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Executive Summary

The New Zealand Ministry of Health needs to assess the risk of COVID19 infection
among international travellers arriving in New Zealand, principally by air.
The model described here assesses country level infection risk using daily infection
rates among recent arrivals, and daily disease incidence in the country of origin.

1. Data used are:
• Arrivals: Arrival date and source country of all passengers arriving at the
New Zealand border (made available by Statistics New Zealand);

• Case Registrations: Case status (confirmed, probable), vaccination status
(unvaccinated, partly, fully) from the EpiSurv database, and matched to the
arrivals data (provided by ESR);

• Source country incidence: Daily new cases per head of population in all
countries (From theOurWorld in Datawebsite https://ourworldindata.org/)

2. The data are aggregated to weekly intervals.

3. A statistical model is implemented to estimate the future rate of infection among
arriving passengers at the New Zealand border.

4. The model is calibrated using source country incidence, the observed numbers
of arrivals, and cases in the previous 30 week period.

1This version, released on 15 September 2022, corrects a small number of typographical errors in
the original version
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5. Predictions are made using simple forecasts of the source country incidence,
and the expected number of arrivals in New Zealand. Confidence intervals are
calculated for the expected infection rates.

6. Each country is assigned to a 4-level risk category for each future week using
the predicted rates and their uncertainties. The forecasts are reliable for the 3
weeks following the prediction.

7. The model incorporates a country-specific offset in risk which absorbs differ-
ences in rates among travellers compared to the general population in their
source country, systematic differences between countries in the quality of their
incidence reporting and vaccination coverage. In-flight/transit risk is not mod-
elled explicitly, but is captured to some extent by the country level offset.

8. A further country specific and time dependent offset allows the model to adjust
for surges in risk (due to sudden outbreaks, changes in policy or practice in a
source country, and even new variants). Such changes can however take several
weeks to be learned by the model.

9. The outputs of themodel are available in a visualisation app. The outputs provide
an initial assessment of the infection risk from every country suitable for setting
border policies for each country. The assessments should not be used without
reference to other information from source countries.

1 Introduction

The first confirmed case of COVID19 (SARS-Cov-2) in New Zealand was reported on
28 February 2020 [1].

One month later on 25 March 2020 a national state of emergency was declared and
at 11:59pm that day New Zealand went into lockdown at Alert Level 4, the highest of a
four stage system of restrictions designed to contain the spread of the virus. At that
time there were 205 confirmed cases.

From then until October 2021 New Zealand pursued an elimination strategy, with occa-
sional regional lockdowns (principally affecting the largest city, Auckland) to contain
potential outbreaks. The measures were successful in containing spread, with New
Zealand enjoying sustained periods at the lowest Alert level.

The progress of the pandemic is shown in Figure 1. The initial wave of cases was fully
contained by the lockdown, with the country returning to Alert Level 1 at 11:59pm on 8
June 2020, with a total of 1504 cases (none active) and 22 deaths.

In the period June 2020-July 2021 there were no full national lockdowns, however re-
gional outbreaks in Auckland raised the countrywide Alert Level to Level 2 with Auck-
land at Level 3 in August-September 2020, February-March 2021. The Wellington re-

covid19modelling.ac.nz 2
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Figure 1: Daily COVID19 incidence in New Zealand (March 2022-February 2022)
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gion went briefly into Alert Level 2 in June 2021 when following the diagnosis of a
recent visitor from Australia with the Delta Variant.

The report of a new community case of the Delta Variant in Auckland sent the whole
of New Zealand into Alert Level 4 lockdown on 17 August 2021. All regions except for
Aucklandmoved to Alert Level 3 on 31 August, and then to Alert Level 2 on 7 September.
Auckland followed with a move to Alert Level 3 on 21 September. After an extended
lockdown failed to eliminate Delta cases in Auckland, and with increasing vaccination
coverage, New Zealand moved to a new three tier traffic light system on 2 December
2021. The Omicron variant, which first appeared at the end of November 2021, has
been found to be significantly more transmissible that other variants. As a result Omi-
cron has dramatically changed patterns of incidence across the world, and affected
border policies [2].

Restrictions at the border have been a part of New Zealand’s pandemic control mea-
sures since the initial border closure on 19 March 2020. A timeline of key border policy
changes is given in Table 1.

Throughout the pandemic the New Zealand Government has sought a robust means
of assessing the risk of importing cases of COVID19.

The levels of risk depend on a number of factors including the incidence rate in the
source country, levels of vaccination, disease control measures, and disease control
along the route taken from the source country to New Zealand.

This paper describes a statistical model which provides an up to date assessment of
the immediate risk among arriving passengers from other countries. Information on
infections among historical arrivals to New Zealand as well as current information on
incidence is used to create estimates of arrival risk for each country.

The proposed model accounts for possible variations in disease reporting between
countries. Where a country is underreporting its disease incidence, the historical rate
of disease among arrivals will appear to be too high. In that case future arrivals from
that country will correspondingly be assessed as being at higher risk of infection than
the in-country incidence might suggest. Conversely, in countries where the incidence
of disease is low andmostly confined tomanaged isolation facilities, then arrivals from
that country will have low rates of disease, and arrivals will be assessed as being at
lower risk than the in-country incidence would suggest.

The model contains a country-specific time varying component which allows these
higher or lower risks to change over time, as the pandemic progresses and as different
disease control measures are implemented.

Section 2 describes the data sources used in the paper, and the model is explained in
detail in Section 3. The practical implementation of the model is described in Section 4,
and some example results are presented in Section 5. A short discussion concludes the
paper in Section 6. Details of the model selection procedure are provided in Appendix
A.

covid19modelling.ac.nz 4
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Table 1: New Zealand border restrictions during the COVID19 pandemic

Date Measures taken Reference
2 Feb 2020 Travellers leaving from or transitting through China

will be refused entry; Foreign travellers subject to
increased screening on arrival; NZ citizens and
residents must self-isolate for 14 days

[3]

19 Mar 2020 NZ borders closed except to NZ citizens and
permanent residents, their partners and children and
some health and humanitarian workers

[4]

9 Apr 2020 Managed Isolation and Quarantine become
mandatory for all arrivals

[5]

11 Aug 2020 Charges for some MIQ users are introduced [5]
3 Nov 2020 Advance MIQ bookings become mandatory for all

arrivals
[6]

15 Jan 2021 Travellers from the UK and US need negative COVID19
test results within 72 hours of departure

[7]

18 Jan 2021 Negative pre-departure tests required for all arrivals
excepting those from Australia, Antarctica and some
Pacific Island nations; Tests in MIQ at Day 0, 3 and 12;

