
time, could quickly displace other circulating variants, and could be more contagious than
pre-existing variants, and/or erode prior infection- and/or vaccination-induced immunity to
affect underlying population susceptibility. Further, multiple new variants could arise succes-
sively to cause multiple waves during a time span of, e.g., 6 months. Such frequent emergence
and fast turnover of circulating variants is in stark contrast with epidemic infections. Second,
many infections for other respiratory viruses tend to occur during a certain season of the year
and as such, the seasonality can be incorporated to improve forecast accuracy [7,8] as well as
restrict the forecast window to the epidemic season (e.g., influenza during the winter in tem-
perate regions). Potential seasonality for SARS-CoV-2 is still not well characterized. For
instance, in the US, where larger waves have occurred in the winter during 2020-2022, smaller
summer waves have also occurred (e.g., the initial Delta wave and Omicron subvariant waves;
Fig 1). Third, given the unknown timing of new variant emergence, year-round, long-lead
COVID-19 forecast will likely be needed. These unknowns also necessitate wider parameter
ranges using a forecast ensemble to account for the uncertainty, which over long forecast hori-
zons could lead to greater error growth and poorer predictive accuracy.

In this study, we aim to address the above challenges and develop sensible approaches that
support long-lead prediction of COVID-19 epidemic outcomes. We propose three strategies
for improving forecast accuracy and test the methods in combination by generating retrospec-
tive forecasts of COVID-19 cases and deaths in 10 representative states in the US (i.e., Califor-
nia, Florida, Iowa, Massachusetts, Michigan, New York, Pennsylvania, Texas, Washington,
and Wyoming; Fig 1). Relative to a baseline approach, the forecast approach based on our
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Fig 1. Geospatial distribution of the 10 states and overall COVID-19 outcomes. Heatmaps show reported cumulative COVID-19 incidence rates (A) and
COVID-19-associated mortality rates (B) in the 10 states included in this study. Line plots show reported weekly number of COVID-19 cases (C) and COVID-
19-associated deaths (D) during the study period, for each state. The maps are generated using the “usmap” R package with data from the US Census (https://
www.census.gov/geographies/mapping-files/time-series/geo/cartographic-boundary.html).

https://doi.org/10.1371/journal.pcbi.1011278.9001

strategies largely improves forecast accuracy (64%/38% higher probabilistic log score for cases/
deaths, and 133%/87% higher point prediction accuracy for cases/deaths, tallied over 25,183
evaluations of forecasts initiated during July 2020 —September 2022, i.e., from the end of the
initial wave to the time of this study). These results highlight strategies for developing and
operationalizing long-lead COVID-19 forecasts with greater demonstrated accuracy and reli-
ability. In addition, we generate real-time COVID-19 forecasts for October 2022 —March 2023
(roughly covering the 2022-2023 respiratory virus season) and evaluate these forecasts using
data reported 6 months later.

Results
Proposed strategies for long-lead COVID-19 forecast

To address the three challenges noted above, we propose three strategies in combination.

Details are provided in Methods. Here, we summarize the idea behind each strategy. The first
strategy is to constrain error growth during the extended forecast period. As noted above, the
multiple uncertainties regarding SARS-CoV-2 (e.g., new variant properties) necessitate wider
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distributions of the state variables (e.g., population susceptibility) and parameters (e.g., virus
transmissibility) at the point of forecast initiation. With a wider forecast ensemble, some
ensemble members could predict earlier, large outbreaks, which if premature, would deplete
modeled susceptibility and incorrectly preclude outbreaks later on. More generally, like other
infections, COVID-19 epidemics often grow exponentially at first, triggering exponential
changes in susceptibility and other state variables, which in turn feed back on the longer epi-
demic trajectory. Such infectious disease dynamics imply forecast error can also grow expo-
nentially, leading to accelerated degradation of forecast accuracy after the first few weeks. To
counteract this exponential error growth, we propose to apply a multiplicative factor y <1 to
the covariance of the forecast state variables (e.g., susceptibility) while retaining the ensemble
mean (see Methods). In so doing, we can represent initial uncertainty with a broad forecast
ensemble while countering excessive error growth of the state variables. This strategy is similar
to covariance inflation during system optimization [9,10], where ay >1 is applied to the
covariance to counteract over-narrowing of the model ensemble. Since here it acts in the oppo-
site direction, we refer to this technique as deflation. Fig 2A shows example forecasts with
deflation compared to without it.

The second strategy is to anticipate the impact of new variants. Genomic sequencing data
can support prediction of the impact of a new variant a few weeks in the future (see Methods
and S1 Text); however, variant displacement and competition dynamics can occur unexpect-
edly beyond those first few weeks, rendering historical data less relevant. Thus, for weeks far-
ther in the future, instead of predicting specific new variants, we propose to use a set of
heuristic rules to anticipate their likely emergence timing and impact on population suscepti-
bility and virus transmissibility. Specifically, for the timing, we reason that new variants are
more likely to emerge/circulate 1) after a large local wave when more infections could lead to
more mutations, which could be timed based on local outbreak intensity during the preceding
months; and 2) during a time when a large part of the world is experiencing a large wave,
which also could lead to new mutations. For instance, in the US, this could be during the win-
ter when local large waves tend to occur, or the summer when places in the southern hemi-
sphere are amid their winter waves. As such, this could be timed based on the calendar. For
the new variant impact, we observe that, new variant circulation often results in gradual
increases in susceptibility (e.g., a few percentages per week, based on estimates from New York
City during VOC waves), possibly due to the substantial population immunity accumulated
via infections and vaccinations. Similarly, changes in transmissibility also tend to occur gradu-
ally. As such, we propose to apply small increases to the model population susceptibility and
transmissibility during those two plausible times. The rationale here is to anticipate the more
common, non-major changes so as not to overpredict, because major VOCs causing dramatic
changes are rarer and difficult to predict. Fig 2B shows example forecasts with these new vari-
ant settings compared to without them.

The third strategy accounts for seasonality. Instead of assuming a specific epidemic timing,
we model the seasonal risk of SARS-CoV-2 infection based on plausible underlying drivers of
infection seasonality for common respiratory viruses. Specifically, studies have shown that
respiratory viruses including SARS-CoV-2 are sensitive to ambient humidity and temperature
conditions, which could in turn modulate their survival and transmission [11-15]. Accord-
ingly, we developed a climate-forced model that includes both humidity and temperature to
capture the reported virus response and parameterized the model based on long-term epi-
demic data observed for influenza [16]. When modified and applied to account for SARS--
CoV-2 seasonality in a model-inference framework, the estimated seasonal trends are able to
capture the effects of different climate conditions (e.g., for UK, Brazil, India, and South Africa
[17-19]). Here, we thus propose to apply this model and local climate data to estimate

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1011278  July 17, 2023 4/24


https://doi.org/10.1371/journal.pcbi.1011278

PLOS COMPUTATIONAL BIOLOGY

Long-lead COVID-19 forecast

Estimate/Forecast (median, IQR, 80% CI)

(A) Example forecasts comparing deflation settings
(New York; Cases; no new variants; fixed seasonality; 2020-07-05)

N flation Deflation = 0. Deflation = 0.
49000 olde atio 15000 e elno 0.95 000 e Ialo 0.9
1 | 1
9000 : 9000 : 9000 :
1 | 1
6000 I 6000 ! 6000 I
: : l , : 1
3000 i ':" 3000 | ':.. 3000 | ':".
1 | 1
0
© AP
O 120 ot N g\ Q,\ r},\ N o\ 93\'\ Q\’\ 0 fb\ b(\(?f o\ Q,\ N 0
QO X 0T GO O W 102 0™ 0% 0% i\ o Q0% O™ Q0% Q0% Y QN
,Lg@ 1020 g@“ N fz ,Lg@ @Q@ ,Lg'?, @020 @010 ® Q@Q @g@ s @g@ 2@0 o Q@O
(B) Example forecasts comparing new variants settings
(New York; Cases; deflation = .9; fixed seasonality; 2022-03-27)
No new variants New variants
25000 25000 I
|
20000 20000 :
15000 15000 :
10000 10000 :
5000 e 5000 :
0 . ! A
s *® \o° o f2° A W o \o© o 12° V)
AN N e 2 Qe ® AN N NE o° \o° ®
B A BN A L
(C) Example forecasts comparing seasonality settings
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Fig 2. Example forecasts. Vertical dashed lines indicate the week of forecast. Dots show reported weekly cases per 1 million people; only those to the left of the
vertical lines are used to calibrate the model and those to the right of the vertical lines are plotted for comparison. Blue lines and blue areas (line = median;
darker blue = 50% CI; lighter blue = 80% CI) show model training estimates. Red lines and red areas (line = median; dark red = 50% CI; lighter red = 80% CI)
show model forecasts using model settings as labeled in the subtitles.

