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S1 The Data

Two data files that we compiled accompany this paper and can be downloaded from the web site of the
Journal of the Royal Society Interface or from the International Infectious Disease Data Archive (IIDDA,
http://iidda.mcmaster.ca).

meas us ny nyc 1890-1984 wk.csv
Weekly measles cases in New York City (NYC).

vital us ny nyc 1890-1984 yr.csv
Annual vital statistics in NYC (population, births, deaths, infant mortality, proportion vaccinated).

These datasets span 4 October 1890 to 30 December 1983, and were pieced together from four different
sources.

S1.1 The Health Dept. Bulletins: 1891–1932 Weekly Data

Near the end of the 19th century and in the first half of the 20th, the NYC Health Department published
weekly bulletins containing information regarding a wide variety of public health related issues (see §S3
for sample photographs of such a bulletin). Some of the details provided in these bulletins were incidence
rates for numerous infectious diseases, including measles. Spanning the years 1891–1932, the weekly
bulletins were published in two volumes. We acquired access to these through the NYC Academy of
Medicine Library 1

As noted previously, vital statistics for the whole of NYC were acquired through the NYC Health
Dept., which provides data going back to 1900 [2]. However, we require data going back to the beginning
of measles incidence data in 1891. To fill in the missing years of 1891–1899, we extracted vital statistics
from the health bulletins.

An important note must be made about these bulletins regarding their reporting area. The data tables
in the bulletins provide data for only Manhattan Island up until 15 January 1898, after which the reporting
area was enlarged to cover Manhattan, The Bronx, Brooklyn, Queens, and Richmond. We wish to retain
as high consistency as possible between the reporting area of both measles incidence data and vital statis-
tics. It is therefore advantageous to use disease incidence data and vital statistics from the same source,
especially through a change in reporting area.

S1.1.1 Disease Incidence, Volume 1: 1891–1914

City-wide reported cases of measles were extracted from a table as shown in Figure S1.

1The NYC Academy of Medicine [1] is a public institution independent of the NYC Health Department. Its library maintains
a collection of books and literature related to health in the NYC population throughout its history.
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Figure S1: Health Bulletin table reporting weekly cases of infectious diseases. See §S3 for full page.

S1.1.2 Vital Statistics, Volume 1: 1890–1899

Tables of the form shown in Figure S1 in volume 1 of the bulletins provide needed vital data where it could
otherwise not be found.

S1.1.3 Vital Statistics, Volume 1: 1898 Change in Reporting Area

The bulletin published for the week of Jan 15, 1898 was the first to include the larger reporting area
mentioned previously. Vital statistics tables for that week and the one prior are shown in Figure S2 and
Figure S3 to demonstrate the transition. Notice that though these consecutive bulletins occur in the same
volume, their format changes to include data from the different boroughs.
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Figure S2: Health Bulletin table reporting vital statistics for only Manhattan Island, week of Jan. 8, 1898.

Figure S3: Health Bulletin table reporting vital statistics for Manhattan, The Bronx, Brooklyn, Queens, and Rich-
mond, week of Jan 15, 1898. The handwritten corrections are uncommon in these documents; they are
the result of Health Dept. reorganization.

S1.1.4 Disease Incidence: 1915

Sometime between 1914 and 1916, the NYC Health Dept. adjusted the form of its bulletins, and the
transitional year, 1915, presents some difficulty. Figure S4 shows the only available data tables regarding
cases of reportable infectious diseases found for that year.
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Figure S4: Health Bulletin table showing reportable infectious diseases, week of Feb. 20, 1915. See §S3 for full
page.

Notice that city-wide totals of cases are not reported. Instead measles cases are reported only for three
hospitals within the city. These numbers are themselves not representative of the entire city, but fortunately
we can re-scale them using an independent data source (see §S1.4).

S1.1.5 Disease Incidence, Volume 2: 1916–1932

The format of the tables from which disease incidence data were drawn changed slightly compared to the
previous volume, and tables appeared as shown in Figure S5.