[5]

21 Jan 2021 Quarantine-free travel from the Cook Islands starts [8]
1 Apr 2021 Widening of criteria for emergency bookings in MIQ [9]
11-18 Apr 2021 Arrivals from India banned for 2 weeks [10]
19 Apr-23 Jul 2021 Quarantine-free travel from Australia [5, 11, 12]
28 Apr 2021 India, Brazil, Papua New Guinea and Pakistan

classified as Very High Risk: travel restricted to NZ
Citizens and families

[13, 14]

17 May 2021 Two-way quarantine-free travel between NZ and the
Cook Islands begins

[15]

15 Aug 2021 Fiji and Indonesia classified as Very High Risk: travel
restricted to NZ Citizens and families

[16, 14]

1 Nov 2021 Full vaccination a requirement for entry for
non-citizens

[17]

2 Dec 2021 Three tier traffic light system introduced [18]
27 Feb 2022 No MIQ for vaccinated NZ residents/citizens & critical

workers coming from Australia
[19]

4 Mar 2022 No MIQ for vaccinated NZ residents/citizens & critical
workers coming from all origins

[19]

13 Mar 2022 No MIQ for critical workers coming from all origins [19]
12 Apr 2022 No MIQ for vaccinated current visa holders [19]
Jul 2022 No MIQ for visa holders and visitors from visa waiver

countries
[19]

Oct 2022 No MIQ for vaccinated arrivals under normal visa
processing arrangements

[19]

covid19modelling.ac.nz 5
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2 Data

The model uses the following routine data sources.

• Our World in Data COVID19 data set [20]. The website provides daily data on
incidence, effective reproduction number Reff, new deaths, partial and full vacci-
nation coverage, new tests, and the test positivity rate;

• Epiforecasts [21]. Effective reproduction number estimates Reff from a research
group and the London School of Hygiene and Tropical Medicine.

• Daily counts of new arrivals by country of origin (Statistics New Zealand);
• Daily counts of cases among arrivals by country (ESR, EpiSurv data set);

2.1 Data Quality

• We assume that the data on new arrivals and counts of cases are complete in
New Zealand. New Zealand’s geographic isolation means it has no land borders,
and that unreported arrivals by sea are rare. Arrivals by air are controlled at New
Zealand’s international airports.

• The information on the country of origin of each arrival is collected in Question
2 of the passenger arrival card completed by all passengers and crew on aero-
planes and ships arriving in New Zealand.
There are two versions of the question (see Figure 2):

1. Question 2a: ‘Answer this question if you live in New Zealand: …Which coun-
try did you spend the most time in while overseas?’

2. Question 2b: ‘Answer this question if you DO NOT live in New Zealand: … In
which country did you last live for 12 months or more?’

There is also a free text response question Question 3: ‘List the countries you
have been in during the last 30 days:’ This response is not routinely captured.
The country of origin that is captured in Question 2 may not be the country at
which the person was most at risk of infection.

• Arrivals that could not be matched to a standard country name, or where the
country did not have corresponding data in the Our World in Data dataset were
assigned to ‘Unknown Origin’.
Between 8 Jun 2020 and 20 Feb 2022 there were 4060 arrivals with unknown
origin, out of a total of 207518 arrivals (2.0%).

• Cases are selected from the EpiSurv database if their Status flag has the value
‘Confirmed’ or ‘Probable’, and the Overseas flag is ‘Yes’.

• When an arriving person is found to be infected with COVID19 more information
is collected: the three most recently visited countries are captured in the EpiSurv
database, along with the departure dates from each country.
Of these three countries the least recently visited country is selected from the
countries that were visited within the previous 14 days.

covid19modelling.ac.nz 6
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Figure 2: New Zealand Passenger Arrival Card
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Inevitably there are inaccurate dates (e.g. departures taking place before ar-
rivals) and missing data on recently visited countries. Between 8 Jun 2020 and
20 Feb 2022 there were 2 cases with unknown origin, out of a total of 3047 cases
arriving at the border (0.1%).

• There is a potentialmismatch between the reported origin of cases (fromEpiSurv)
and the counts of arrivals by country (from the arrival card). For example, there
were 10 cases recorded as being from Ukraine reported on 26 January 2021, but
only 2 people classified as having arrived from the Ukraine that day.
Prior to 1 April 2021 the arrival card country is used in the denominator, and the
EpiSurv country is used in the numerator.

• All analyses from 1 April 2021 onwards use the Arrival Card country if available.
If that is not available then the last known port along the passenger’s route is
used. If that is not available and if the arrival is a case, then the country of
origin reported in the EpiSurv database is used (or the ‘Travelled from’ country
if that is not available). This consistency of approach minimises any numera-
tor/denominator bias, although it likely does introduce some misclassification,
since the EpiSurv country is more likely to be correct.
During the period 1 April 2021-21 November 2021 there were 60779 arrivals and
486 cases.
Among the 60293 non-cases, there were 695 (1.2%) with no Arrival Card country,
similar to the rate (7/486=1.4%) among the cases.
Among the 486 cases:

– 3 (0.6%) have neither an Arrival Card nor an EpiSurv country;
– 4 (0.8%) have an EpiSurv country only;
– 39 (2.5%) have an Arrival Card country only;
– 68 (14%) have both countries, but they don’t match
– 372 (77%) have both countries and they do match

The 68 cases with non-matching EpiSurv and Arrival Card countries record 26
different EpiSurv countries and 30 different Arrival Card countries. These are
all mostly small numbers (1-3 cases per country), but the largest EpiSurv counts
are from Russia (7), the USA (7) and the UK (15). These 29 cases are distributed
among 10 different Arrival Card countries, with small numbers from each with the
notable exception of 11 cases with the UK as their EpiSurv country, but Singapore
as their Arrival Card country.
We can expect over-attribution of cases to the United Arab Emirates, the United
States, Qatar and Singapore, which account for the most frequent routes by
which travellers come to New Zealand. The consequent under-attribution of
cases to the genuine source countries is a small effect for most source countries,
given that we have seen very small counts (1-3) missing from a large number of
countries (26).

• In situations where the number of cases from a country exceeds the number of
arrivals from that country on a particular day, we exclude ALL of those cases
from the model.

• Inflight infection is not accounted for in themodel. However, with the highly trans-
missible Omicron variant this is more likely to be an issue than with other variants.

covid19modelling.ac.nz 8
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Where inflight transmission is known to have occurred, then in future implemen-
tations of themodel these cases could either be (a) deleted from the case counts
(in order not to underestimate this risk of border cases), or (b) reclassified, either
at random or proportionately, across a set of countries.