https://doi.org/10.1371/journal.pcbi.1011278.9002

SARS-CoV-2 seasonality in each location (referred to as “fixed seasonality”; see estimates for
the 10 states in S1 Fig). In addition, as the model is parameterized based on influenza data, this
estimated seasonality could differ from the true SARS-CoV-2 seasonality. To test this, we pro-
pose an alternative seasonality form that transforms the fixed seasonality trend to allow a more
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flexible phase timing and structure of seasonality (referred to as “transformed seasonality”; see
details in S1 Text and examples for the 10 states in S1 Fig). Fig 2C shows a comparison of the
two seasonality forms and example forecasts with no seasonality and the two seasonality
forms.

We test the above three strategies in combination, including three deflation settings (i.e.,
setting vy = 1, 0.95, and 0.9), two new variant settings (i.e., assuming no new variants vs. antici-
pating new variants per the rules noted above), and three seasonality settings (i.e., no, fixed,
and transformed seasonality): in total, 12 (= 3 x 2 x 3) forecast approaches. To compare the
performance of the 12 forecast approaches, we generated retrospective forecasts for 10 states,
from July 2020 —August 2021 (Pre-Omicron period; 65 weeks in total) and December 2021 -
September 2022 (Omicron period; ~37 weeks). For each week, a forecast for the following 26
weeks (~6 months) is generated after model training using data up to the week of forecast. We
then evaluate the accuracy predicting the weekly number of cases and deaths during each of
the 26 weeks (i.e. 1- to 26-week ahead prediction), as well as the peak timing (i.e. the week with
the highest cases/deaths), peak intensity, cumulative number of cases and deaths over the 26
weeks.

For the forecast comparisons below, we evaluated probabilistic forecast accuracy using log
score, i.e., the logarithm of the probability correctly assigned to the true target (see Methods
and S1 Text). We also evaluated point prediction accuracy-assigning value 1 (i.e., accurate) to
a forecast if the point prediction is within +25% of the observed case/death count or within +1
week of the observed peak week, and 0 (i.e., inaccurate) otherwise; as such, when averaged
over all forecasts, this accuracy gives the percentage of forecasts a point prediction is accurate
within these tolerances. Thus, both higher log score and higher point prediction accuracy indi-
cate superior forecast performance.

The impact of deflation

Compared to forecasts with no deflation (y = 1), applying a small deflation (y = 0.95 or 0.9)
consistently improves forecast performance (Fig 3, first two panels). This improvement is evi-
dent across all locations and combinations of the other two model settings (i.e., new variants
and seasonality). The improvement is most pronounced for the long-lead (i.e., 17- to 26-week
ahead) weekly forecasts and overall intensity-related targets (i.e., the totals accumulated over
26 forecast weeks and peak intensity; S2 and S3 Figs), indicating deflation is able to effectively
reduce error growth accumulated over time. We note that, as deflation works by reducing fore-
cast spread, the forecast ensemble can also become under-dispersed, assign zero probability to
the true target (most notably, for peak week), and in turn produce a lower log score (see

S2 Fig, the 3" row of each heatmap for peak week). Given this trade-off, we did not test defla-
tion factors <0.9.

Opverall, relative to forecasts without deflation (y = 1), log scores aggregated over all loca-
tions and targets were 18-20% higher for forecasts of cases (range of relative change across all
combinations of the other two model settings; Table A in S1 Text) and 7-8% higher for fore-
casts of mortality when a deflation factor y of 0.95 was applied. The log scores further increased
when using ¥ = 0.9, to 34-43% higher (than y = 1) for forecasts of cases and 13-17% higher for
forecasts of mortality. The improvement of point prediction accuracy was more pronounced.
Aggregated over all locations and targets, point prediction accuracy was 33-63% higher for
forecasts of cases and 24-40% higher for forecasts of mortality when using a deflation factor y
of 0.9, relative to using no deflation (Table A in S1 Text). As such, we use y = 0.9 as the best-
performing setting for subsequent analyses.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1011278  July 17, 2023 6/24


https://doi.org/10.1371/journal.pcbi.1011278

PLOS COMPUTATIONAL BIOLOGY Long-lead COVID-19 forecast

(A) Impact on log score (all targets combined)

Cases Cases Cases
0.95 vs none 0.9 vs none 0.9 vs 0.95
New variants, Transformed seasonality B | |
New variants, Fixed seasonality N |
New variants, No seasonality Difference
No new variants, Transformed seasonality 1 in log score
No new variants, Fixed seasonality .
No new variants, No seasonality 0.3
Deaths Deaths Deaths
0.95 vs none 0.9 vs none 0.9vs 0.95 S 02
New variants, Transformed seasonality
New variants, Fixed seasonality 0.1
New variants, No seasonality
No new variants, Transformed seasonality 0.0
No new variants, Fixed seasonality
No new variants, No seasonality
\\ “@e?' %* 6 o @e @ $\‘ N QS%‘%%&* SO
fz? QQ’ fz? QQ’ 4 Q@
) )
(B) Impact on point prediction accuracy (all targets combined)
Cases Cases Cases
0.95 vs none 0.9 vs none 0.9 vs 0.95
New variants, Transformed seasonality B ‘
New variants, Fixed seasonality L]
New variants, No seasonality Difference
No new variants, Transformed seasonality | F } in accuracy (%)
No new variants, Fixed seasonality | |
No new variants, No seasonality . [ | ] I 30
Deaths Deaths Deaths B
0.95 vs none 0.9 vs none 0.9 vs 0.95 20

New variants, Transformed seasonality
New variants, Fixed seasonality

New variants, No seasonality

No new variants, Transformed seasonality
No new variants, Fixed seasonality

No new variants, No seasonality

10

Fig 3. Impact of deflation on forecast performance. Heatmaps show the differences in mean log score (A) or point prediction accuracy (B) between all
forecast approaches with different deflation settings (deflation factor y = 0.95 vs none in the 1* column, 0.9 vs none in the 2™ column, and 0.9 vs 0.95 in the 3¢
column; see panel subtitles). Results are aggregated for each forecast approach (see specific settings of new variants and seasonality in the y-axis labels) and
location (x-axis) over all forecast targets and forecast weeks, for cases (1% row) and deaths (2™ row), separately. For each pairwise comparison (e.g., 0.95 vs
none), a positive difference in log score or point prediction accuracy indicates the former approach (e.g., 0.95) outperforms the latter (e.g., none).

https:/doi.org/10.1371/journal.pcbi.1011278.g003

Impact of the new variant settings

To ensure consistency and avoid over-fitting, we applied the same set of heuristic rules on new
variant emergence timing and impact, as noted above, throughout the entire study period (i.e.,
including weeks before the emergence of SARS-CoV-2 VOCs). We expect the new variant set-
tings to improve forecast performance during VOC waves but have a less pronounced or no
effect during the 2™ wave (roughly, fall/winter 2020-2021), prior to VOC emergence. Indeed,
overall, for the 2"¢ wave, forecast systems with the new variant settings (referred to as “new
variant model”) had similar performance as those assuming no new variants (relative changes
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in log score and accuracy: -2% to 0.6%, Table B in S1 Text; Fig 4). However, for the VOC
waves, applying the new variant settings improved forecast performance during the Alpha
wave (roughly, spring 2021), Delta wave (roughly, summer/fall 2021), and Omicron wave
(after December 2021; note no further desegregation was made for Omicron subvariant waves
due to small sample sizes; Fig 4). For forecasts of cases, the improvement was consistently seen
for all three VOC waves (relative changes in log score and accuracy all > 0, Table B in S1
Text). The relative increases of log score were up to 119% during the Delta wave and up to
37% during the Omicron wave; the relative increases of point prediction accuracies were up to
89% during the Delta wave and up to 96% during the Omicron wave (Table B in S1 Text and
Fig 4).

