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1. Sl Materials and Methods
1.1 Cholera data summary

The cholera data used to generate the fine-scale maps of cholera incidence were
collated from 360 separate datasets (details and data are available at
http://www.iddynamics.jhsph.edu/projects/cholera-dynamics/data). Annual case counts
reported to the World Health Organization (WHO) from 2000-2014 were included for
each country in sub-Saharan Africa (1). We received sub-national reporting data from
the Ministries of Health of Benin, Democratic Republic of Congo, Mozambique, and
Nigeria and additional sub-national reporting data for several countries were shared by
the WHO. Médecins Sans Frontiéres and Epicentre provided cholera data from
outbreaks occurring between 2000 and 2014. Cholera reporting data for South Africa
and Madagascar were obtained from publicly available sources (2-5). Publicly available
reporting data were also obtained for refugee camps managed by the UN Refugee
Agency (UNCHR; 20 records) and publicly available cholera outbreak reports were
obtained from ReliefWeb and ProMED (6, 7). Finally, cholera data was also obtained
from the primary literature (8—-14).

A total of 17,033 annual observations from 3,071 unique locations from 2000-2014 were
included in the main analysis. Of these observations, 7,691 were from 2,525 unique
locations in non-El Nifio years and 9,342 were from 2,616 unique locations in weak-or-
stronger El Niflo years. These 3,071 unique locations include 44 different countries, 327
first-level administrative units, 1948 second-level administrative units, and 752 locations
at the third-level administrative unit or lower (Fig. S1). A summary of the cholera data
used to model the spatial distribution of cholera incidence is provided by country (Table
S1) and year (Table S2). Shapefiles of official administrative boundaries were obtained
from the Database of Global Administrative Areas (15) for the majority of countries.
However, alternative administrative shapefiles were used for Cameroon, Ghana, Kenya,
Mauritania, Malawi, Rwanda, Senegal, South Africa, Sudan, Togo, Tanzania, Uganda,
and Zimbabwe for at least part of the study period. Alternative shapefiles were used
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because they either included new administrative districts not yet included in the GADM
shapefiles or older districts no longer in the GADM shapefiles. The boundaries of
locations that did not correspond to official administrative units (e.g. a health district,
hospital, or village) were either identified using shapefiles (in the case of health districts
in Chad and the Democratic Republic of Congo or city communes/neighborhoods in
Guinea-Bissau, Ghana, and Mali) or assigned to the highest available official
administrative unit containing the location. For example, cases occurring in a village
would be assigned to the smallest official administrative unit that the village is located
within (typically a 2nd or 3rd level administrative unit such as county or sub-district).

For our regional analyses we divided Africa into six regions (North, southern, East,
West, Central, and Madagascar). The first five regions are the main continental
divisions used by the United Nations Statistics Division (UNSD) and for each of these
we used the UNSD grouping with the exception of Madagascar. Madagascar is grouped
with East Africa by UNSD; however, we considered Madagascar separately from
continental East Africa because of its physical separation from the rest of the continent.
The continental East African countries based on the regional categorization used by
UNSD are: Burundi, Djibouti, Eritrea, Ethiopia, Kenya, Malawi, Mozambique, Rwanda,
Tanzania, Somalia, Uganda, Zambia and Zimbabwe.
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Fig. S1. (A) Map of cholera data sets during El Nifio years from 2000-2014 used in this
analysis based on spatial resolution. (B) Map of cholera data sets during non-El Nifio
years. Colors represent the lowest administrative level data available for a given area
(data from multiple administrative levels).



Table S1. Summary of cholera dataset by country in El Nifio and non El Nifio years. Locations is unique administrative units and observations is the
number of unique administrative unit by year combinations. Cases is nhumber of cases in all units combined, with cases in nested administrative units
counted multiple times, leading to over counting of cases in some circumstances. Case numbers presented here are for summary purposes only and are
not actual estimates. Max level is smallest administrative unit with an observation.