• Data are aggregated to weekly totals (Monday-Sunday) before modelling. This
reduces the proportion of counts that are very small, as well as eliminating any
effect of irregular reporting during the various days of the week.
Weeks are numbered in some output: the Monday of Week 1 is 13 January 2020.
If the final week in the available data has 5 or 6 days we scale the number of
cases and arrivals so that the counts are equivalent to a weekly total. If the final
week has fewer than 5 days of data all the data for that week are excluded.
We thus have one record of data for each country for each week.

• The Our World in Data dataset contains occasional negative counts of cases,
deaths or tests. These are corrections to earlier overcounting. These negative
counts are all set to zero, with no other adjustments made.

3 Methods

For country c in time period t we use the following notation:

• Ict = in-country reported incidence (cases per head of population)
• xct = vector of other characteristics (proportion of the population tested, pro-
portion of tests that are positive, proportion of the population at least partially
vaccinated, proportion fully vaccinated, effective reproduction number);

• Nct = total number of passengers arriving at the New Zealand border
• Yct = number of cases arriving at the New Zealand border

All data are aggregated to weekly periods.

We then model the number of arriving cases Yct among Nct arrivals from country c in
time period t using a Binomial mixed effects model with lagged in country incidence
as the only predictors. Appendix A gives details of the model selection procedure.
Briefly, we found that the available predictors (death rates, testing rates, test positivity
rates and vaccination rates) were either too incomplete or too weakly informative to
be useful as predictors. In particular, testing rates and vaccination rates were too
strongly varying over time, due to changing in-country policies, that they could not be
used with confidence in a predictive model. Ultimately the vector of predictors xct was
reduced to the set of lagged in-country incidence rates Ict.

The model is a Binomial count model,

Yct ∼ Binomial(Nct, µct) (1)

covid19modelling.ac.nz 9
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and the mean µct is modelled by

ηct = logitµct = α +

k2∑
k=k1

βklogit (δ + Ic,t−k) + uc + vct

uc
iid∼ N(0, σ2

u) (2)
vct = ρvc,t−1 + εct

εct
iid∼ N(0, σ2

e)

We use logits to transform proportions and logs to transform non-negative quantities
onto the unrestricted linear predictor scale. Since the incidence rates are in general
low (< 1%), this specification encodes the approximate proportionality:

µct ∝
k2∏

k=k1

(Ic,t−k)
βk (3)

Note also that:
• The logistic (logit) transformation is defined η = logit(p) = log p

1−p
, with inverse

transformation p = expit(η) = eη

1+eη
.

• δ = 10−7 is a small offset added to incidence observations which allows for situ-
ations where the reported incidence rate Ict is 0.

• Lagged incidence is used in the predictors, with minimum lag k1 = 0 and maxi-
mum lag k2 = 2.

The random effects structure assigns a country level random effect uc to country c to
account for arrivals from that country differing in risk from the risk level suggested by
the reported incidence rate Ict.
The autoregressive AR(1) error structure vct allows this country level effect to change
over time, but with temporal correlation.
The full set of parameters of the model is thus

• α: intercept
• βk1 , . . . , βk2 : parameters associatedwith the logit of lagged incidence rates It−k1 , . . . , It−k2

• ρ: AR(1) correlation parameter
• σ2

u: variance of country level random effects
• σ2

e : one step variance of time varying AR(1) random effects
The vector β = (α, βk1 , . . . , βk2)

T contains the p = 2 + k2 − k1 parameters of the linear
predictor in (2), and X is the associated design matrix (which has p columns, and one
row xct for each country×week entry in the dataset).

3.1 Estimation

The model is fit using the R package glmmTMB [22] which implements in R the TMB
package [23] for use with generalised linear mixed effects models. We restrict the

covid19modelling.ac.nz 10
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data to be modelled to data in a fixed window, the most recent 30 weeks, to allow for
long term changes in the pandemic.

Given data on cases, arrivals, in-country incidence rates (Yct, Nct, Ict) at the n weekly
time points (t1, . . . , tn) and countries c = 1, . . . , C the TMB estimation function returns:

• Parameter estimates β̂, ρ̂, σ̂2
u and σ̂2

e ;
• Variance-covariance of β̂ estimates: V̂β ;
• Estimated country level random effects ûc;
• Estimated time dependent random effects v̂ct for each country at the observed
data time points (t1, . . . , tn);

• Fitted values and variances on the logit scale

η̂ct = xTctβ̂ + ûc + v̂ct (4)
Var[η̂ct] = Ŝ2

ct (5)

i.e. Ŝct is the standard error of the estimate of ηct;
• Fitted values and variance on the observation scale

Ŷct = Nctµ̂ct = Nctexpit(xTctβ̂ + ûc + v̂ct) (6)
Var[Ŷct] = N2

ctŜ
2
ct µ̂

2
ct(1− µ̂ct)

2 (7)

Confidence intervals for ηct, µct and Ŷct can be constructed as follows:

(η̂−ct, η̂
+
ct) = η̂ct ± ZαŜct

(µ̂−
ct, µ̂

+
ct) = expit(η̂ct ± ZαŜct) (8)

(Ŷ −
ct , Ŷ

+
ct ) = Nctexpit(η̂ct ± ZαŜct)

(9)

where Zα is the appropriate quantile of a standard Normal distribution for the desired
level of confidence 1− α.

In-sample prediction intervals can be constructed as:

(Y −
ct , Y

+
ct ) = Nctexpit

(
η̂ct ± Zα

√
1

Nctµ̂ct(1− µ̂ct)
+ Ŝ2

ct

)
. (10)

3.2 Aggregating over fitted values

We need to aggregate

• over time when computing observed and expected values over periods of mul-
tiple weeks,

• over countries when computing the expected total numbers of cases arriving at
the border from all countries combined.

covid19modelling.ac.nz 11
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Given a set of independent Binomial random variables

Yk|Nk, µk ∼ Binomial(Nk, µk) (11)

where we have estimated ηk = logit(µk) with fitted values η̂k = logit(µ̂k) and variances
Var[η̂k] = Ŝ2

k , we can write

σ2
k = Nkµk(1− µk) and σ̂2

k = Nkµ̂k(1− µ̂k)

Aggregation then proceeds as follows:

Y =
∑
k

Yk

N =
∑
k

Nk

E[Y |{µ̂k}] =
∑
k

Nkµ̂k

Var[Y |{µ̂k}] =
∑
k

Nkµ̂k(1− µ̂k)