For forecasts of mortality, the new variant model had higher log scores during the Alpha
and Delta waves, as well as higher point prediction accuracies during all three VOC waves
(Table B in S1 Text). However, log scores during the Omicron wave were similar for both

(A) Impact on log score
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Fig 4. Impact of new variant settings on forecast performance. Heatmaps show the differences in mean log score (A) or point prediction accuracy (B)
between forecast approaches with vs without anticipation of new variant emergence. All forecasts here were generated using a deflation factor of 0.9. Results are
aggregated for each forecast approach (see specific setting of seasonality in panel subtitles), variant wave (y-axis), and location (x-axis) over all forecast targets
and forecast weeks for cases (1 row) and deaths (2™ row), separately. A positive difference indicates superior performance of the forecast approach with
anticipation of new variant emergence.

https:/doi.org/10.1371/journal.pchi.1011278.g004
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models (e.g., overall log scores: -0.22 for the new variant model and -0.17 for the baseline, both
assuming no seasonality); in addition, the log scores were slightly lower for the new variant
model, likely due to the lower COVID-19-associated deaths during the Omicron wave.

Aggregated over all waves, targets, and locations, the new variant model had 17-34% and
3-8% higher log scores and 23-28% and 22-25% higher point prediction accuracies for fore-
casts of cases and deaths, respectively.

Impact of seasonality forms

Based on the above results, we focus on forecasts generated using the new variant model with a
deflation factor of 0.9 to examine the three approaches to forecasting the effects of seasonality.
As noted above, seasonality aims to capture changes in infection risk in response to environ-
mental conditions (here, ambient humidity and temperature); for common respiratory viruses
(e.g., influenza), infection risk in temperate regions is often higher during cold-dry winter
months (i.e., respiratory virus season, roughly mid-October to mid-April in the US), and
lower during the rest of the year (i.e., off season). Both the fixed and transformed seasonality
models consistently improved forecast performance during the respiratory virus season rela-
tive to the no seasonality approach across all locations and targets (Fig 5A for log score and 5B
for point prediction accuracy, first two panels; Table C in S1 Text). However, if only analyzing
the off season, both models had worse performance compared to the model assuming no sea-
sonality (Fig 5, 4™ and 5" panels). Segregating the forecasts made for the off season by wave
shows that both seasonality models continued to outperform the no seasonality model during
summer/fall 2020 (grouped with the 2" wave); worse performance occurred during summer/
fall 2021 (the Alpha and Delta waves) and summer 2022 (Omicron subvariants; Table C in

S1 Text). These results suggest that the seasonality models are able to capture the seasonal risk
of SARS-CoV-2 infection, and that the degraded performance during the off season may be
due to challenges anticipating the initial surge of VOCs occurring during those times.

Tallied over all time periods, in general, the seasonality models outperformed the no sea-
sonality model (Table C in S1 Text for all locations combined and Table D in S1 Text for each
location). Comparing the two seasonality forms, the transformed seasonality model outper-
formed the fixed seasonality model overall (Table C in S1 Text). Compared to the no seasonal-
ity model, the transformed seasonality had 14% higher log score for forecasts of mortality, and
26% and 18% higher point prediction accuracies for cases and mortality, respectively (Table C
in S1 Text). As noted above, the improvement during the respiratory virus season was more
substantial (Tables C and D in S1 Text; Fig 5).

Combined impact of deflation, new variant settings, and seasonality forms

We now examine the forecast performance using the combined best-performing approach
(i.e., applying deflation with y = 0.9, the new variant rules, and the transformed seasonality
form), compared to the baseline approach (i.e., no deflation, no new variants, and no seasonal-
ity). In addition to the large uncertainties surrounding SARS-CoV-2 (e.g., new variants), there
are also large spatial heterogeneities. For example, across the 10 states included here, popula-
tion density ranged from 6 people per square mile in Wyoming to 884 per square mile in Mas-
sachusetts (2020 data [20]); climate conditions span temperate (e.g., New York) and
subtropical climates (e.g., Florida; S1 Fig). Given the uncertainties and spatial heterogeneities,
the robustness of any forecast approach is particularly important.

First, we examine the consistency of forecast performance over different variant periods. Dur-
ing the pre-Omicron period (here, July 2020 ~Dec 2021), the combined approach consistently
outperformed the baseline approach across all states, for both forecasts of cases and deaths
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Fig 5. Impact of seasonality settings on forecast performance. Heatmaps show the differences in mean log score (A) or point prediction accuracy (B),
between pairs of forecast approaches with different seasonality settings (see panel subtitles). All forecasts here were generated using a deflation factor of 0.9 and
the new variant setting. Results are aggregated for each forecast target (y-axis) and location (x-axis), over either the respiratory virus season (first 3 columns) or
the off season (last 3 columns), for cases (1% row) and deaths (2™ row), separately. For each pairwise comparison (e.g., fixed vs no seasonality), a positive
difference in log score or point prediction accuracy indicates the former approach (e.g., with fixed seasonality) outperforms the latter (e.g., with no seasonality).

https://doi.org/10.1371/journal.pcbi.1011278.9005

(Fig 6A); log scores improved by 85% overall for cases (range from 39% in Washington to 134%
in Florida) and by 62% overall for deaths (range from 24% in Washington to 117% in Florida;
Table 1). During the Omicron period (here, Dec 2021 -September 2022), improvements were
smaller but consistent across the 10 states for forecast of cases (Fig 6A; note that only 16-20 fore-
casts of long-lead targets were evaluated here, as observations are incomplete); as noted above,
due to the much lower mortality during the Omicron period, both the best-performing and base-
line forecasts of mortality had similar log scores (e.g., median difference = -0.02, Table 1). The
overall consistency of the performance indicates that the best-performing forecast approach is
robust for forecasting long-lead COVID-19 epidemic outcomes for different variants.

Second, we examine the forecast performance during the US respiratory virus season (here,
mid-October to mid-April) when larger COVID-19 waves have occurred. Tallied over all
weeks during the respiratory virus season, the best-performing approach outperformed the
baseline approach for all 10 states (Fig 6B); log scores increased by 105% for cases (range from
32% in Washington to 213% in Massachusetts) and by 85% for mortality (range from 19% in
Washington to 158% in Iowa; Table 1). During the off season, the best-performing approach
also generally outperformed the baseline approach (Table 1).

Third, we examine the accuracy predicting different epidemic targets. The best-performing
forecast approach consistently improved point prediction accuracy for all targets for all 10
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Fig 6. Probabilistic forecast accuracy of the best-performing and baseline forecast approaches. Boxplots show the distributions of pair-wise difference in
log score by variant period (A) or respiratory virus season (B; see panel subtitles). Results are aggregated by location (color-coded for each state) and forecast
target (x-axis), for cases and deaths (see panel subtitles), separately. The numbers show the range of number of evaluations of each forecast target (e.g., 59
predictions of peak week during the pre-Omicron period, for each state; 16-20 predictions of peak week during the Omicron period, depending on the timing
of Omicron detection in each state). A positive difference indicates superior log score of the best-performing forecast approach.

https://doi.org/10.1371/journal.pcbi.1011278.9006

states (Fig 7 and Table 2). In addition, the improvement was more substantial for long-lead
targets (e.g., 9- to 16-week ahead and 17- to 26-week ahead forecasts, peak week, peak inten-
sity, and the cumulative totals). For instance, the best-performing approach increased accuracy
from 24% to 42% (35% to 56%) predicting the peak week of cases (deaths), from 20% to 40%
(30% to 50%) predicting the peak intensity of cases (deaths), roughly a 2-fold improvement for
these two long-lead targets. The improvements were even more substantial for 17-26 week
ahead forecasts and the cumulative totals over the entire 26 weeks (by 3- to 22-fold, Fig 7 and
Table 2). We note the forecasts here were generated retrospectively with information that may
not be available in real time and thus likely are more accurate as a result. Nonetheless, with the
same information provided to both forecast approaches, the comparison here demonstrates
the large improvement in forecast accuracy using the best-performing forecast approach.