El Nifio years Non El Nifio years
Country Years Locations Observations Cases Max Level | Years Locations Observations Cases Max Level
Angola 5 115 297 429,962 3 5 44 127 71,947 3
Burundi 8 54 74 8,814 4 7 49 100 8,769 3
Benin 8 84 477 5,865 2 7 86 405 12,264 2
Burkina Faso 3 16 23 3,859 2 7 7 14 1,620 2
Botswana 3 1 3 15 0 1 1 1 8 0
Central African
Republic 3 1 3 320 0 2 4 5 441 2
Cote d' Ivoire 8 61 121 11,647 3 6 79 235 15,208 3
Cameroon 8 11 18 34,399 1 7 145 176 74,067 3
Democratic Republic
of Congo 8 506 3749 354,875 4 7 542 3472 310,870 4
Republic of Congo 4 1 4 8,053 0 5 3 8 4,360 2
Djibouti 2 1 2 3,134 0 2 1 2 1,955 0
Eritrea 3 1 3 119 0 1 1 1 1 0
Ethiopia 6 107 216 532,012 3 1 9 9 10,690 1
Gabon 4 1 4 635 0 1 1 1 2 0
Ghana 8 99 115 23,259 3 7 193 278 103,598 3
Guinea 8 43 330 51,862 3 7 56 164 24,652 3
Gambia 3 4 6 269 2 1 1 1 1 0
Guinea-Bissau 7 38 266 52,178 2 6 72 164 46,985 2
Equatorial Guinea 3 1 3 6,450 0 0 0 0 - 0
Kenya 8 71 560 36,782 3 7 71 227 11,482 3
Liberia 8 45 84 143,030 3 7 5 11 4,896 2
Lesotho 2 1 2 0 0 0 0 0 - 0
Madagascar 5 22 26 828 2 4 93 160 72,311 3
Mali 7 154 221 13,345 4 6 85 105 7,347 4
Mozambique 8 8 15 101,776 1 7 12 51 44,318 2
Mauritania 5 67 77 19,298 3 1 6 6 184 2
Malawi 8 31 142 106,506 1 5 32 105 13,569 2
Namibia 4 2 8 1,072 2 3 15 19 13,394 2
Niger 7 43 51 9,126 3 7 61 236 31,975 3
Nigeria 8 43 239 197,031 2 7 38 193 169,932 1
Rwanda 6 14 19 4,961 2 5 2 5 1,450 2
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Table S2. Summary of cholera dataset by year. Locations is unique administrative units and
cases is number of cases in all units combined, with cases in nested administrative units
counted multiple times.

El Nifio

Year Classification Countries Locations Cases

2000 - 27 700 275,165
2001 - 27 836 319,922
2002 Moderate 26 764 252,987
2003 Moderate 29 766 245,966
2004 Weak 30 1069 198,357
2005 Weak 41 1144 349,628
2006 Weak 42 1673 958,938
2007 Weak 36 1464 639,535
2008 - 37 1441 517,654
2009 Moderate 31 1221 522,974
2010 Moderate 26 1241 234,863
2011 - 28 1308 386,253
2012 - 28 1120 307,888
2013 - 26 1094 129,244

2014 - 21 1192 207,481



Table S3: Table of cholera cases reported since the start (1-April-2015) of the
current El Nifio event. Only countries for which we have reported data, including
zeros, are included in the table.

Country 2015-2016 Cases
Benin 1

Burkina Faso 0

Cameroon 85

Central African Republic 0

Chad 0

Democratic Republic of Congo | 10,945

Ethiopia 397
Ghana 31
Guinea 0
Guinea-Bissau 0
Ivory Coast 5
Kenya 6,415
Liberia 0
Malawi 969
Mali 0
Mozambique 1,433
Niger 0
Nigeria 3,355

Republic of Congo 3,000




Senegal 0
Sierra Leone 0
Somalia 3,514
South Africa 0
South Sudan 364
Tanzania 24,312
Uganda 160
Zambia 185
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Fig. S2. Percentage of population with access to improved drinking water. Data from
(16).
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Fig. S3. Percentage of population with access to improved sanitation. Data from (16).
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1.2 Mapping Implementation

The hierarchical Bayesian spatial model was implemented using Rstan version 2.7 (17)
by running four chains with 2000 iterations each for both El Nifio and non-El Nifio years.
The covariates included as parameters were percent of the population with access to
improved drinking water, percent of the population with access to improved sanitation,
log population density, distance to the coast, and distance to a large body of water.