E[Var[Y |{µ̂k}]] =
∑
k

σ̂2
k −

∑
k

1

Nk

σ̂4
kŜ

2
k (12)

Var[E[Y |{µ̂k}]] =
∑
k

σ̂4
kŜ

2
k

Var[Y ] ≃
∑
k

σ̂4
kŜ

2
k +

∑
k

σ̂2
k

So that if we set µ̂ = Y /N then the variances needed for confidence and prediction
intervals for logit(Y /N) are, respectively:

Var
[
E

[
logit

Y

N

∣∣∣∣ {µ̂k}
]]

=

∑
k σ̂

4
kŜ

2
k

N2µ̂2(1− µ̂)2
(13)

Var
[
logit

Y

N

∣∣∣∣ {µ̂k}
]

=

∑
k

(
σ̂4
kŜ

2
k + σ̂2

k

)
N2µ̂2(1− µ̂)2

. (14)

3.3 Forecasts

To forecast the model a further k time steps beyond the last observation tn, we require
first a method for forecasting the number of arrivals Nct and the in country incidence
rate Ict.

• We forecast arrivals Nct using known Managed Isolation and Quarantine (MIQ)
bookings, or if these are not available, we set Nct = N̄c for all t > tn where N̄c

is the mean number of arrivals for country c in a fixed window prior to the last
observation at tn.

covid19modelling.ac.nz 12
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• We forecast in-country incidence using a weighted linear fit to logit(δ+Ict) using
the last m = 3 observations with weights 1/m, 2/m, . . . ,m/m. δ is again a small
offset (10−7) added to all incidence observations to avoid zeros.

We then need to forecast the other components of the model:
• The fixed effect parameters β̂ and covariances V̂β are time invariant;
• The country level random effect errors σ̂u are time invariant;
• The AR(1) correlation and error ρ̂, σ̂e are time invariant;
• The country level random effects ûc are time invariant;
• The country-period level random effects, predicting k steps forward:

v̂ctn+k
= ρ̂kvctn + ζctn+k

where
ζctn+k

iid∼ N

(
0, σ̂2

e

1− ρ̂2k

1− ρ̂2

)
Forecasts use the expected value v̂ctn+k

= ρ̂kvctn .
Conveniently, forecasts of the infection rates of arrivals on the logit scale (η̂ct) and their
associated standard errors (Ŝct) can be computed when the model is being fitted at
the estimation stage. In this procedure we set both the observed numbers of arrivals
(Nct) and numbers of observed cases (Yct) to zero for the time periods to be forecasted,
and include them in the data set during the fitting process. The likelihood contributions
from these observations are all independent of the parameters, and do not affect the
estimation process. These time periods are thus treated in the same way as time
periods that were truly observed within the data set, but at which no arrivals occurred.
When estimating confidence and prediction intervals for the future observations, we
replace the zero values of the arrivals Nct with the forecast arrival numbers, and then
use the methods of Section 3.1.
Note that these confidence and prediction intervals both neglect any uncertainty in-
troduced in the forecasting of the numbers of arrivals and of the in-country incidence.
The number of arrivals may be estimated from Managed Isolation and Quarantine
(MIQ) bookings, and for instances where passengers are not required to use MIQ es-
timates can be made from flight schedules.

3.4 One step ahead forecasts

One step ahead forecasts are useful in-sample measures of goodness of fit, and were
used in the model selection procedure described in Appendix A.
On the logit scale the one step ahead forecast is

η̂ct|t−1 = xTctβ̂ + ûc + ρ̂v̂c,t−1 (15)

with variance
Var[η̂ct|t−1] = Var[xTctβ̂ + ûc + ρ̂v̂c,t−1] (16)

covid19modelling.ac.nz 13
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which we estimate by its approximate upper bound

Var[η̂ct|t−1] ≤ Ŝ2
c,t−1 +max

(
0, xTctV̂βxct − xTc,t−1V̂βxc,t−1

)
. (17)

3.5 Risk Classification

In each week each country can be classified by a multi-level risk categorisation using
the fitted and forecasted estimates of cases Ŷct and rates µ̂ct. Thresholds can be set for
point estimates, or the upper bounds of either the confidence or prediction intervals,
at some chosen significance level.

Thus a risk classification for country c at time t can be made according to:

1. The expected number of cases arriving at the border Ŷct;
2. The upper bound of a confidence interval for Ŷct (this includes the uncertainty

in the estimate of Ŷct)
3. The upper bound of a prediction interval for Yct (this includes both the uncer-

tainty in the estimate of Ŷct, as well as the uncertainty in the observed value of
the random variable Yct)

Risk classification based on the expected number of cases at the border requires some
knowledge of the expected number of arrivals Nct. An alternative risk classification
can be based only on the infection rates instead:

1. The expected infection rate amongst people arriving at the border µ̂ct;
2. The upper bound of a confidence interval for µ̂ct

3. The upper bound of a prediction interval for the observed rate Yct/Nct (however
this does require an estimate of Nct)

A suitable risk classification might have four classes, for example:

• Class 1. The expected number of cases E[Yct] is less than 3 in a given week;
• Class 2. 3 ≤ E[Yct] < 8;
• Class 3. 8 ≤ E[Yct] < 20;
• Class 4. E[Yct] ≥ 20;

If confidence or prediction intervals are used, it is suitable to use confidence intervals
with confidence levels of the order of 50% (rather than, say 95%), so that the upper
bound of the interval is the upper quartile. This avoids overly conservative risk classi-
fications.

covid19modelling.ac.nz 14
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3.6 Low information countries

We cannot make good estimates using the above model for countries where there is
low information, either due to low numbers of arrivals, low numbers of cases, or both.

The model described above is fitted only for countries with more than 50 arrivals and
more than 5 cases in the most recent 30 weeks.

The fitted model has estimates of the parameters (β, σu, σe, ρ) and the random effects
uc, vct for the modelled countries only. The fitted model also estimates the variance-
covariance of the fixed effect parameters V̂β .

In Sections 3.6.1 and 3.6.2 below we refer to parameter estimates from this data set as
the main model estimates.

3.6.1 Low case numbers

For the remaining countries where there has been at least one arrival (
∑

t Nct > 0) and
at least one case (

∑
t Yct > 0), we remove the autoregressive AR(1) component from

(2), and fit the simpler model to the data (Nct, yct):

Yct|Nct, µct ∼ Binomial(Nct, µct) (18)
ηct = logitµct = xTctβ̂ + uc (19)

where uc is a (fixed effect) parameter to be estimated, and the term xTctβ̂ is treated as
a known offset (i.e. β is not re-estimated).