Forecast performance compared with ARIMAX models

To benchmark the performance of the forecast approaches developed here, we also generated
retrospective forecasts using Auto-Regressive Integrated Moving Average (ARIMA) models.
Compared to the best-performing ARIMAX model (identified from 5 models with different
settings; see Methods and Table E in S1 Text), our baseline approach (i.e., no deflation, no new
variants, and no seasonality) performed similarly well whereas our best-performing approach
(i-e., applying deflation with y = 0.9, the new variant rules, and the transformed seasonality
form) had much superior performance (Table F in S1 Text).
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Table 1. Comparison of probabilistic forecast accuracy by the best-performing and the baseline forecast approaches. Numbers show the relative difference in mean
log score computed using Eq 6, the median of pairwise difference in log score (95% CI of the median); asterisk (*) indicates if the median is significantly >0 or <0 at the o
= 0.05 level, per a Wilcoxon rank sum test. Positive numbers indicate superior performance of the best-performing forecast approach.

State Measure | All Pre-Omicron period | Omicron period Respiratory season Off season
All Cases 63.6%, 0.34 (0.33,0.35) | 85.3%, 0.43 (0.42, 0.44) | 27.2%, 0.21 (0.2, 0.22) * 105%, 0.53 (0.51, 0.54) | 40.6%, 0.22 (0.21,0.23) *
* * *
All Deaths | 38%, 0.07 (0.06, 0.08) * | 61.7%, 0.25 (0.24, 0.27) | 0.184%, -0.018 (-0.02, -0.016) | 84.5%, 0.42 (0.41, 0.44) | 13.7%, 0 (0, 0) *
* * *
California Cases 46.3%, 0.18 (0.16, 0.21) | 65.8%, 0.26 (0.22, 0.32) | 15.9%, 0.11 (0.08, 0.14) * 93.7%, 0.35 (0.27, 0.43) | 21.2%, 0.13 (0.1, 0.15) *
* * *
California Deaths | 29.9%, 0.01 (0, 0.01) * | 50.6%, 0.06 (0.04, 0.1) | -1.26%, -0.028 (-0.032, 91.4%, 0.34 (0.26, 0.42) | 0.225%, -0.0095 (-0.013, -0.006)
* -0.024) * * *
Florida Cases 119%, 0.51 (0.46, 0.55) | 134%, 0.42 (0.37, 0.49) | 90.7%, 0.63 (0.57, 0.68) * 48.9%, 0.23 (0.2,0.27) | 183%, 0.77 (0.71, 0.83) *
* * *
Florida Deaths | 84.5%, 0.23 (0.2,0.26) | 117%, 0.28 (0.24, 0.33) | 33.6%, 0.11 (0.06, 0.18) * 58.5%, 0.27 (0.24, 0.31) | 104%, 0.17 (0.12, 0.26) *
* * *
Iowa Cases 69.8%, 0.4 (0.37,0.44) | 108%, 0.59 (0.55, 0.63) | 10.6%, 0.09 (0.06, 0.13) * 172%, 0.84 (0.77,0.89) | 24.7%, 0.19 (0.16, 0.22) *
* * *
Towa Deaths | 50.6%, 0.19 (0.16, 0.22) | 86.4%, 0.43 (0.39, 0.47) | -4.49%, -0.024 (-0.03, -0.018) | 158%, 0.71 (0.66, 0.77) | 5.74%, 0 (0, 0.01) *
* * * *
Massachusetts | Cases 84.1%, 0.42 (0.38, 0.46) | 131%, 0.66 (0.61,0.72) | 17.6%, 0.17 (0.13,0.2) * 213%, 0.91 (0.83,0.99) | 29%, 0.16 (0.14, 0.19) *
* * *
Massachusetts | Deaths | 40.1%, 0.04 (0.03, 0.06) | 68.9%, 0.28 (0.23, 0.34) | -3.32%, -0.031 (-0.041, 130%, 0.61 (0.55, 0.67) | 0.439%, -0.005 (-0.009, -0.002) *
* * -0.022) * *
Michigan Cases | 76.4%, 0.48 (0.45, 0.51) | 86.9%, 0.49 (0.45, 0.52) | 55.9%, 0.46 (0.4, 0.51) * 119%, 0.62 (0.57, 0.68) | 53.2%, 0.39 (0.35, 0.42) *
* * *
Michigan Deaths | 36.9%, 0.12 (0.09, 0.14) | 60.9%, 0.32 (0.28, 0.35) | -2.89%, -0.029 (-0.036, 85.6%, 0.48 (0.44, 0.52) | 12.2%, -0.0044 (-0.0095,
* * 0.022) * * -0.00048) *
New York Cases 60.7%, 0.37 (0.34,0.4) | 79.6%, 0.47 (0.44,0.5) | 28.8%, 0.22 (0.19, 0.25) * 117%, 0.63 (0.57,0.69) | 31.1%, 0.21 (0.18, 0.24) *
* * *
New York Deaths | 20.6%, 0.01 (0.01, 0.02) | 35.5%, 0.09 (0.06, 0.15) | -4.31%, -0.025 (-0.032, 61.1%, 0.37 (0.33,0.4) | -0.7%, -0.0056 (-0.009, -0.0029)
* * -0.019) * * *
Pennsylvania | Cases 49.2%, 0.32 (0.3, 0.35) | 72.4%, 0.45 (0.42, 0.48) | 12.1%, 0.16 (0.13,0.18) * 94.9%, 0.56 (0.52, 0.6) | 24.7%, 0.18 (0.16, 0.2) *
* * *
Pennsylvania | Deaths | 30.5%, 0.12 (0.09, 0.15) | 51.7%, 0.3 (0.27, 0.33) | -3.29%, -0.024 (-0.034, 71.9%, 0.41 (0.38, 0.44) | 8.45%, 0.01 (0, 0.01) *
* * -0.016) * *
Texas Cases 74.3%, 0.32 (0.29, 0.36) | 120%, 0.51 (0.46, 0.57) | 9.88%, 0.07 (0.04, 0.12) * 158%, 0.64 (0.56,0.71) | 34%, 0.18 (0.15, 0.21) *
* * *
Texas Deaths | 59.3%, 0.17 (0.14, 0.21) | 103%, 0.47 (0.42, 0.52) | -1.88%, -0.012 (-0.015, 141%, 0.67 (0.6, 0.74) * | 20.5%, 0.01 (0.01, 0.02) *
* * -0.009) *
Washington | Cases | 38.5%, 0.26 (0.23, 0.28) | 38.8%, 0.24 (0.21, 0.27) | 37.8%, 0.28 (0.25, 0.32) * 31.7%, 0.28 (0.24, 0.32) | 43.3%, 0.24 (0.2, 0.26) *
* * *
Washington | Deaths | 13.8%, 0 (-0.0015, 0) 24.1%, 0.04 (0.02, 0.08) | -4.22%, -0.028 (-0.034, 19.1%, 0.07 (0.03, 0.13) | 10.4%, -0.001 (-0.0029, 0.00093)
* -0.022) * *
Wyoming Cases 34.5%, 0.21 (0.19, 0.23) | 45.7%, 0.25 (0.23, 0.28) | 13.4%, 0.11 (0.07, 0.15) * 73.8%, 0.42 (0.38, 0.46) | 13.7%, 0.09 (0.07, 0.12) *
* * *
Wyoming Deaths | 26.8%, 0.05 (0.04, 0.08) | 42.7%, 0.19 (0.17, 0.22) | -1.53%, -0.014 (-0.019, -0.01) | 73.9%, 0.36 (0.33, 0.41) | 3.06%, 0 (0.00094, 0.01) *
* * * *

https://doi.org/10.1371/journal.pcbi.1011278.t001

Forecast for the 2022-2023 respiratory virus season

Figs 8 and 9 present real-time forecasts of October 2022 ~March 2023 for the 10 states, and
Table G in S1 Text shows a preliminary accuracy assessment based on data obtained on March
31, 2023. Accounting for under-detection, large numbers of infections (i.e., including undocu-
mented asymptomatic or mild infections) were predicted in the coming months for most