In El Nifio years there was a negative correlation between incidence and access to
improved drinking water (81=-1.09, 95% CI: -1.76 — -0.25; Fig. S4A), but a positive
correlation between incidence and access to improved sanitation (f2=2.01, 95% CI:
1.32-3.00; Fig. S5A). There was also a positive correlation between log population
density and cholera incidence (3=0.61, 95% CI: 0.44-0.70; Fig. S6A). Finally, there
was a significant negative correlation between incidence and distance to the coast (B4=-
0.12, 95% CI: -0.17- -0.09; Fig. S7A) and a non-significant correlation between
incidence and the distance to a major body of water (Bs=-0.02, 95% CI: -0.19-0.11; Fig.
S8A). During non-El Nifio years there was a negative correlation between incidence and
access to improved drinking water (1=-1.15; 95% CI: -1.93- -0.35; Fig. S4B), but a
positive correlation between incidence and access to improved sanitation (f2=1.01; 95%
Cl: 0.42-1.66; Fig. S5B). There was also a positive correlation between log population
density and cholera incidence (3=0.69, 95% CI: 0.54-0.81; Fig. S6B). Finally, there
was a non-significant relationship between incidence and distance to the coast
(B4=0.004, 95% CI: -0.05-0.05; Fig. S7B) and a significant correlation between
incidence and the distance to a major body of water (Bs=-1.90, 95% CI: -2.19—-1.59; Fig.
S8B). Spatial autocorrelation was very strong during both El Nifio (p=0.991, 95% CI:
0.982-0.995) and non-El Nifio years (p=0.995, 95% CI: 0.993-0.998).

The relationship between cholera incidence and access to improved drinking water was
negative in both EI Nifio and non-Nifio years, suggesting that increasing access to
improved water lowers the risk of cholera transmission. The positive relationship
between cholera incidence and access to improved sanitation appears paradoxical,
however, this relationship is only positive when accounting for the significant
relationships between incidence and access to drinking water, population density, and
distance to the coast or other major waterbody in the multiple regression. When
examined in isolation, there is no significant positive or negative correlation between
cholera incidence and access to improved sanitation (Pearson’s p=0.01 for both EI Nifio
and non-Nifio years), as seen in Fig. S5. The significant negative relationship between
cholera incidence and distance to a major waterbody during non-EIl Nifio years suggests
that major waterbodies are sources of cholera risk. However, they were not a significant
source of risk during El Nifio years while proximity to the coast was, perhaps because
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cholera incidence shifted towards the coast of East Africa and away from large inland
waterbodies such as Lake Chad and the Congo River.
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Fig. S4. Relationship between mean annual cumulative cholera incidence (per 100,000)
and percent of population with access to improved drinking water during (A) El Nifio and
(B) non-El Nifio years.
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The mean annual incidence rate during El Nifio years was 25.2 per 100,000 (see Fig.
S9A for a map of incidence), totaling 215,546 cases (95% CI: 209,770-221,704; see
Fig. S9B for a map of cases). The mean annual incidence rate in non-El Nifio years was
24.5 per 100,000 (see Fig. S10A for a map of incidence), totaling 209,791 cases (95%
Cl: 202,087-219,047; see Fig. S10B for a map of cases). Plots of the standard
deviation and coefficient of variation (cy=0/u) of mean annual incidence for all El Nifio
years and non-El Nifio years are presented in Figs. S11-S12. The coefficient of variation
is lower in areas with high incidence and high in areas with low population density such
as the Sahara and Southern Africa. The geographic distribution of both mean annual
cholera incidence and the number of cholera cases varied significantly between El Nifio
and non-El Nifio years (Fig. S13).

To test the sensitivity of our results to single El Nifio or La Nifia events we re-ran the
model while holding out each single pair of years representing either an El Nifio event or
a non-El Nifio event (8 pairs of years; with the exception of the non-EI Nifio year, 2008,
between the 2006-2007 and 2009-2010 El Nifio events, where only a single year was
withheld from the analysis). The mean annual incidence during El Nifio years was
sensitive to holding out particular El Nifio events in only a few geographic areas, and
none of the sensitive areas were within one of the regions where cholera incidence was
classified as positively-sensitive to El Nifio events (Fig. S14A). Similarly, the mean
annual incidence during non-El Nifio years was highly sensitive to holding out particular
non-El Nifio years in only a few scattered geographic areas (Fig. S14B). The overall
geographic shift in cholera incidence between EIl Nifio and non-El Nifio years does not
appear to be overly sensitive to single El Nifio events (Fig. S15). However, some areas
did see a bigger increase or decrease in incidence during El Nifio years when the
average from the holdout analysis was compared to the full analysis (Fig. S16). In
particular, some areas in the southern Sahara and the Kalahari with very low population
densities experienced a larger shift towards cholera in El Nifio years in the holdout
analysis where non-El Nifio years were held out, indicating that cholera incidence during
non-El Nifio years in these regions is likely driven by a single (small) outbreak, making
temporal shifts in incidence sensitive to the years included in the analysis (Fig. S16B).