We set uc to the fitted value ûc from the fitted model, and set all vct = 0. Thus

η̂ct = xTctβ̂ + ûc (20)
Var[η̂ct] = Ŝ2

ct ≃ xTctV̂βxct + Var[ûc] (21)

where β̂ and V̂β come from the original fit and Var[ûc] comes from the fit to the low
case data.

Forecasting k time steps beyond the final observation at tn uses the main model esti-
mates of the AR(1) correlation ρ̂ and variance σ̂2

e :

η̂ctn+k
= xTctn+k

β̂ + ûc (22)

Var[η̂ctn+k
] = Ŝ2

ctn+k
≃ xTctn+k

V̂βxctn+k
+ Var[ûc] + σ̂2

e

1− ρ̂2k

1− ρ̂2
(23)

These formulae apply to all forecasts (including the one step ahead forecast η̂ct|t−1).

covid19modelling.ac.nz 15
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3.6.2 Zero cases

For all other countries (where there have been zero cases) we set uc = 0 and vct = 0.
With no further model fitting we simply set

η̂ct = xTctβ̂
Var[η̂ct] = Ŝ2

ct ≃ xTctnV̂βxctn

where β̂ and V̂β come from the original main model fit.

Forecasting k time steps beyond the final observation at tn uses the main model esti-
mates of the AR(1) correlation ρ̂ and variance σ̂2

e :

η̂ctn+k
= xTctn+k

β̂ (24)

Var[η̂ctn+k
] = Ŝ2

ctn+k
≃ xTctn+k

V̂βxctn+k
+ σ̂2

e

1− ρ̂2k

1− ρ̂2
(25)

These formulae apply to all forecasts (including the one step ahead forecast η̂ct|t−1).

4 Implementation

The methods described in this documented have been implemented in R [24] in the
crater R package which uses the glmmTMB R package [25] for model fitting.

An R Shiny app is available to explore the output object from the model fitting. The
app allows the user to:

1. Choose a method of risk classification, and suitable thresholds (Section 3.5);
2. Adjust scenarios for numbers of future arrivals (Section 3.3).

The app then displays:

1. Fitted models by country, including estimates of cases and rates of infection.
The app also displays the other available information (death rates, testing rates,
vaccination coverage, reproduction number etc.);

2. Aggregate estimates of total number of cases arriving at the border, split by
geographic region and risk classification;

3. A world map of risk classification for any selected week;
4. A set of risk classifications over time.

covid19modelling.ac.nz 16
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Table 2: Parameter estimates. The estimates on the left are returned by the fitting rou-
tine, and those on the right are useful transformations of those estimates. (Standard
errors are calculated using the delta method.)

Parameter Estimate Std. Error Parameter Estimate Std. Error
α -1.1648 0.9706 α -1.1647 0.9706
β0 0.2373 0.3080 βave 0.4441 0.1108
β1 0.0858 0.4038 β1−0 0.0892 0.3013
β2 0.1210 0.2948 β2−1 0.0270 0.2905
log(σu) -0.2927 0.3591 σu 0.7462 0.2680
log(σe) 0.3314 0.1275 σe 1.3929 0.1776
θ = ρ/

√
(1− ρ2) 0.7845 0.2266 ρ 0.6172 0.1104

5 Results

In this section we display the results for the model fitted to data in the time interval 25
January 2021 to 22 August 2021. Although data are available back to 8 Jun 2020 we
only use the most recent 30 weeks of data when fitting the model. This is to allow for
large scale changes in the situation in a country which cannot easily be allowed for in
the model specification in Section 3: in particular this allows the country level random
effect uc to have a different value at different epochs.

Out of a total of 224 countries, 19 countries had sufficient numbers of arrivals and
cases to be included in the full model, 44 otherwise had 1 case or more, and 161 had
zero cases.

5.1 Fitted model

The parameter estimates and their standard errors are shown in Table 2.

The parameter estimates β̂0, β̂1, β̂2 show the dependence of the disease risk on disease
incidence in the source country.

These are transformed in parameters β̂ave, the effect of the mean logit(incidence) of
the last three weeks, and parameters β̂1−0 and β̂2−1 which are the coefficients of the
changes in logit(incidence) from lag 1 to lag 0, and lag 2 to lag 1 respectively.

We now consider the various aspects of the fitted model, and use the United Kingdom
as an example.

5.2 Country level estimates

Firstly, Figure 3 displays the rate of new cases per week in the United Kingdom. Strong
surges in cases are visible in October 2020, January 2021 and in July 2021. The Omi-

covid19modelling.ac.nz 17
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Figure 3: Incidence rates in the United Kingdom. Actual data are shown by the red line
up to 22 August 2021, and a prediction continues into the shaded area at right. Actual
observations in the shaded area are shown as white squares.

cron outbreak had not yet begun. At the right in this diagram, and in subsequent
diagrams, is a shaded area which is a 12 week period immediately after the end of the
observed data. We make forecasts into this period, and as a check on our findings
compare with true observations in the first 5 weeks of the forecast period. We expect
our model to provide reliable forecasts for only the first three weeks in the forecast
period. The true incidence is shown by white squares. Incidence has been forecast into
the period by a linear extrapolation of the logit of incidence: in this case we overesti-
mate the incidence by the linear extrapolation.

Next, Figure 4 shows the numbers of arrivals in New Zealand coming from the United
Kingdom per week. We assume that that the arrivals over the next 12 weeks will be an
average of the number of arrivals during the last 3 weeks of the data set. The white
squares are actual observations of the next 5 weeks of arrival volumes.

Figures 5 and 6 show the data on numbers of cases and infection rates among arrivals
from the United Kingdom. In each graph the fitted model is shown as the bold red line
with thin red lines bounding a 50% confidence interval. A 50% prediction interval is
shown by the dashed purple lines.
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Figure 4: Arrivals from the United Kingdom. Actual data are shown by the blue line
up to 22 August 2021, and a prediction continues into the shaded area at right. Actual
observations in the shaded area are shown as white squares.
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Figure 5: Cases arriving from the United Kingdom. The fitted number of cases is shown
by the bold red line, with thinner red lines bounding a 50% confidence interval. A 50%
prediction interval is shown by the dashed purple lines. Predictions are in the shaded
region at right, with actual observations shown as white squares.

The model matches the data well throughout the range of the observations (up to 22
August 2021). The confidence and prediction intervals expand widely beyond the end
of the observed data.