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1011278  July 17, 2023

12/24


https://doi.org/10.1371/journal.pcbi.1011278.t001
https://doi.org/10.1371/journal.pcbi.1011278

PLOS COMPUTATIONAL BIOLOGY

Long-lead COVID-19 forecast

(A) All
Cases Cases Cases Cases Cases Cases
80 1-8wk ahead 9-16wk ahead 17-26wk ahead peak week peak intensity 80 total
60 60 60 60 60 60
A A
40 40 40 40 4 |4 40 [+ 40 4
11ttty tI*III:.- AIIIzn '
20 2o:IIIIIIAAI 20I IIIIIAI‘ 20 . 20 o LI 20I¢ II I
0 0 [ ] 0 3 e 0 0 0 .o
S RRERIEDAKD  RRRITAEZARD LR RTEDAKD  RRRATANZARD R RTERTARKD 2RI A KO
EICE AR TR AR TR IR A IR R IR
& X\ SN = S = A O NS ST = A O NS
S\ < K < A < K < A < K 4
§ Deaths Deaths Deaths Deaths Deaths Deaths
1-8wk ahead 9-16wk ahead 17-26wk ahead . peak week 80 peak intensity - total
60 , 60 60 60 I + 60 ‘[ 44 60
A | A
wilttitstt o 40 40‘.‘I A E R N R ¥ 8 B L
A
20 ZOIIIIIIIA‘IZOt IIIIIA‘At 20 o0 ¢ ° e .4 201“ II St
LI ) A | 3 .
0 0 ®. = 0 0
LROREITAR®  LROIZEETARO LR OIAREZAR®  PROIAEZAR®  ZREIREZAKD 2RI Ga O
SSRF LERIRP LS RP SR SR S
=S\ A =\ A=A\ A = A =\ A = model
Q& < Q@ % A R Q@ 4 Q& Q W& Q
* base
(B) Respiratory season only 4 best
Cases Cases Cases Cases Cases Cases
1-8wk ahead 9-16wk ahead 17-26wk ahead peak week peak intensity total
75 75 75 75 [ 75 75 4
| 4 4
| | [ 4
50 50 50 0 4 I 3 ‘[ || s0 50 &
A : 44 . s L]
25%15131 cet 254 IAAIZS ‘f‘ o5 I I 25:121g ..g25IA‘ I I
’ : LT 1, . IREREI TR
E  CRROTEEIARS RRCIHTAR® LR LRRETARO QRO IIRIARS RROIETARS 2Lk
PO LT G I R R TR R TR
© =) ) <3 [ =} Q < 12 S 12
S W I 4 QF Q I 4 @ Q
§ Deaths Deaths Deaths Deaths Deaths Deaths
1-8wk ahead 9-16wk ahead 17-26wk ahead peak week peak intensity total
75 I 75 75 75 £+ 75 ty T8 +
& |
50::;1111.,:50 1 50 | 50[ I‘[ IMSO : II \ 50 [ 1
4 T o 2 M) 4
25 ZS.IIIIII“I%HIIIH ?25 ! 25 ¢ I -.12511 [ .I
0 - 0 0

R LIIEIETARO
RERR

PR RESRRN
Or&i%%éb\c‘\%%g\(\%k@&*

A

PRPITERARND ORI RO
O %660 Qé\o W ¢ (béb Q?}\(\ &
W W

&

)

AR

PR

Nee!
SEORNER
P NG
2NN

@’b 4

o&&‘b,ba@%\g
RS
%*&@c}g\\

¢

. %Q’@ 6'&
N QR TReK
f@%}%g;@iﬁ«

ARSI

&

B
e

v

0
DR OK
(LA NN
@.56 QG

Fig 7. Point prediction accuracy of the best-performing and baseline forecast systems. Points show the average accuracy over all forecast weeks (A) or
respiratory virus season (B). Results are aggregated by location (x-axis) and forecast target (panel subtitles) for cases (1* row) and deaths (2" row, see panel
subtitles) separately. Filled dots show the mean accuracy of forecasts generated using the baseline system; filled triangles show the accuracy of forecasts
generated using the best-performing forecast system. The lines linking the two accuracies show the changes (mostly increases, as the triangles are more often
above the dots), due to the combined application of the three proposed strategies (deflation, new variants, and transformed seasonality settings). Note all
forecasts were generated retrospectively; to enable comparison of the model settings, mobility and vaccination data and estimates of infection detection rate
and infection fatality risk during the forecast period were used (see main text for detail).

https://doi.org/10.1371/journal.pchi.1011278.g007

states; predicted attack rates over the 6-month prediction period ranged from 16% (IQR:
7-31%) in Florida to 30% (IQR: 15-47%) in Massachusetts (Fig 9). Relatively low case num-

bers and fewer deaths at levels similar to or lower than previous waves were forecast, assuming
case ascertainment rates and infection-fatality risks similar to preceding weeks (Fig 9). Com-
pared to data reported 6 months later (i.e., not used in the forecasts), the weekly forecasts in
general captured trajectories of reported weekly cases over the 6 months for all 10 states (Fig 8,
middle column for each state) but under-predicted deaths for half of the states (i.e., New York,
Massachusetts, Michigan, Wyoming, and Florida; Fig 8, right column for each state). For the
cumulative totals, predicted IQRs covered reported tallies in all 10 states for cases and the
majority of states for deaths, while the 95% predicted intervals covered reported cumulative
cases and deaths in all states (Fig 9).
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Table 2. Comparison of point prediction accuracy by the best-performing and the baseline forecast approaches. Numbers show the mean point prediction accuracy
of forecasts generated using the baseline v. the best-performing forecast approach; asterisk (*) indicates if the median of pairwise accuracy difference is significantly >0 or
<0 at the 0. = 0.05 level, per a Wilcoxon rank sum test. Note all forecasts were generated retrospectively; to enable comparison of forecast approaches, mobility and vaccina-
tion data and estimates of infection detection rate and infection fatality risk during the forecast period were used (see main text for detail).

State

All

All
California
California
Florida
Florida

Towa

Towa
Massachusetts
Massachusetts
Michigan
Michigan
New York
New York
Pennsylvania
Pennsylvania
Texas

Texas
Washington
Washington
Wyoming
Wyoming

Measure
Cases
Deaths
Cases
Deaths
Cases
Deaths
Cases
Deaths
Cases
Deaths
Cases
Deaths
Cases
Deaths
Cases
Deaths
Cases
Deaths
Cases
Deaths
Cases
Deaths

1-8wk ahead

26% v 38% *
39% v 48% *
27% v 36% *
38% v 45% *
25% v 43% *
40% v 51% *
24% v 37% *
37% v 47% *
30% v 36% *
44% v 50% *
28% v 40% *
43% v 52% *
30% v 42% *
44% v 51% *
27% v 37% *
40% v 48% *
24% v 38% *
39% v 49% *
24% v 37% *
39% v 51% *
23% v 32% *
26% v 32% *

https://doi.org/10.1371/journal.pcbi.1011278.t1002

9-16wk ahead

4% v 20% *
7% v 25% *
8% v 17% *
10% v 23% *
4% v 16% *
6% v 25% *
1% v 25% *
4% v 26% *
5% v 20% *
8% v 24% *
2% v21% *
4% v 26% *
2% v 24% *
7% v 28% *
4% v 22% *
9% v 25% *
5% v 22% *
7% v 26% *
6% v 17% *
7% v 25% *
5% v 19% *
9% v 22% *

Discussion

Given the uncertainties surrounding future SARS-CoV-2 transmission dynamics, it is
immensely challenging to accurately predict long-lead COVID-19 epidemic outcomes. Here,
we have proposed three strategies for sensibly improving long-lead COVID-19 forecast. Retro-
spective forecast accuracy is substantially improved using the three strategies in combination
during both the pre-Omicron and Omicron periods, including for long-lead targets 6 months
in the future. This improvement is consistent among 10 representative states across the US,
indicating the robustness of the forecast method.

