
Spatial synchrony of seasonal 
influenza epidemics in Norway
Sinead Morris
PhD candidate
Princeton University



the Paris region, highlighting the more local structure of school
commuting.

Commuting and observed epidemics in France
In the 26 epidemics observed in the Sentinelles network, the

spatial autocorrelation computed with weights derived from school
and work commuting was significantly greater than 0. In other
words, incidence increased synchronously in strongly linked areas.
Moran’s I was significantly greater than 0 (Pv0:001) as soon as 8
weeks before the national peak and remained greater than 0 up to
9 weeks afterwards(Figure 4-a), with maximum value 1 to 3 weeks
before the date of the national peak. The magnitude of Moran’s I
was approximately the same with all spatial weights.

Likewise, Mantel’s test performed with weights matrix derived
from school and work commuting was positive (Mantel’s
correlation being equal to 0.069 for work commuting and 0.060
for school commuting), confirming the existence of a spatial auto-
correlation linked to commuting movements (Pv0:001).

Commuting and simulated epidemics
Simulated epidemics started from different places were all

similar in timing and incidence at the national level. Moran’s I
analysis exhibited the same behavior as in the observed epidemics
(Figure 4-b) and was significantly positive using all weight matrices.
Here again, the index increased as the epidemic spread and was
the largest shortly before the date of national peak.

As for observed epidemics, Mantel’s test was found to be
positive for simulated epidemics (mantel correlation was equal to
0.106 with work commuting and 0.121 with school commuting).

Overlap in initial epidemic spread. Irrespective of the
starting district, national incidence was very similar over the
course of the epidemic. Even if the national incidence were similar,
overlap changed depending on the pair of districts considered.
Initial overlap was very variable using the observed commuting
network, but always increased to 1 with time. Remarkably, the
overlap in epidemics using reshuffled networks was also large, and
quickly increased to 1 as well.

The excess in overlap, as measured by criterion C1, ranged from
0 to more than 180. The first case arose for epidemics started from
distant places, with C1 increasing in neighboring districts. There
was a large negative correlation between C1 and distance
(r~{0:916+0:040, Spearman correlation). Almost all district
pairs more than dlim~100 km away had C1~0, in other words
epidemics started from districts more than dlim km away showed
little resemblance in initial spread.

On the contrary, C1 increased when the two starting districts
were closer, indicating spread on common paths. However, the
variance of C1 was large, even at small distances, indicating that

Figure 4. Autocorrelation in incidence for observed and simulated epidemics. (a) Mean value of Moran’s Index computed on the 26
epidemics from the Sentinelles network, and (b) on 100 simulated epidemics. In each case, the blue line uses work commuting based weights or
school (red line). Gray areas corresponds to the 95% expected values when no autocorrelation is present.
doi:10.1371/journal.pone.0083002.g004

Figure 5. Typical pathways according to initial infective
location. For each district, C1 values were averaged over all neighbors
less than 100 km away. Basins of attraction were identified by
clustering.
doi:10.1371/journal.pone.0083002.g005
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the effective reproduction ratio of infection, R,
from observed epidemics, based on the weekly
increase in the cumulative number of P&I
excess deaths (12, 22). We find a mean R of
1.35 in A/H3N2 epidemics (95% confidence
interval 1.10 to 1.60). Figure 4A uses this mod-
el to illustrate how increasing disease transmis-
sion Ereflected in increased prevalence, for
example, A/H3N2 epidemics versus A/H1N1
or B (Fig. 2E)^ will raise the probability of a
synchronized and widespread epidemic. Here,
we manipulate transmission by varying R; this
formulation is dynamically equivalent to using
a fixed basic reproduction number, R0, and
raising average susceptibility Efor example,

through the faster evolution rate of A/H3N2
(3)^. Both approaches account for a partially
immune population and give similar model
results (23).