Table S4. Country-level estimates of annual cases and incidence for El Niiio and non El Nifio years. Countries are sorted by region and the difference between mean annual cases within

region.
All El Nifio Years Non El Nifio Years Difference

Annual Cases Incid. (per 100K) Annual Cases Incid. (per 100K) Annual Cases Incid. (per 100K)
Country Population Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI)
Chad 11,665,905 2,033  (1,731-2,949) 17.4 (14.8-25.3) 9,502 (9,147 -9,989) 81.5 (78.4-85.6) -7,469 (-8,110--6,302) -64.0 (-69.5--54.0)
Cameroon 20,732,920 3,755 (2,871 -4,085) 18.1 (13.8-19.7) 7,543 (7,021 -8,012) 36.4 (33.9-38.6) -3,787 (-4,924 --3,166) -18.3 (-23.8--15.3)
Congo DRC 61,801,530 21,341 (21,144 -21,556) 34.5 (34.2-34.9) 22,150 (21,901-22,425) 35.8 (35.4-36.3) -809 (-1,160 --522) -1.3  (-1.9--0.8)
Central
African
Republic 4,211,832 97 (79 -115) 23 (1.9-2.7) 339 (111-1,674) 8.1 (2.6-39.7) -242 (-1,580 --5) -5.7 (-37.5--0.1)
Gabon 1,544,396 164 (147 -196) 106 (9.5-12.7) 4 (2-9) 0.3 (0.1-0.6) 159 (143 -192) 10.3 (9.3-12.5)
Congo 4,432,220 2,015 (1,967 -2,060) 45.5 (44.4 -46.5) 611 (507 -737) 13.8 (11.4-16.6) 1,403 (1,277 -1,510) 31.7 (28.8-34.1)
Equatorial
Guinea 655,484 2,146 (2,091-2,200) 327.5(319.0-335.6) 0 (0-1) 0.0 (0.0-0.12) 2,146 (2,091-2,199) 327.4 (318.9-335.5)
Angola 19,361,466 22,364 (22,239 -22,507) 115.5(114.9-116.2) 4,322 (4,027 - 4,404) 22.3 (20.8-22.7) | 18,043 (17,878-18,388) 93.2 (92.3-95.0)
Central
Region 124,405,753 | 53,916 (52,268 -55,667) 43.3 (42.0 -44.7) 44,471 (42,715-47,250) 35.7 (34.3-38.0) 9,445 (5,614 -12,294) 76 (45-9.9)
Madagascar 21,036,287 123 (115 -131) 0.6 (0.5-0.6) 6,981 (6,930 -7,034) 33.2 (32.9-33.4) -6,858 (-6,911--6,807) -32.6 (-32.9--32.4)
Zimbabwe 12,993,452 14,146 (13,895-14,272) 108.9(106.9-109.8) | 19,128 (18,915-19,343) 147.2(145.6-148.9) | -4,982 (-5,376 --4,706) -38.3 (-41.4--36.2)
Burundi 8,314,885 712 (693 -734) 8.6 (8.3-8.8) 716 (696 - 740) 8.6 (8.4-8.9) -4 (-36 - 26) 0.0 (-0.4-0.3)
Eritrea 5,824,129 189 (37 -265) 3.2 (0.6-4.6) 4 (1-10) 0.1 (0.0-0.2) 184 (31 -260) 32 (0.5-4.5)
Rwanda 8,833,377 885 (734 -976) 10.0 (8.3-11.0) 505 (403 -587) 5.7 (4.6-6.6) 380 (197 -531) 43 (2.2-6.0)
Djibouti 799,902 1,366 (1,122-1,611) 170.8(140.2-201.4) 888 (699-1,011) 111.0 (87.4-126.4) 478 (136 -871) 590.8 (17.0-108.8)
Uganda 33,094,301 2,713 (2,582 -2,837) 8.2 (7.8-8.6) 1,817 (1,685-1,942) 55 (5.1-5.9) 896 (765 - 1,036) 27 (2.3-3.1)
Kenya 40,222,683 2,711 (2,598 -2,869) 6.7 (6.5-7.1) 1,333 (1,281 -1,397) 3.3 (3.2-35) 1,377 (1,254 -1,536) 34 (3.1-3.8)
Zambia 13,340,220 4,010 (3,910-4,124) 30.1 (29.3-30.9) 1,871 (1,606 -1,999) 14.0 (12.0-15.0) 2,139 (1,989 -2,398) 16.0 (14.9-18.0)
Malawi 14,645,465 3,626 (3,474 -4,093) 24.8 (23.7-27.9) 848 (814 -879) 58 (5.6-6.0) 2,778 (2,633 -3,237) 19.0 (18.0-22.1)
South Sudan 9,638,800 7,105 (7,002 -7,209) 73.7 (72.6-74.8) 4,313 (4,232 -4,396) 44.7 (43.9 -45.6) 2,792 (2,656 -2,932) 29.0 (27.6-30.4)
Tanzania 44,569,428 6,907 (6,816 -7,085) 155 (15.3-15.9) 1,780 (1,741 -1,823) 40 (3.9-4.1) 5,127 (5,023 -5,301) 115 (11.3-11.9)
Somalia 9,644,762 23,579 (23,272 -23,897) 244.5(241.3-247.8) | 18,112 (17,903-18,358) 187.8(185.6-190.3) | 5,467 (4,980 -5,933) 56.7 (51.6-61.5)
Mozambique 24,095,375 12,053 (11,593-12,280) 50.0 (48.1-51.0) 4,149 (4,007 -4,736) 17.2 (16.6-19.7) 7,904 (7,164 -8,206) 32.8 (29.7-34.1)
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252