17-26wk ahead
1% v 16% *
1% v 16% *
3% v 12% *
4% v 11% *
1% v 8% *
1% v 8% *
0% v21%*
0% v 23% *
1% v 16% *
1% v 15% *
0% v 19% *
0% v 18% *
0% v 18% *
0% v 20% *
0% v23% *
1% v 23% *
1% v 16% *
1% v 19% *
1% v17% *
2% v 18% *
0% v 10% *
1% v 10% *

peak week

24% v 42% *
35% v 56% *
26% v 34%

37% v 56% *
23% v 35% *
27% v 31%

32% v 41% *
34% v 58% *
23% v 61% *
34% v 67% *
15% v 37% *
38% v 43%

26% v 59% *
44% v 79% *
24% v 32% *
33% v 70% *
20% v 50% *
34% v 46% *
22% v 24%

32% v 45% *
28% v 42% *
38% v 64% *

peak intensity
20% v 40% *
30% v 50% *
20% v 28% *
23% v 29%
19% v 28% *
28% v 41% *
22% v 38% *
22% v 41% *
24% v 43% *
36% v 60% *
20% v 30% *
33% v 43% *
24% v 59% *
40% v 78% *
20% v 59% *
35% v 67% *
20% v 51% *
33% v 61% *
17% v 46% *
24% v 57% *
15% v 20% *
23% v 28% *

total

7% v 33% *
9% v 36% *
13% v 30% *
13% v 26% *
9% v 18% *
8% v 22% *
6% v 44% *
6% v 46% *
5% v 25% *
8% v 34% *
1% v27% *
3% v 28% *
3% v39% *
7% v 47% *
4% v 50% *
9% v 53% *
8% v 44% *
13% v 50% *
7% v 30% *
9% v 31% *
8% v 25% *
13% v 23% *

Our first strategy addresses the accumulation of forecast error over time. The simple defla-

tion method proposed here substantially improves forecast accuracy across different model
settings (here, different new variant and seasonality forms), time periods (pre-Omicron vs
Omicron), and locations (different states). This consistent improvement indicates that defla-
tion is effective in constraining outlier ensemble trajectories. Albeit possibly a severer issue for
SARS-CoV-2 due to larger uncertainties and less constrained parameter estimates, error
growth is a common challenge in forecasts of infectious diseases not limited to COVID-19

[21,22]. Future work could examine the utility of deflation in improving forecast accuracy for
other infectious diseases.

Another challenge facing COVID-19 forecast derives from the uncertainty associated with
new variant emergence. Based on past epidemiological dynamics of and population response
to SARS-CoV-2 VOCs, we proposed a simple set of heuristic rules and applied them univer-
sally across time periods and locations. Despite their simplicity, the results here show that
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Fig 8. Real-time forecasts for the 2022-2023 respiratory virus season. The states are arranged based on accuracy of historical forecast (higher accuracy for
those in the left panel and those on the top). In each panel, each row shows estimates and forecasts of weekly numbers of infections (1% column), cases (2™
column), or deaths (3™ column) for each state. Vertical dashed lines indicate the week of forecast initiation (i.e., October 2, 2022). Dots show reported weekly
cases or deaths, including for the forecast period. Blue lines and blue areas (line = median; darker blue = 50% CI; lighter blue = 95% CI) show model training
estimates. Red lines and red areas (line = median; dark red = 50% Predictive Interval; lighter red = 95% Predictive Interval) show model forecasts using the

best-performing approach.

https://doi.org/10.1371/journal.pchi.1011278.g008

these heuristics substantially improved forecast accuracy compared to forecasts generated
without them. These findings suggest that, while it is challenging to forecast the emergence of
specific variants, the timing of future variant emergence and the impacts on key epidemiologi-
cal characteristics (i.e., population susceptibility and virus transmissibility) can be learned
from past VOC waves and used to support more accurate forecast. Much uncertainty remains
regarding future SARS-CoV-2 genomic evolution and population immunity; however, the
heuristics proposed here represent a first step anticipating the dynamic interplay of SARS--
CoV-2 new variants and population immunity. Continued work to test the robustness of these

heuristics as SARS-CoV-2 and population immunity continue to co-evolve is thus warranted.

The third focus of this study is seasonality. Several prior studies have examined the potential
seasonality of COVID-19, using methods such as time series analyses, regression models, and
sinusoidal functions [23-25]. However, the underlying mechanisms and likely nonlinear
response to seasonal drivers are not fully characterized. Several concurrent changes including
case ascertainment rate, NPIs and voluntary behavioral changes, and new variants further

complicate such characterization. Here, we used local weather data along with a mechanistic
model previously developed for influenza [16,17] to capture the nonlinear response of
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Fig 9. Real-time forecasts of cumulative infections, cases, and deaths during the 2022-2023 respiratory virus season. Box plots
show distributions of predicted total number of infections (1 panel, scaled to population size; i.e. attack rate), cases (2" panel,
scaled to population size), and deaths (3™ panel, scaled per 1 million persons) from the week starting 10/2/2022 to the week
starting 3/26/2023. Thick line = median; box edge = interquartile range; whisker = 95% prediction interval. The states (x-axis label)
are arranged according to accuracy of historical forecast (higher accuracy from left to right). Red asterisks (*) show reported
cumulative cases and deaths during the forecast period.

https://doi.org/10.1371/journal.pcbi.1011278.9g009

respiratory virus survival/transmission to humidity and temperature. In addition, we tested an
alternative seasonality form given the likely differences between SARS-CoV-2 and influenza
(e.g., likely higher infection risk for SARS-CoV-2 than influenza during the summer). When
incorporated in a model-inference framework and forecast system, forecasts with both season-
ality forms outperformed their counterpart without seasonality. Importantly, improvements
during the respiratory season were consistent throughout the pandemic, including for the
VOC waves, as well as for all 10 states with diverse climate conditions (Table D in S1 Text and
S1 Fig). These findings indicate the robustness of the seasonality functions and the importance
of incorporating seasonality in COVID-19 forecast. More fundamentally, the results support
the idea that a common set of seasonal environmental/climate conditions influence the trans-
mission dynamics of respiratory viruses, including but not limited to SARS-CoV-2 and influ-
enza. Among the 10 states tested here, the transformed seasonality function tended to
outperform the fixed seasonality function based on parameters estimated for influenza, except
for Massachusetts and Michigan (Table D in S1 Text). This difference in performance suggests
there are likely nuances in the seasonality of different respiratory viruses despite shared general
characteristics.

To focus on the above three challenges, in our retrospective forecasts, we used data/esti-
mates to account for several other factors shaping COVID-19 dynamics. These included
behavioral changes (including those due to NPIs), vaccination uptake, changing detection
rates and hence case ascertainment rate, as well as changes in infection fatality risk due to
improvement of treatment, vaccination, prior infection, and differences in the innate virulence
of circulating variants. For real-time forecast, such data and estimates would likely not be
avaijlable and thus forecast accuracy would likely be degraded. Nonetheless, as societies emerge
from the acute pandemic phase, many of these factors would likely reach certain norms (e.g., a
relative stable fraction of the population may continue to adopt preventive measures and
detection rates may stay low), reducing these uncertainties. Thus, though demonstrated mainly
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retrospectively, the superior skill of the forecast methods developed here demonstrate means
for generating more accurate and sensible long-lead COVID-19 forecasts.