Figure S5: Health Bulletin table reporting weekly cases of infectious diseases. See §S3 for full page.

S1.1.6 Tabulation

For the tables containing disease incidence rates in volumes 1 and 2, notice that for each week’s bulletin, a
full quarter-year of previous weeks’ worth of reported cases are shown. This means that in order to extract
a year’s worth of data, no more than five sample bulletins are required. As a result, we did not photograph
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all Weekly Bulletin pages, but instead sampled pages periodically such that completely overlapping disease
incidence tables were acquired.

Notice that the table providing vital statistics shows only information for the week in question. For the
total population of NYC at the time, this did not present a problem; weekly changes in population are not
significant compared to the total population, we can therefore estimate a yearly average population from
these numbers. Birth rates oscillate throughout the year [8], and so for years in which a full set of bulletin
photographs had not been acquired, we use weekly data points available periodically throughout the year
to estimate the yearly value.

S1.2 Health Dept. Records 1958–1976 Weekly Disease Incidence Data

The NYC Health Department kept detailed records of the incidence of many diseases and conditions,
including infectious diseases of interest to us. In particular, from 1958–1976, weekly records were kept
of the incidence of diseases and conditions by health district of residence, of which there are 27 in NYC
(this date range represents only what we were able to find, but all indications suggest that such data were
collected for a wider range of dates). These are organized by boroughs and city-wide totals are available
for our purposes. See Figure S6 for a sample table providing city-wide totals, and §S3 for a sample of a
full weekly report.

S1.3 NYC Health Dept. Vital Statistics Reports: 1900–1984

The NYC Health Dept. website has made historical vital statistics reports available to the general public
[2]. These reports, for the years of 1976–1984, contain tables showing city-wide monthly aggregated cases
of reportable diseases. For years outside of this range and going back to 1935, yearly aggregated data is
provided in the reports we obtained. For disease incidence, yearly data is by no means sufficient for our
purposes. However, these vital statistics reports, as the name would imply, contain population and vital
statistics data, for which yearly numbers are adequate. Furthermore, 5-year estimates are reported from
1900–1935.

S1.4 1915

We noted previously that we must further discuss the Weekly Bulletin data for the year 1915. Disease
incidence numbers prior to 1915 come from Volume 1 of the Health Bulletins, and after 1915 come from
Volume 2, as noted previously. The data before and after 1915 represent measles cases for all of NYC,
whereas the data we have for 1915 represent counts taken for only three hospitals within the city. Using
yearly aggregated reported measles cases taken from the NYC Vital Statistics Reports [2] and comparing
them with yearly totals from the Health Bulletin data (see Figure S10), we determine a scaling factor
(5.04) with which to adjust the weekly Health Bulletin Data. Figure S7 shows measles incidence rates
recorded for the years surrounding 1915 before we re-sale the 1915 data. We conclude from the apparent
consistency in the pattern of outbreaks that the adjustment is appropriate.
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Figure S6: NYC Health Dept. table showing reportable diseases and conditions. See §S3 for full weekly report.
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Figure S7: Time series plot of tabulated Health Bulletin data from 1910–1920, showing original and adjusted 1915
reported measles cases from three hospitals in the context of city-wide measles cases for other years.

S1.5 Formatting the Data

For our analysis, we make use of weekly and monthly aggregated measles data, and yearly vital data. For
large time spans (namely 1932–1958 and 1976–1984), we have only monthly data, hence we interpolate
pseudo-weekly data from the monthly data points.

For vital statistics, we obtain yearly total population and birth rates from the NYC Health Bulletins for
1891–1900 as detailed previously §S1.1.2, and from the NYC Dept. of Health vital statistics reports for
1900–1984. Note that the vital statistics reports contain only data points every 5 years from 1900–1935.
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We do not interpolate yearly points from this because the Vital Statistics Reports give a single estimate for
each of the 5-years.