(54.9 - 57.5)
(13.5 -14.4)
(24.5 - 25.9)

3,785
66,229

59,248
7,300

7,300
32,825
2,531
1,951
54

37,370
16,211
8,961
4,297
1,646
822
1,151
13,997
2

726
200

3,284
1,866
71

594
595
54,422

209,791 (202,087 - 219,047)

(3,655 - 3,927)
(64,567 - 68,181)

(57,637 - 61,148)
(7,130 - 7,481)

(7,130 - 7,481)
(31,464 - 33,204)
(2,440 - 2,826)
(1,203 - 3,432)
(47 -62)

(4 -15)

(35,157 - 39,538)
(15,514 - 17,175)
(8,860 - 9,064)
(4,199 - 4,387)
(1,518 -1,879)
(781 - 878)
(1,065 - 1,208)
(13,501 - 14,138)
(1-5)

(703 - 800)
(163 - 279)

(3,241 - 3,326)
(1,777 -2,050)
(61 -82)
(561 - 708)
(574 - 618)
(52,518 - 56,597)

43 (4.2-45)
19.8 (19.3-20.4)

18.9 (18.4-19.5)
20.4 (19.9 -20.9)

20.4 (19.9 -20.9)
63.8 (61.1-64.5)

117.0(112.8 - 130.6)
163.6 (100.9 - 287.9)

2.8
0.4

(2.4-3.2)
(0.2-0.8)

63.7 (59.9 -67.4)

280.9(268.8 -297.6)

36.9 (36.5-37.4)
22.6 (22.1-23.1)
10.3 (9.5-11.8)
8.7 (8.3-9.3)
19.1 (17.7-20.1)
8.8 (8.5-8.9)
0.1 (0.1-0.3)
52 (5.0-5.7)
1.3 (1.0-1.8)

201.7 (199.0 - 204.2)

17.4 (16.6-19.1)
20 (1.7-2.3)
15.1 (14.3-18.0)
47 (45-4.8)
17.9 (17.3-18.6)
245 (23.6 -25.6)

24,133 (23,777 -24,493) 27.7 (27.3-28.1)
41,812 (38,282 -45246) 12.5 (11.5-13.5)
48,670 (45,192 -52,053) 155 (14.4-16.6)
-1,759 (-1,976--1,485)  -4.9 (-5.5--4.1)
-1,759 (-1,976--1,485)  -4.9 (-5.5--4.1)

-27,387 (-27,756 --26,036)
-2,390 (-2,692 --2,296)
-1,766 (-3,257 --1,011)
53 (-61--45)
-2 (-9 -3)

-53.2 (-53.9 --50.6)
-110.5 (-124.4 --106.1)
-148.1 (-273.2 --84.8)