Methods

Data used for model calibration

We used COVID-19 case and mortality data [26]-adjusted for circulating variants [27,28]-to
capture transmission dynamics, mobility data [29] to represent concurrent NPIs, and vaccina-
tion data [30,31] to account for changes in population susceptibility due to vaccination.

For models including seasonality, we used weather data (i.e., temperature and humidity)
[32,33] to estimate the infection seasonality trends. See detailed data sources and processing in
S1 Text.

Model calibration before forecast generation (i.e. inference)

The model-inference system is similar to systems we developed to estimate changes in trans-
missibility and immune erosion for SARS-CoV-2 VOCs including Alpha, Beta, Gamma,
Delta, and Omicron [17-19]. However, to account for the fast waning of vaccine protection
against infection and differential vaccine effectiveness (VE) against different variants, here we
additionally accounted for variant-specific VE and waning vaccine protection against infection

per Eq 1:
dS R bem/pfIS =T k=K
a L, N £+ Zfzo pVie— Zk:1 Vit
dE_ bem/pIS E
it~ N 7 ¢
dl _E 1 (1)
dt 7, D,
dR I R
dt D, I,
av k=K =T
ar Zk:l Vie ™ 2oy PeVie

where S, E, I, R are the number of susceptible, exposed (but not yet infectious), infectious, and
recovered/deceased individuals; N is the population size; and € is the number of travel-
imported infections. To account for changes due to circulating variants, Eq 1 includes a time-
varying transmission rate f;, latency period Z,, infectious period D;, and immunity period L,.
To account for the impact of NPIs, Eq 1 uses the relative population mobility (m,) to adjust the
transmission rate and a scaling factor (e,) to account for potential changes in effectiveness. To
account for vaccination and waning, V is the number of individuals vaccinated and protected
from infection, vy, is the number of individuals immunized after the k-th dose at time ¢ and p,
is the probability of losing vaccine protection 7 days post vaccination (see Supplemental Meth-
ods and Table E, both in S1 Text). As described below, b, is the seasonal infection risk at time ¢,
depending on the seasonality setting. We further computed the number of cases and deaths
each week to match with the observations using the model-simulated number of infections
occurring each day (see S1 Text).

We ran the model jointly with the ensemble adjustment Kalman filter (EAKF [34]) and
weekly COVID-19 case and mortality data to estimate the model state variables (e.g., S, E, and
I) and parameters (e.g., B, Z,, Dy, L, e,). Briefly, the EAKF uses an ensemble of model realiza-
tions (n = 500 here), each with initial parameters and variables randomly drawn from a prior
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range (Table E in S1 Text). After model initialization, the system integrates the model ensem-
ble forward in time for a week (per Eq 1) to compute the prior distribution for each model
state variable, as well as the model-simulated number of cases and deaths for that week. The
system then combines the prior estimates with the observed case and death data for the same
week to compute the posterior per Bayes’ theorem [34]. In addition, as in [17-19], during the
filtering process, we applied space-reprobing [35], i.e., random replacement of parameter val-
ues for a small fraction of the model ensemble, to explore a wider range of parameter possibili-
ties (Table E in S1 Text). The space-reprobing algorithm, along with the EAKF, allows the
system to capture potential changes over time (e.g., increased detection for variants causing
more severe disease, or increases in population susceptibility and transmission rate due to a
new variant).

Variations in forecast systems (deflation, new variant, and seasonality
settings)

In total, 12 forecast approaches were tested (3 deflation levels x 2 new variants settings x 3 sea-
sonality forms). The deflation algorithm is patterned after covariance inflation, as used in fil-
tering methods [9,10]. However, unlike inflation applied during filtering (i.e., the model
training period via data assimilation), deflation is applied during the forecast period. As the
state variables change dynamically per the epidemic model (i.e., Eq 1), the error of some epi-
demic trajectories can amplify exponentially over time. Thus, here we applied deflation only to
the state variables (i.e., not to the model parameters), per:

X =y(x, —%)+X,i=1,...,n (2)

where x; is i-th ensemble member of a given state variable (here, S, E, or I) at each time step
during the forecast period, before the deflation; x;* is the corresponding “deflated” value; y is
the deflation factor; and X is the ensemble mean of the state variable. Per Eq 2, deflation retains
the ensemble mean, while reducing the ensemble spread to constrain error accumulation. In
this study, we tested three levels of deflation, by setting y to 1 (i.e., no deflation), 0.95, and 0.9,
separately.

To anticipate and account for potential surges and their impact on COVID-19 epidemic
outcomes, we tested two approaches. The first, baseline approach simply assumes there are no
changes in the circulating variant during the forecast period. For this approach, the forecasts
were generated using the latest population susceptibility and transmission parameter estimates
at the point of forecast initiation. For the second, new variant approach, we devised a set of
heuristics to anticipate the likely timing and impact of new variant emergence during the fore-
cast period, as detailed in the SI.

Seasonality is incorporated in the epidemic model (Eq 1) and applied throughout the
model calibration (i.e., inference) and forecast periods. Here, we tested three seasonality set-
tings. The first assumes no changes in seasonal risk of infection, by setting b,in Eq 1 to 1 for all
weeks (referred to as “no seasonality”). The second seasonality form (termed “fixed seasonal-
ity) estimates the relative seasonality trend (b,, same as in Eq 1) using local humidity and tem-
perature data, based on the dependency of respiratory virus survival, including that of
SARS-CoV-2, to temperature and humidity [12,17,18,36]; see Eq 3 and details, both in S1 Text.
The third seasonality setting (termed “transformed seasonality”) transforms the b, estimates to
allow flexibility in the seasonal trend, including the peak timing, the number of weeks during a
year with elevated infection risk, and the lowest risk level (see Eq 4 and details, both in S1
Text). Due to the lack of SARS-CoV-2 data to inform the parameter estimates, here we opted
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to optimize the range for each parameter and used the best parameter ranges (see Supplemen-
tal Methods in S1 Text and S4 Fig) in the transformed seasonality model in the main analysis.

Retrospective forecast

We tested the above 12 model-inference and forecast approaches (3 deflation levels x 2 new
variants settings x 3 seasonality forms) for 10 states, i.e., California, Florida, Iowa, Massachu-
setts, Michigan, New York, Pennsylvania, Texas, Washington, and Wyoming. The 10 states
span the 10 Health and Human Services (HHS) regions across the US, representing a wide
range of population characteristics and COVID-19 pandemic dynamics (Fig 1). For all states,
we generated retrospective forecasts of weekly cases and deaths 26 weeks (i.e., 6 months) into
the future for the non-Omicron period and the Omicron period, separately. For the non-Omi-
cron period, we initiated forecasts each week from the week of July 5, 2020 (i.e., after the initial
wave) through the week of August 15, 2021. Note that because each forecast spans 6 months,
the last forecasts initiated in mid-August 2021 extend to mid-Feb 2022, covering the entire
Delta wave (see S1 Text for details). For the Omicron period, we initiated forecasts starting 5
weeks after local detection of Omicron BA.1 (roughly in early December 2021, depending on
local data) through the week of September 25, 2022 (i.e., the last week of this study).

To generate a forecast, we ran the model-inference system until the week of forecast, halted
the inference, and used the population susceptibility and transmissibility of the circulating var-
iant estimated at that time to predict cases and deaths for the following 26 weeks (i.e., 6
months). Because the infection detection rate and infection-fatality risk are linked to observa-
tions of cases and deaths (see S1 Text), changes of these quantities during the forecast period
could obscure the underlying infection rate and forecast accuracy. Thus, for these two parame-
ters specifically, we used available model-inference estimates for corresponding forecast period
weeks to allow comparison of model-forecast cases and deaths with the data while focusing on
testing the accuracy of different model settings (e.g., seasonality and new variant settings). For
the same reason, we used all available mobility and vaccination data including those for the
forecast period, which would not be available in real time. For weeks in the future without
data/estimates, we used the latest estimates instead. To account for model and filter stochasti-
city, we repeated each forecast 10 times, each time with initial parameters and state variables
randomly drawn from the same prior ranges.