Figure 4A explores the predicted spatiotem-
poral spread of typical epidemics starting in a
populous, highly connected state (California),
compared with a smaller, more isolated one
(Wyoming). Because of the topology of gravity-
like spread, epidemics beginning in Califor-
nia are both more spatially synchronized and
widespread; infection disseminates through
strong long-range connections. For the mean
observed value of R (1.35), the duration of
spread across the United States matches that

seen in real epidemics (predicted mean 4.7
weeks, range 1.0 to 9.0 weeks) (Fig. 4B and
table S2). ESee (12) for further evaluations
of the gravity model predictions.^ By con-
trast, if epidemics ever were to arise from a
less populous and very isolated state like
Wyoming, spread is predicted to be slower
and more local (Fig. 4C) Emean time to epi-
demic onset 0 6.9 weeks (range 1.0 to 14.0
weeks)^; the national outbreak does not gain
momentum until the epidemic hits a better
connected state.

Turning to the onset of the national epi-
demic, there is a tendency for the influenza
season to start in California more often than
in any other state (with an average lead of 1
week for California, P G 0.01). This is
consistent with California_s being the most
populous state; however, additional analyses
indicate that population factors alone cannot
explain the early epidemic onset in California
(12). Teasing out the causes of this interesting
geographical trend in the initial epidemic
focus—in terms of population size, interna-
tional connectivity, and preferred destinations
(in particular Asia and Australia)—may have
important implications for understanding the
intercontinental spread of influenza.

We can also use the model to explore how
the higher reproduction ratios of infection
seen during pandemics might affect the speed
of spread across the United States. Figure 4D

Table 2. Parameter estimates for the piecewise gravity model fitted to U.S. workflow data by
county. Models are fitted separately for distances above and below 119 km, following:

FlowResidenceYWorkº
P

t1
Resident

P
t2
Work

dr
Residence,Work

; where P is the county population size; d is the Euclidian distance

between the population centers of two counties; t1, t2, and r, respectively, tune the dependence of
dispersal workflows on the population size of the donor (resident county) and recipient (work
county) and the distance between them. A total of 3109 counties in 49 continental U.S. states are
used, yielding 161,710 pairs of counties with nonzero flow of workers.

Parameter
Point estimate (standard error)

Distances G 119 km* Distances Q 119 km*

t1: population of residence county (donor) 0.30† (0.004) 0.24† (0.001)
t2: population of work county (recipient) 0.64† (0.004) 0.14† (0.001)
r: distance (km) 3.05 (0.012) 0.29 (0.003)

*Cut-off at 119 km chosen as the distance that minimized the residual sum of square of a piecewise (log) linear gravity
model. †t1 m t2 in both models; P G 0.01.

Fig. 4. Simulated spread of
influenza by a gravity model
based on work movements,
for epidemics originating in
California or Wyoming. (A)
Synchrony and geographical
extent of epidemics increases
with higher transmission. Trans-
mission is manipulated through
the reproduction ratio, R (x
axis). Epidemics originating in
California (filled symbols), a
highly populated and con-
nected state, are more syn-
chronous and widespread than
those originating in Wyoming,
the least populated state
(open symbols). Synchrony is
measured by the inverse of
the variance in dates of epi-
demic onsets (in weeks) in the
49 continental U.S. states (red
triangles, right y axis). The
probability of having a wide-
spread epidemic, where infec-
tion has reached all 49 states,
is represented by black circles
(left y axis). Coupling between states follows a gravity model, fitted to work
movement data (12). Results are based on 1000 simulations; 95% confidence
intervals are T 5% of indicated values. (B to D) Maps of simulated spread out
of California or Wyoming for epidemic seasons [(B and C), intermediate R 0
1.35] and pandemic seasons [(D), R 0 1.89, as in the 1968 pandemic (6)].
The background in grayscale indicates county population sizes [from light

gray (G1,000 inhabitants) to dark gray (9400,000)]. Filled black circles
represent the location of initial cases. Arrows indicate the source of
infection for individual states; arrows originate from, and point to, a state
population center. Arrows are color coded, based on the date of epidemic
onset in individual states, from black 0 early onset to green 0 late onset;
see color bar.
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the largest shortly before the date of national peak.
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starting district, national incidence was very similar over the
course of the epidemic. Even if the national incidence were similar,
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Initial overlap was very variable using the observed commuting
network, but always increased to 1 with time. Remarkably, the
overlap in epidemics using reshuffled networks was also large, and
quickly increased to 1 as well.