2.8 (-3.2--2.3)
01 (-05-0.2)

-31,598(-33,775 --29,385) -53.8 (-57.5--50.1)
-14,997 (-15,970 --14,184) -259.8 (-276.7 --245.7)

-6,570 (-6,692--6,460) -27.1 (-27.6--26.6)
-3,409 (-3,500--3,309) -17.9 (-18.4--17.4)
748  (-985 --611) 47  (-6.2--3.8)
-460  (-511 --411) 4.9 (-5.4--4.4)
293  (-363--202) 49 (-6.0--3.3)
120 (-439 -414) 0.1 (-0.3-0.3)

59  (43-87) 3.8 (2.7-5.6)

142 (70 -173) 1.0 (05-1.2)

245 (162 -288) 1.6  (1.0-1.8)
362 (258 -448) 222 (15.8-27.5)

844 (643 -1,043) 7.9 (6.0-9.7)
1,088 (1,888-2,182) 55.1 (52.3-60.5)

4,164 (3,937-4,268) 105.9 (100.1-108.5)

6,648 (6,431-6,765)  52.0 (50.3-52.9)
-12,145(-15,029 --9,509)  -4.0 (-4.9 --3.1)

5,755 (-6,885-17,161) 0.7 (-0.8-2.0)
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Fig. S9. (A) Mean annual incidence per 100,000 and (B) annual cases in all El Nifio
years from 2000-2014.
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Fig. S10. (A) Mean annual incidence per 100,000 and (B) annual cases in all non-El
Nifio years from 2000-2014.
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Fig. S11. (A) Standard deviation and (B) coefficient of variation of mean annual
incidence in all El Nifio years from 2000-2014. Coefficient of variation is cy = o/p.
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Fig. S12. (A) Standard deviation and (B) coefficient of variation of mean annual
incidence in all non-El Nifio years from 2000-2014. Coefficient of variation is ¢y = o/p.



Difference in
Annual Log
Incidence

Difference in
Annual Cases
10000

1000
100

Fig. S13. Difference in (A) log of mean annual incidence and (B) mean number of
cases between El Nifio and non-El Nifio years.
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Fig. S14. (A) Coefficient of variation for mean annual incidence during El Nifio years
when different El Nifio years are held out of analysis. (B) Coefficient of variation for
mean annual incidence during non-El Nifio years when different non-El Nifio years are
held out of analysis. Areas where mean annual incidence is < 1/1,000,000 were
excluded from analysis and are displayed in white. Red and blue outlines are regions



either positively- or negatively-sensitive to El Nifio from main analysis included here for
comparison to sensitivity analysis.

Fig. S15. (A) Difference in log of mean annual incidence between El Nifio and non-El
Nifio years (same as Fig. S13A). (B) Mean difference in log of mean annual incidence
between El Nifilo and non-El Nifio years from sensitivity analysis where individual El
Niflo events were held out. Red and blue outlines are regions either positively- or
negatively-sensitive to El Nifio from main analysis included here for comparison to
sensitivity analysis.



Fig. S16. (A) Comparison of the shift in the log of mean annual incidence between El
Nifio and non-EI Nifio years for the full analysis versus the sensitivity analysis when
individual El Nifio events were held out. (B) Comparison of shift in log of mean annual
incidence between EI Nifio and non-El Nifio years for full analysis and sensitivity
analysis when individual non-El Nifio events were held out. Orange regions have a
stronger positive change (or a smaller negative change) during El Nifio years in the
mean result from sensitivity analysis than in the full analysis, purple regions have a
stronger negative change (or smaller positive change) in the sensitivity analysis than the
full analysis. Red and blue outlines are regions either positively- or negatively-sensitive
to El Nifio from main analysis included here for comparison to sensitivity analysis.



Fig. S17: Areas with positive (red) and negative (blue) ENSO sensitivities based on
classification of smoothed normalized cholera incidence with a kernel smoothing
bandwidth of (A) 50 km, (B) 100 km, (C) 150 km, (D) 200 km, (E) 250 km, or (F) 300
km.