S1.6 Summary of Available and Compiled Data

Since we are using data from various overlapping sources, we need to pick time points where we transition
from one source to the next. Since it is better to do analyses using originally recorded weekly data rather
than pseudo-weekly interpolation, we will use as much originally recorded weekly data as possible.

Vital Statistics Reports
(Y)

Health Bulletins, Vol. 1
(Y)

Health Bulletins, Vol. 1 and 2
(W)

London and Yorke
(M)

Health Dept.Records
(W)

Vital Statistics
Reports (M)

Available
Used

1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990

Measles Incidence Data

Vital Statistics Data

Figure S8: Summary of available and used data.

S1.7 Normalized Data

For our analysis of the disease incidence data, we need to control for changes in population size. To this
end we have constructed a time series of yearly total population numbers, as detailed previously. Using the
population data, we can normalize disease incidence data with respect to population size. This serves to
remove elements of the dynamics which are simply artifacts of changes in population, and what remains is
a more consistent representation of the dynamics of measles. See Figure S9 for a plot of total population
with respect to time, which we use to normalize our data. Note in particular the high rate of population
growth in the early 1900s; much of an apparent rise in measles incidence can be attributed to this. The
sudden jump in the population data is attributed to a change in reporting area (see §S1.1)
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Figure S9: Time series plot of the total population of NYC from 1891–1984.

S1.8 Consistency Checks

Since much of the data we use is from original digitization, it is appropriate to conduct a number of checks
on the data to ensure that its quality is acceptable for the analysis. We therefore cross-reference our new
data with as much independent information as we can. To this end we perform the following three sanity
checks on our new data:

1. The NYC Health Department Vital Statistics Reports [2] list yearly totals for disease incidence from
1911 to the present. Our first check takes yearly sums of our weekly data from the Health Bulletins
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in the time-span of 1911–1932, and compares these yearly sums to data from the Health Department
Vital Statistics Reports. See Figure S10 for this comparison. We conclude that, with the exception of
the year 1915 (which we dealt with previously), the close match of these totals evidences reliability
of the Health Bulletin data.
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Figure S10: Overlapping time series plots of yearly measles incidence counts taken from the Health Bulletins and
the Health Dept. Vital Statistics Reports.

2. Much of the newly digitized data overlaps with monthly data previously published by London and
Yorke [11]. We can therefore use monthly tabulated totals of our original weekly data in the over-
lapping periods and compare them to London and Yorke’s data. The results of this second check are
shown in Figures S11 and S12. Interestingly, these numbers do not match up perfectly, suggesting
that adjustments were made by the NYC Health Department to the data we acquired (both from the
Health Bulletins and the Health Department Records), prior to its tabulation in the paper published
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in 1973 by London and Yorke [11].2 The monthly sums of measles cases, however, match up closely
enough in both overlapping time periods that we conclude our weekly data are reliable.
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Figure S11: Overlapping time series plots of London and Yorke’s monthly measles incidence rates, and the Health
Dept. Bulletins weekly measles incidence rates, from 1928–1932. To compare these numbers, we have
summed the weekly Bulletin data monthly, summing up the number of measles cases reported at the
ends of weeks that fall in the same month.

2London and Yorke give very little information regarding the source of the data published their 1973 paper [11], only
mentioning that the provider was the NYC Health Dept. Bureau of Infectious Disease Control (which no longer exists).
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Figure S12: Overlapping time series plots of London and Yorke’s monthly measles incidence rates, and the Health
Dept. Records weekly incidence rates summed monthly, from 1958–1973.