The excess in overlap, as measured by criterion C1, ranged from
0 to more than 180. The first case arose for epidemics started from
distant places, with C1 increasing in neighboring districts. There
was a large negative correlation between C1 and distance
(r~{0:916+0:040, Spearman correlation). Almost all district
pairs more than dlim~100 km away had C1~0, in other words
epidemics started from districts more than dlim km away showed
little resemblance in initial spread.

On the contrary, C1 increased when the two starting districts
were closer, indicating spread on common paths. However, the
variance of C1 was large, even at small distances, indicating that

Figure 4. Autocorrelation in incidence for observed and simulated epidemics. (a) Mean value of Moran’s Index computed on the 26
epidemics from the Sentinelles network, and (b) on 100 simulated epidemics. In each case, the blue line uses work commuting based weights or
school (red line). Gray areas corresponds to the 95% expected values when no autocorrelation is present.
doi:10.1371/journal.pone.0083002.g004

Figure 5. Typical pathways according to initial infective
location. For each district, C1 values were averaged over all neighbors
less than 100 km away. Basins of attraction were identified by
clustering.
doi:10.1371/journal.pone.0083002.g005

Commuting and the Spread of Infectious Diseases

PLOS ONE | www.plosone.org 5 January 2014 | Volume 9 | Issue 1 | e83002

Why Norway?
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from observed epidemics, based on the weekly
increase in the cumulative number of P&I
excess deaths (12, 22). We find a mean R of
1.35 in A/H3N2 epidemics (95% confidence
interval 1.10 to 1.60). Figure 4A uses this mod-
el to illustrate how increasing disease transmis-
sion Ereflected in increased prevalence, for
example, A/H3N2 epidemics versus A/H1N1
or B (Fig. 2E)^ will raise the probability of a
synchronized and widespread epidemic. Here,
we manipulate transmission by varying R; this
formulation is dynamically equivalent to using
a fixed basic reproduction number, R0, and
raising average susceptibility Efor example,

through the faster evolution rate of A/H3N2
(3)^. Both approaches account for a partially
immune population and give similar model
results (23).

Figure 4A explores the predicted spatiotem-
poral spread of typical epidemics starting in a
populous, highly connected state (California),
compared with a smaller, more isolated one
(Wyoming). Because of the topology of gravity-
like spread, epidemics beginning in Califor-
nia are both more spatially synchronized and
widespread; infection disseminates through
strong long-range connections. For the mean
observed value of R (1.35), the duration of
spread across the United States matches that

seen in real epidemics (predicted mean 4.7
weeks, range 1.0 to 9.0 weeks) (Fig. 4B and
table S2). ESee (12) for further evaluations
of the gravity model predictions.^ By con-
trast, if epidemics ever were to arise from a
less populous and very isolated state like
Wyoming, spread is predicted to be slower
and more local (Fig. 4C) Emean time to epi-
demic onset 0 6.9 weeks (range 1.0 to 14.0
weeks)^; the national outbreak does not gain
momentum until the epidemic hits a better
connected state.

Turning to the onset of the national epi-
demic, there is a tendency for the influenza
season to start in California more often than
in any other state (with an average lead of 1
week for California, P G 0.01). This is
consistent with California_s being the most
populous state; however, additional analyses
indicate that population factors alone cannot
explain the early epidemic onset in California
(12). Teasing out the causes of this interesting
geographical trend in the initial epidemic
focus—in terms of population size, interna-
tional connectivity, and preferred destinations
(in particular Asia and Australia)—may have
important implications for understanding the
intercontinental spread of influenza.

We can also use the model to explore how
the higher reproduction ratios of infection
seen during pandemics might affect the speed
of spread across the United States. Figure 4D

Table 2. Parameter estimates for the piecewise gravity model fitted to U.S. workflow data by
county. Models are fitted separately for distances above and below 119 km, following:

FlowResidenceYWorkº
P

t1
Resident

P
t2
Work

dr
Residence,Work

; where P is the county population size; d is the Euclidian distance

between the population centers of two counties; t1, t2, and r, respectively, tune the dependence of
dispersal workflows on the population size of the donor (resident county) and recipient (work
county) and the distance between them. A total of 3109 counties in 49 continental U.S. states are
used, yielding 161,710 pairs of counties with nonzero flow of workers.