To evaluate forecast performance, we computed both the log score based on the probabilis-
tic forecast and the accuracy of point prediction for 1) 1- to 26-week ahead prediction, and 2)
peak week, 3) peak intensity, and 4) cumulative total over the 26-week forecast period, for
cases and deaths, separately. Details are provided in S1 Text. Here, in brief, to compute the log
score, we first binned the forecast ensemble to generate the forecast probability distribution Pr
(x), and took the logarithm of the sum of Pr(x) across all related bins including the one includ-
ing the observation (bin*) and two adjacent ones (bin*~' and bin**"):

log score = log[Pr(x)bein* + Pr(x)xehin*’l + Pr(x)xehin’“fl] (5)

For the accuracy of point prediction, we deemed a forecast accurate (assigned a value of 1)
if the median of the forecast ensemble is within +1 week of the observed peak week or within
+25% of the observed case/death count, and inaccurate (assigned a value of 0) otherwise. As
noted above, when aggregated over multiple forecasts, the average would represent the per-
centage of time a point prediction is accurate within these tolerances.

We compared the performance of each forecast approach (i.e., each of the 12 combinations
of deflation, new variant setting, and seasonality form) overall or by forecast target, segregated
by time period or respiratory virus season. To compute the overall score for each stratum, we
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took the arithmetic mean of the log score or point prediction accuracy of forecasts generated
by each forecast system, either across all forecast targets or for each target, over 1) all forecast
weeks during the entire study period (i.e., July 2020 —-September 2022), 2) the pre-Omicron
period and Omicron period, separately, 3) the respiratory virus season (mid-October to mid-
April, 6 months) and off season (the remaining 6 months), separately.

For pairwise comparison of forecast approaches, we computed the difference of log score or
accuracy by simple subtraction of the two arithmetic-means. Relative difference was also com-
puted. For the log score, the percent relative difference was computed as:

Yorelative difference in log score

exp (mean log score of system a) — exp (mean log score of system b) <100%  (6)
= ()

exp (mean log score of system b)

As noted in [37], the exponent of the mean log score (Eq 5) can be interpreted as the proba-
bility correctly assigned to the bins containing the observations; thus Eq 6 gives the relative dif-
ference in the correctly assigned forecast probability. The percent relative difference in
accuracy of point prediction was computed as:

Yorelative difference in accuracy

mean accuracy of system a — mean accuracy of system b
_ y of sy y of sy « 100% )
mean accuracy of system b

In addition, we also computed the pair-wised difference of log score or accuracy (paired by
forecast week for each target and location) and used boxplots to examine the distributions
(see, e.g., Fig 6). We used the Wilcoxon rank sum test, a non-parametric statistical method, to
test whether there is a difference in the median of the pair-wised differences [38].

ARIMAX model forecast for comparison with approaches developed in this
study

Auto-Regressive Integrated Moving Average (ARIMA) models and ARIMAX models (X rep-
resents external predictors) are commonly used to forecast different outcomes. For compari-
son with the approaches developed here, we also tested five ARIMA(X) models and used them
to generate retrospective forecasts per the same procedure described above. The first model
(i.e., simple ARIMA model) used weekly case or mortality data alone for model training. The
remaining four models were ARIMAX models: 1) using case/mortality data and mobility data
including for the forecast period (i.e., X = mobility; referred to as “ARIMAX.MOB”); 2) using
case/mortality data and the estimated seasonal trend from the fixed seasonal model (i.e.,
X = seasonality; referred to as “ARIMAX.SN”); 3) using case/mortality data, mobility data, and
the estimated seasonal trend (i.e., X = mobility and seasonality; referred to as “ARIMAX.MS”);
and 4) using case/mortality data, mobility data, the estimated seasonal trend, and vaccination
data (i.e., X = mobility, seasonality, and vaccination; referred to as “ARIMAX.FULL”). For vac-
cination, to account for the impact accumulated over time, we used cumulative vaccinations
(here, in the past 3 months for cases, and the past 9 months for deaths). For model optimiza-
tion, we used the “auto.arima” function of the “forecast” R package [39], which searches all
possible models within the specified order constraints (here, we used the default settings) to
identify the best ARIMA(X) model (here, based on the corrected Akaike information criterion
by default).

For the five model forms, the ARIMAX.FULL model (i.e., including mobility, seasonality,
and vaccination) was only able to generate forecasts for less than half of the study weeks as the
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auto.arima function was unable to identify parameters for this model. The other four models
were able to generate forecasts for most study weeks and across the entire study period, the
ARIMAX.SN (i.e., seasonality included) performed the best (see Table E in S1 Text). As such,
we used the ARIMX.SN model as a benchmark model for comparison with approaches devel-
oped in this study.

Preliminary assessment of real-time forecasts for the 2022-2023
respiratory virus season

The last forecasts in this study were generated using all available data up to the week starting
October 2, 2022 and spanned 6 months through the week starting March 26, 2023. These were
real-time forecasts generated without future information. We assess these real-time forecasts
using data downloaded on March 31, 2023 (1 day after the data release). Since these data may
be revised in the future (n.b. data revision after the initial release has been common), we con-
sider the assessment preliminary. As detailed in S1 Text, we used case and mortality data from
the New York Times (NYT; [26]) for model calibration prior to generating the forecasts. How-
ever, in the six months since the initial study, NYT data have become more irregular for some
states, likely due to infrequent data reporting and updating. As such, for this preliminary
assessment, we instead used data from the Centers for Disease Control and Prevention (CDC)
[40], except for mortality in Washington State for which the CDC data appeared to be mis-
dated whereas NYT data and mortality data from the Center for Systems Science and Engi-
neering (CSSE) at Johns Hopkins University [41] were consistent with each other. In addition,
the CDC data were aggregated for each week from Thursday to Wednesday, rather than Sun-
day to Saturday. To enable the comparison, we thus shifted the dates of the CDC data 3 days.

All inference, forecast, and statistical analyses were carried out using the R language
(https://www.r-project.org).

Supporting information

S1 Text. Supplemental methods and tables.
(DOCX)

S1 Fig. Comparison of seasonality forms. For each state (each panel), the blue line shows the
estimated trend of seasonal infection risk using Eqs 3a-b and location weather data (tempera-
ture and humidity). Grey lines show 100 examples of the transformed seasonal trends per Eqs
4a-d with parameters randomly sampled from the best parameter ranges (54 Fig); the black
line shows the mean of the 100 example trends.

(TIF)

S2 Fig. Impact of deflation on probabilistic forecast of different targets. Heatmaps show
differences in mean log score for cases (A) and deaths (B), between each forecast approach
with different deflation settings (deflation factor y = 0.95 vs none in the 1* row, 0.9 vs none in
the 2" row, and 0.9 vs 0.95 in the 3" row; see panel subtitles). Results are aggregated over all
forecast weeks for each type of target (y-axis), forecast approach (see specific settings of new
variants and seasonality in subtitles), and location (x-axis). For each pairwise comparison (e.g.,
0.95 vs none), a positive difference indicates the former approach (e.g., 0.95) outperforms the
latter (e.g., none).

(TIF)

S3 Fig. Impact of deflation on point estimate accuracy of different targets. Heatmaps show
differences in forecast accuracy of point estimates for cases (A) and deaths (B), between each
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forecast approach with different deflation settings (deflation factor y = 0.95 vs none in the 1%
row, 0.9 vs none in the 2" row, and 0.9 vs 0.95 in the 3™ row; see panel subtitles). Results are
aggregated over all forecast weeks for each type of target (y-axis), forecast approach (see spe-
cific settings of new variants and seasonality in subtitles), and location (x-axis). For each pair-
wise comparison (e.g., 0.95 vs none), a positive difference indicates the former approach (e.g.,
0.95) outperforms the latter (e.g., none).

(TIF)

$4 Fig. Comparison of forecast performance using the transformed seasonality function,
with different parameter ranges. The parameter ranges are shown in x-axis labels for the
three parameters in Eq 4a-d (from bottom to top: p.» 8, and by, 1,,,). X's indicate the best
parameter ranges for the corresponding state.
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