Jan 31, 1920 In Figure S13, we show a page from the Weekly Bulletins in which an epidemic of in-
fluenza can be seen from the case reports, peaking on Jan 31, 1920 with a number of reported cases of
30456. For this same week, the cases of measles are reported as 4671, where the previous and following
weeks were 1984 and 2035, respectively. Such a high number of reported measles cases seems unlikely,
and possibly erroneously entered, but could otherwise have been misdiagnoses from the influenza out-
break.
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Figure S13: Weekly Bulletins pages showing weekly reported cases for infectious diseases from 13 December 1919
to 6 March 1920. The reported number of cases of measles for the week of 31 January is unusually
high (no other weekly count exceeds 2500 until the year 1941). Concurrent with an apparent measles
epidemic is an influenza epidemic, which suggests that the 31 January reported number—and possibly
others— could result from misdiagnoses. It is also possible that the unusually high number, if it is
incorrect, resulted from a clerical error.
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S2 Transient Periods in Wavelet Spectra

A wavelet spectrum of an epidemic time series typically has peaks at the periodicities of attractors that
the system visits. However, transient periods do not reveal themselves as consistently as attractor periods,
since they depend on demographic stochasticity to be maintained [3,4,7]. The distance of the system from
a periodic attractor is influenced by random stochastic perturbations, and the spectral power of transient
periods in the time series depends on this distance. As a result, we should expect significant lack of
homogeneity in the spectral power of transient periods in disease time series.

To verify this intuition, we simulated many realizations of the stochatic SIR model, and we show
wavelet spectra [5, 6, 9, 10, 12] of a subset of these simulated time series in Figures S14 to S19. In order
to produce simulated time series comparable to our NYC measles time series, we produced simulations
of the same length as the measles time series. We produced 10 stochastic SIR realizations for each of 6
different parameter sets. Three parameter sets fixed µ = ν = 0.02/year, and the other three parameter sets
were defined using birth and death rates derived from NYC vital statistics. In both groups of parameter
sets, we considered three R0 values (R0 ∈ {12, 14.5, 17}). The mean infectious period was set to 13 days
in all simulations, and the initial total population was fixed at the NYC population in 1891 (the beginning
of the time series). For each parameter set, we show one of the 10 realizations in Figures S14 to S19.
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Figure S14: Stochastic SIR simulation emulating NYC. Top panel: cases time series. Bottom panel: wavelet spec-
trum. Parameter values: R0 = 12, 1/γ = 13 days, µ = ν = 0.02 yr−1.
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Figure S15: Stochastic SIR simulation emulating NYC. Top panel: cases time series. Bottom panel: wavelet spec-
trum. Parameter values: R0 = 14.5, 1/γ = 13 days, µ = ν = 0.02 yr−1.
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Figure S16: Stochastic SIR simulation emulating NYC. Top panel: cases time series. Bottom panel: wavelet spec-
trum. Parameter values: R0 = 17, 1/γ = 13 days, µ = ν = 0.02 yr−1.
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Figure S17: Stochastic SIR simulation emulating NYC. Top panel: cases time series. Bottom panel: wavelet spec-
trum. Parameter values: R0 = 12, 1/γ = 13 days, µ(t) and ν(t) are realistic NYC values changing
with time.

19



ca
se

s

0
0.

02
0.

04
0.

06

0.25

0.5

1

2

4

8

1900 1910 1920 1930 1940 1950 1960 1970 1980

year

Figure S18: Stochastic SIR simulation emulating NYC. Top panel: cases time series. Bottom panel: wavelet spec-
trum. Parameter values: R0 = 14.5, 1/γ = 13 days, µ(t) and ν(t) are realistic NYC values changing
with time.
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Figure S19: Stochastic SIR simulation emulating NYC. Top panel: cases time series. Bottom panel: wavelet spec-
trum. Parameter values: R0 = 17, 1/γ = 13 days, µ(t) and ν(t) are realistic NYC values changing
with time.
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S3 Sample Photographs from Data Sources

Figure S20: Weekly Bulletins Vol 1: Page 1
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Figure S21: Weekly Bulletins Vol 1: Page 2
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Figure S22: Weekly Bulletins Vol 1: Sample Page from 1915.
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Figure S23: Weekly Bulletins Vol 2: Only Relevant Data Page
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Figure S24: Health Department Records: Page 1
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Figure S25: Health Department Records: Page 2
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Figure S26: Health Department Records: Page 3
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Figure S27: Health Department Records: Page 4
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Figure S28: Health Department Records: Page 5
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