Parameter
Point estimate (standard error)

Distances G 119 km* Distances Q 119 km*

t1: population of residence county (donor) 0.30† (0.004) 0.24† (0.001)
t2: population of work county (recipient) 0.64† (0.004) 0.14† (0.001)
r: distance (km) 3.05 (0.012) 0.29 (0.003)

*Cut-off at 119 km chosen as the distance that minimized the residual sum of square of a piecewise (log) linear gravity
model. †t1 m t2 in both models; P G 0.01.

Fig. 4. Simulated spread of
influenza by a gravity model
based on work movements,
for epidemics originating in
California or Wyoming. (A)
Synchrony and geographical
extent of epidemics increases
with higher transmission. Trans-
mission is manipulated through
the reproduction ratio, R (x
axis). Epidemics originating in
California (filled symbols), a
highly populated and con-
nected state, are more syn-
chronous and widespread than
those originating in Wyoming,
the least populated state
(open symbols). Synchrony is
measured by the inverse of
the variance in dates of epi-
demic onsets (in weeks) in the
49 continental U.S. states (red
triangles, right y axis). The
probability of having a wide-
spread epidemic, where infec-
tion has reached all 49 states,
is represented by black circles
(left y axis). Coupling between states follows a gravity model, fitted to work
movement data (12). Results are based on 1000 simulations; 95% confidence
intervals are T 5% of indicated values. (B to D) Maps of simulated spread out
of California or Wyoming for epidemic seasons [(B and C), intermediate R 0
1.35] and pandemic seasons [(D), R 0 1.89, as in the 1968 pandemic (6)].
The background in grayscale indicates county population sizes [from light

gray (G1,000 inhabitants) to dark gray (9400,000)]. Filled black circles
represent the location of initial cases. Arrows indicate the source of
infection for individual states; arrows originate from, and point to, a state
population center. Arrows are color coded, based on the date of epidemic
onset in individual states, from black 0 early onset to green 0 late onset;
see color bar.
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Norwegian Data

Sentinel surveillance:
v 1998 – 2014
v Influenza-like-illness (ILI)
v 201 health clinics



Spatial resolution

19 counties

All covered by 
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428 
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165 covered by 
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Wavelet analysis of epidemic timing
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differences in epidemic timing
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Synchrony at fine resolution
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Epidemics are highly synchronized, 
with distance gradient at fine resolution

…is this synchrony preserved at larger spatial scales?
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Swedish data

v 2001 – 2015 

v 21 counties

v Lab confirmed cases

Danish data

v 2000 – 2014 

v 5 counties

v ILI

Norwegian data

v 1998 – 2014 

v 19 counties

v ILI

Expanding geographic scale



Previous work: Sweden lags 2wk behind Norway & Denmark
Alonso et al (2015) Nature Scientific Reports 

Synchrony at larger scales

Norway Sweden

Denmark



Influenza epidemics are still highly synchronized 
at larger geographic scales

What is driving this synchrony?
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Future work: comparison with the US

Major difference:
Geographic scale…
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Pros:
1.  Temperate climate with winter epidemics
2.  ILI data (2002 – 2010)
3.  City level ~ Norwegian counties



Future work: comparison with the US
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Major difference:
Geographic scale…

Pros:
1.  Temperate climate with winter epidemics
2.  ILI data (2002 – 2010)
3.  City level ~ Norwegian counties



Difference in synchrony
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Norway: 

- Highly synchronized

- Weak spatial gradient

US: 

- Less synchronized

- Stronger gradient



Potential drivers

1. Climate e.g. specific humidity
Shaman & Kohn (2009) PNAS
Shaman et al (2010) PLoS Bio
Gog et al (2014) PLoS Comp Bio

NOAA/NARR average specific humidity3. Connectivity e.g. 
commuting, air travel, …
Stark et al (2012) PLoS One
Viboud et al (2006) Science

2. Population size/density
Viboud et al (2006) Science

US Census

Domestic train travel 
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