Figure 7 shows the random effects for the United Kingdom. In this graph the (time
independent) country level random effect uc is shown as the blue horizontal line. It
is slightly negative (below the dashed line at zero), indicating that the infection rate
among arrivals is in general somewhat less than the in country infection rate would
predict on its own.

The time dependent random effect vct is an autocorrelated process: each value being
in general closer to its immediate predecessor than it is to more distant observations.
The value of vct is heavily influenced by the excursions in the observed infection rate
among new arrivals, but the autoregressive structure resists sudden largemovements.
However in the prediction region after 22 August 2021 there is no data, and the random
effect is pulled strongly and smoothly towards the horizontal blue line.

The random effects are the mechanism by which the infection rate between countries
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Figure 6: Infection rates among arrivals from the United Kingdom. The fitted rate is
shown by the bold red line, with thinner red lines bounding a 50% confidence interval.
A 50% prediction interval is shown by the dashed purple lines. Predictions are in the
shaded region at right, with actual observations shown as white squares.
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Figure 7: Random Effects for the United Kingdom. The constant random effect u is
shown by the horizontal blue line. The time varying random effect v is shown by the
red curve.
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is modified by factors other than in country incidence. As noted already, there is a
multitude of such factors. Firstly, in countries where the pandemic is fully under control,
almost all cases will be in managed isolation, and the effective reproduction number
Reff will consequently be much less than 1. This might be viewed as an argument for
including Reff as a predictor in the model: however the estimation of Reff is not reliable
in all countries in the data set.

Similarly, the rates of testing, test positivity rate and vaccination rate are all likely to be
associated with greater or lesser risk among arrivals, but the data that inform these
measures is too unreliable to include these as predictors in the model.

Also of importance are any factors thatmean travellers from a source country differ in
their risk profile from the average resident in that country. This difference may be due
to factors imposed by policies imposed by the New Zealand government (e.g. manda-
tory negative COVID tests, mandatory vaccination), but are also due to individual trav-
eller characteristics (place of residence in the source country, ability to isolate from
risk etc.).

On top of this, the relationships between these variables and infection risk are likely to
be strongly time dependent, highly correlated and thus difficult to estimate separately
from one another.

The random effects model absorbs all of these country specific and time dependent
effects into measures which learn the degree of autocorrelation and the magnitude
of variation of differences between arrival risk and in country disease incidence.

Figure 8 shows some of the other information available about the UK, but not included
in the model: death rates, Reff, testing rates, test positivity rates and vaccination rates.
This information is useful as a supplement to the predictions of the model.

One step ahead predictions are ways of assessing the goodness of fit of the model. At
each time step we use the current covariates and parameter estimates, but forecast
the time-dependent randomeffect forwards from the previousweek. These are shown
for cases and rates in Figures 9 and 10 respectively, and can be compared to the fitted
values in Figures 5 and 6. (Note that in the prediction region of Figures 9 and 10 we
plot the same k−step ahead predictions as in Figures 5 and 6.)

As is typical of one step ahead predictions, they appear to slightly lag the true data,
with each observation predicting forwards a modified version of its own value.

5.3 Risk classification

Using the estimates for the expected numbers of cases and the expected infection
rates, we can assign each country to a risk category using specified thresholds. Here
we use the upper bound of a 50% confidence interval for the infection rates to classify
countries into four groups. The cut-points between the groups are 3, 8 and 20 cases
per thousand arrivals.
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Figure 8: Factors associatedwith disease risk among arrivals from the United Kingdom
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Figure 9: Cases arriving from the United Kingdom. The one step ahead prediction of
the number of cases is shown by the bold green line, with thinner green lines bounding
a 50% confidence interval. A 50% prediction interval is shown by the dashed lines.
The predictions at right are all predicted from data up to 22 August 2021, with actual
observations shown as white squares.
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Figure 10: Infection rates among arrivals from the United Kingdom. The one step
ahead prediction of the disease rate rate is shown by the bold green line, with thinner
green lines bounding a 50% confidence interval. A 50% prediction interval is shown by
the dashed lines. The predictions at right are all predicted from data up to 22 August
2021, with actual observations shown as white squares.
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Figure 11: Risk categorisation for countries in Oceania. Green is the lowest risk, dark
red is the highest. Forecasts are in the area bounded by the yellow box at right.

Figure 11 shows the changing classification over time formodelled countries in Oceania
at the beginning of the Delta variant wave. The forecast region is bounded by a yellow
box at right. In this prediction the risk categorisations of New Caledonia and Palau are
expected to increase from the lowest category (green) to the highest (dark red) in
the near future. New Zealand, though not included in the modelling, is included and is
assessed by the same criteria, showing the anticipated increase in disease incidence.
Fiji, French Polynesia, and (to lesser extents) Australia and Papua New Guinea are
classified as current and continuing risks.

A world risk map is shown in Figure 12 for the week starting 23 August 2021. The risk
classification is based on the upper bound of the confidence interval for infection rates
on arrival. Countries for which there is insufficient data to calibrate a rate are shown
in white.

Figure 13 shows the country level random effects, in decreasing order. Those at the
top of the graph have arriving infection rates that are higher than their in country
incidence would suggest. Those towards the bottom of the graph have lower rates.
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Figure 12: Map of border risk for countries across the world for the week starting 23
August 2021. Green is the lowest risk, dark red is the highest.
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Figure 13: Country level random effects, uc, for the 19 fully modelled countries using
data from the period 25 January-22 August 2021
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All countries combined
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Figure 14: Total arrivals from all countries at the New Zealand border. Actual arrivals
are shown up to 22 August 2021, modelled arrivals are shown in the grey area at right,
with the actual arrivals for the first five weeks of the forecast period shown as white
squares.

5.4 Aggregate risk estimates

The country level estimates can be aggregated over all countries to create estimates
of the total numbers of cases that are expected at the border each week. These es-
timates include all fully modelled countries as well as those with low and zero case
counts.

Figures 14, 15 and 16 display these total results in formats analogous to the country
specific Figures 4, 5 and 6: showing the data, the fitted model, confidence and predic-
tion intervals, and the true data for the first 5 weeks beyond the end of the data set.
The opening and closing of a period of quarantine free Australian travel of April-July
2021 is clearly visible in Figure 14.
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Figure 15: Total cases arriving at the border. Predictions are in the shaded area at right,
and actual observations shown as white squares.
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Figure 16: Infection rates among arrivals at the border. Predictions are in the shaded
area at right, and actual observations shown as white squares.
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6 Discussion

The risk assessment model presented here is a robust and practical tool for forecast-
ing the disease arrival risk at the New Zealand border. It relies only on readily avail-
able data (reported incidence rate in the source countries Ict, together with counts of
arrivals Nct and cases Yct by week and country). The forecasts are in the form of ex-
pected rates and counts by country, and are accompanied with suitable measures of
uncertainty. Combined with other information (effective reproduction number, death
rates, testing rates etc) policy makers canmake informed decisions about disease risk
among source countries.

The COVID19 pandemic has shown very rapid changes, and there have been very di-
verse policy responses across the world. This led us to a modelling approach which
was simple (using incidence as the only covariate, with three lags to measure disease
trajectory), with a random effects structure that absorbs many of the differences be-
tween countries that are impossible to model adequately. These differences include
the differing testing rates between countries which mean that the reported incidence
in some countries may differ strongly from the true incidence. Any systematic differ-
ences between the resident population (which generates the incidence statistics) and
the travelling population (to which New Zealand’s borders are exposed) are also con-
founded with potentially unreliable reported incidence. Travellers are likely be health-
ier and wealthier than the general population of the country from which they come.
The random effects structure, including a fixed effect over a 30 week time window for
each country, as well as an autoregressive effect to allow for temporal variations in
these same differences, allows us to estimate the contrast between in country inci-
dence and disease risk at the New Zealand border.

Changing risks due to differences in the properties of the variants of COVID19, and the
changing levels of immunity due to vaccination programmes (including their waning
of effectiveness over time) do not need to be modelled explicitly. Instead the random
effects structure learns from the data how the risk from each country is changing over
time.

Air travellers from different countries share airports and aircraft with each other, and
in-transit risks may pose significant risks to individual travellers from low risk countries
as they mix with travellers from higher risk countries. If travellers from a particular
country tend to use the same routes, and mix with passengers from the same set of
other countries, then to some extent this inflight risk is incorporated in the random ef-
fects structure as a component of the difference between the travelling population at
the at home population from any given country. Beyond this observation, and the fact
that air travel to New Zealand currently requires passengers to be vaccinated, we can-
not see a reliable source of data by which we could incorporate inflight transmission
into our model.

As noted above, the outputs of the model are not on their own sufficient to provide
an automatic risk classification that should be used without consideration of other
information such as reports of sudden changes in disease rates, or the emergence of
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a new variant, in a source country.

Compared to countries with land borders, or those at short sea distances from their
neighbours, the geographical isolation of New Zealand puts it in an excellent posi-
tion to be able to monitor and forecast COVID19 border risk. Models created in other
countries generally focus on the risks that imported cases pose to the pandemic within
that country (e.g. [26, 27]), and this question has also received consideration in New
Zealand (e.g. [28]). However, specific models designed for the quantitative assess-
ment of risks are rare. Lee et al. [29], for example, created a country risk model for
arrivals to South Korea where the arrival risk was simply proportional to the monthly
in-country incidence.

Other modelling approaches exist as well, withWang et al. [30] aggregating risk along
the route taken by an arriving ship based on the current case numbers and rates of
change at the ports visited. Zhang et al. [31] use a model incorporating the connec-
tivity of the international air travel network to assess border risk at provincial level
in China. Quilty et al. [32] investigate the aggregate risk of arrivals from all origins,
calibrated using flight data, with an interest in optimal testing policies for international
arrivals. Their study uses themethods of Russell et al. [33, 34] to account for in-country
case underascertainment using death rates rather than reported incidence or preva-
lence. Their methodology allows for underascertainment (particularly of mild cases),
assuming a case fatality rate of 1.4%, modified for reporting delays.

The International Civil Aviation Organisation (ICAO) has published suggestions for cre-
ating a country risk classification [35]. They propose a four level classification sys-
tem based on the percentage of non-immune persons, the 7 day prevalence, the test
positivity rate that the testing rate. Classification is based on a set of thresholds of
thesemeasures. Where countries have imposed differential treatment of arrivals from
source countries, as opposed to treating all arrivals in the same way, it is likely that
some version of rules based on these measures has been applied.

Our methodology provides a finer calibration of the border risk posed by arrivals from
every country by incorporating the additional information gained from observing re-
cent arrivals. Our methodology does not rely on assumptions such as a fixed case-
fatality ratio, nor a fixed level of case underascertainment. Such assumptions need
constant revision when case monitoring and registration practices change, when new
variants emerge, when new treatments are made available, and as vaccination cov-
erage increases and then wanes in effectiveness. Such changes affect border risk,
but cannot be easily or separately estimated. Since our method is directly calibrated
by actual arrivals we estimate the combined effect of these changes in the random
effects structure.

Our approach is of course at risk of missing rapid changes in source countries since it
takes time for the model to adjust to abrupt shifts in the level of risk, and we reiterate
our view that border risk assessment decisions need to rely on a wider range of data
sources. Thus we agree with the advice given in the ICAO report that ‘[a]lthough data-
driven decision making is encouraged, the current scenario may require a qualitative
approach, as validated data and information is incomplete’ [35].

covid19modelling.ac.nz 34



Covid-19 Modelling Aotearoa Not formally peer reviewed

Acknowledgements

The authors acknowledge the support of the New Zealand Ministry of Health, StatsNZ,
and the Institute of Environment Science and Research in supplying data in support of
this work. The authors are grateful to Samik Datta, Melissa McLeod, Fraser Morgan,
Nigel French, Anja Mizdrak and Markus Luczak-Roesch, and the COVID-19 Modelling
Government Steering Group for feedback on earlier versions of this report. This work
was funded by the New Zealand Department of Prime Minister and Cabinet.

A Appendix: Model Selection

In this appendix we briefly describe details of the model selection procedure, to sup-
plement the model description given in Section 3.

The available predictor variables are, for time period t and country c:

• Death rate, Dct

• Incidence rate, Ict
• Prevalence rate, Pct

• Test rate, TRct

• Test positivity rate, TPct

• Partial vaccination rate, PVct

• Fully vaccinated rate, FVct

• Effective Reproduction number, Rct

All are available at each time period. Where daily estimates are available we aggre-
gate to weekly values by taking the weekly median.

We model data only for 30 week periods in order to avoid very long term changes in
the pandemic.

We show the model selection process here for a data set restricted to arrivals in the
30 week period starting 26 April 2021 and ending on 21 November 2021. In this period
there were 388 cases among 53275 arrivals from 185 countries.

We further restrict modelling to countries where there were at 5 or more cases arriving
during the period. This reduces the data to 298 cases among 32825 arrivals from 17
countries. These are 62% of the total number of arrivals, and 77% of the cases. (The
list of modelled countries is Afghanistan, Australia, Fiji, India, Indonesia, Iraq, Japan,
Malaysia, Philippines, Qatar, Russia, Singapore, South Africa, Sri Lanka, United Arab
Emirates, United Kingdom, United States.)

When comparing time series models where prediction is the goal prediction errors are
typically used rather than standard (relative) goodness of fit measures such as AIC.
The use of AIC risks overfitting the model to the observed sample data, rather than
minimising the error of predictions.
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Here we use the mean absolute deviation (MAD) of one step ahead prediction errors
to measure goodness of fit, and as the criterion for model selection when determining
which predictors to include in the final model.

When fitting the model we estimate the linear predictor

η̂ct = xTctβ̂ + ûc + v̂ct

at each time point for each country, along with its standard error Ŝct. The one step
ahead forecast is

η̂ct|t−1 = xTctβ̂ + ûc + ρ̂v̂c,t−1

with approximate estimation standard error Ŝct|t−1 =

√
Ŝ2
ct + σ̂2

e .

On the observation scale the fitted value and one step ahead fitted value are

Ŷct = Nctexpit(η̂ct)
Ŷct|t−1 = Nctexpit(η̂ct|t−1)

The mean absolute deviation is then defined

MAD =
1

CT

∑
ct

|Yct − Ŷct|t−1|

where p is the number of parameters in the model, C is the number of countries and
T is the number of weeks.

We omit from the sum (and adjust the 1/(CT ) denominator) any observations where
Nct = 0, and for which therefore Ŷct|t−1 = 0.

In order to compare models we need a subset of the data for which all the potential
covariates are present. There is a substantial amount ofmissing data in vaccine cover-
age and population testing, with some countries not reporting these data consistently,
and in some cases not all.

We have tested two data sets in selecting the model: each one 30 weeks long. The
first contains weeks 38 to 67 (28 Sep 2020-25 Apr 2021) and the second weeks 68-97
(26 Apr 2021-21 Nov 2021). In each data set we restricted to countries with at least
50 arrivals (22 countries in the first data set, and 17 in the second). In any instances
country/week combinations where any covariates were missing we set the number of
arrivals and cases for that country in that week to zero. This means that those rows
did not influence the estimation process.

We carried out forward and backwardsmodel selection, analogous tomodel selection
by an information criterion such as AIC.

In the forward selection procedure we started with a model which included no covari-
ates and then added covariates to the model one by one, as long as the MAD value
decreased. At each step we selected the covariate that resulted in the greatest re-
duction in MAD. The backwards model selection proceeded similarly, but starting with
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Table 3: Model selection by MAD. A blank indicates that the relevant covariate was not
included in the final model. Data Set 1 covers 28 Sep 2020-25 Apr 2021 and Data Set
2 covers 26 Apr 2021-21 Nov 2021. (δ = 10−7 is a small offset to prevent taking the log
of zero.)

Data Set 1; forwards Data Set 1: backwards Data Set 2: forwards Data Set 2: backwards
Parameter Estimate Std. Err. Estimate Std. Err. Estimate Std. Err. Estimate Std. Err.
(Intercept) -7.80 1.6731 -7.80 1.6731 -2.287 0.998 -2.522 1.083
logit(δ + Ic,t) 1.11 0.6721 1.11 0.6721 -1.461 1.556
logit(δ + Ic,t−1) -0.54 0.8885 -0.54 0.8885 2.407 1.393
logit(δ + Ic,t−2) -1.366 1.239
logit(δ + Ic,t−3) 0.81 0.4672 0.81 0.4672 0.434 0.132 0.848 0.783
logit(δ + Dc,t) -1.11 0.2540 -1.11 0.2540
logit(δ + PVct) 0.255 0.370
logit(δ + FVct) -0.0493 0.0421 -0.0493 0.0421 -0.341 0.113 -0.568 0.378
log(Reff) 1.049 2.706
σu 9.33e-05 0.2975 9.33e-05 0.2975 0.404 0.312 0.308 0.536
σe 1.14 0.1771 1.14 0.1771 1.266 0.194 1.283 0.242
ρ 0.496 0.1270 0.496 0.1270 0.430 0.163 0.438 0.172
AIC 355 355 666 672
MAD 0.971 0.971 0.620 0.614

the model with all covariates, successively deleting the one which led to the greatest
reduction in MAD, and terminating when no further removals reduced the MAD.

The results of the forward and backward model selection algorithms applied to the
two data sets are shown in Table 3. The forward and backward methods select the
same model for Data Set 1, whereas there are some differences for Data Set 2, with
the backwards method preferring a more complex model.

For comparison in Table 4, the parameter estimates, AIC and MAD values are shown
for a model including only incidence at lags 0, 1 and 2, and no other covariates. The
MAD values differ very little from any of those in Table 3, and are therefore just as
good as those more complex models from the point of view of one step prediction.

The incidence only models also have the advantage that they rely only on covariates
that are readily available, and are themost complete both across countries and across
time. For this reason we have opted to use the three lag incidence modelling for our
border risk assessment.

Table 5 shows the effect on the values of AIC and MAD of successively adding country
level and the autoregressive random effects to a model with lagged incidence as the
only predictors. The inclusion of random effects at country level is strongly supported
by both AIC and MAD. The justification for serial correlation is weaker using the MAD
criterion: being weakly supported in Data Set 2, but not in Data Set 1. We have nev-
ertheless retained the serial correlation in the main model in order to allow for short
term excursions in infection risk.

covid19modelling.ac.nz 37



Covid-19 Modelling Aotearoa Not formally peer reviewed

Table 4: Parameter estimates for a model with three lags of incidence as the only
predictors to the two data sets.

Data Set 1 Data Set 2
Parameter Estimate Std. Err. Estimate Std. Err.
α -1.779 1.448 -2.444 1.109
β0 1.081 0.724 -0.756 0.687
β1 -0.936 1.055 2.034 1.222
β2 0.267 0.708 -0.938 0.715
σu 0.358 1.931 0.771 0.247
σe 1.426 0.499 1.173 0.186
ρ 0.785 -0.256 0.485 0.161
AIC 367.311 672.092
MAD 1.073 0.637

Table 5: Goodness of fit for models from Table 4 with and without random effects

Data Set 1 Data Set 2
Model AIC MAD AIC MAD
No Random Effects 656 1.38 928 0.844
+ Country Level RE 440 1.04 727 0.663
+ AR(1) Correlation 367 1.07 672 0.637
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