2. Sl Further Results
2.1 Local Climate Anomalies and El Niflo Incidence

In addition to rainfall, we also examined the association between ENSO-related cholera
anomalies from 2000-2014 and temperature, soil moisture, evapotranspiration, and
NDVI anomalies. Temperature plays an important role in the survival time of Vibrio
cholerae outside of a human host, so may facilitate or hinder cholera transmission (18).
The soil moisture, evapotranspiration, and NDVI measures provide alternatives to
rainfall in approximating the level of either drought stress or the extent of standing
surface water and flooding that occurs during El Nifio years in comparison to non-El
Nifio years. Standardized temperature anomalies during El Nifio years were small
compared to standardized rainfall anomalies (53.3% of rainfall anomalies were larger
than the maximum temperature anomaly of 4.2%), and positive anomalies were limited
geographically to a few regions including coastal South Africa, southern Mozambique,
the Rift Valley, and highlands in Kenya and Ethiopia (Fig. S18). Soil moisture,
evapotranspiration, and NDVI anomalies all showed a similar geographic pattern to that
of rainfall anomalies, with positive anomalies during El Nifio years concentrated in East
Africa and negative anomalies concentrated in Southern Africa and the Sahel (Figs.
S19-21). However, negative NDVI anomalies in the Sahel were shifted slightly
southward and negative evapotranspiration anomalies were shifted northward into North
Africa and the Sahara desert. The distribution of NDVI and evapotranspiration
anomalies were moderately correlated with rainfall anomalies (Pearson r=0.56 and
r=0.46), while soil moisture anomalies were only weakly correlated with the distribution
of rainfall anomalies (Pearson r=0.21). Temperature anomalies were not strongly
correlated with any of the other climate variables (Pearson r<0.2).

No climate variables were significantly associated with cholera incidence at the river-
basin scale based on a simple linear regression. However, in addition to the significant
association between positive cholera anomalies during El Nifio years and the lower and
upper quartiles of rainfall anomalies presented in the main text, there was also a
significant increase in cholera incidence in areas in the lowest quartile of NDVI (relative
rate (RR): 2.5; 95% Crl: 1.4—4.5), and in areas in the upper quartile of NDVI (RR: 2.2;
95% Crl: 1.2—3.8), evapotranspiration (RR: 2.1; 95% Crl: 1.1—3.9), and temperature
(RR: 2.8; 95% Crl: 1.5—5.2) (Fig. S22).


https://paperpile.com/c/0zmJ5D/DtHei

Fig. S18. Normalized temperature anomalies (percent deviation from long-term mean
from 2000-2014) during El Nifio years from 2000-2014.
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Fig. S19. Normalized percent soil moisture anomalies (percent deviation from long-term
mean from 2000-2014) during EI Nifio years from 2000-2014.
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Fig. S20. Normalized evapotranspiration anomalies (percent deviation from long-term
mean from 2000-2014) during EI Nifio years from 2000-2014.
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Fig. S21. Normalized NDVI anomalies (percent deviation from long-term mean from
2000-2014) during EI Nifio years from 2000-2014.
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Fig. S22. River-basin level log cholera incidence anomalies during El Nifio years as a
function of the strength of anomalies of (A) rainfall, (B) evapotranspiration, (C) NDVI,
(D) soil moisture, and (E) temperature. All climate anomalies are grouped into quartiles
from strongest negative to strongest positive anomalies. Upper and lower quartiles
marked by an asterisk have a significant difference in log cholera incidence than the
middle quartiles.

Although the overall relationships between climate anomalies and cholera incidence at
the river-basin scale were weak, their strength and direction varied by geographic
region. Negative rainfall anomalies were associated with higher cholera incidence in
East Africa, Central Africa, North Africa, and West Africa, while positive rainfall
anomalies were associated with higher incidence in East and Southern Africa (Fig. 3C
main text). Negative evapotranspiration anomalies were associated with a non-
significant increase in cholera incidence in East, North, southern, and West Africa (Fig.
S23), and a significant decrease in incidence in Central Africa (RR: 0.15, 95% Cil:
0.03—0.64; Fig. S23). Positive evapotranspiration anomalies were associated with
significantly lower incidence in West Africa (RR: 0.29; 95% Crl: 0.10—0.83), and a
significant increase in southern Africa (RR: 6.1; 95% Crl: 1.6—23.2). Negative NDVI
anomalies were associated with significantly higher cholera incidence in West Africa
(RR: 3.0; 95% Crl: 1.2—7.0), and non-significantly higher incidence in Central Africa
(Fig. S24). Positive NDVI anomalies were associated with significantly lower incidence
in West Africa (RR: 0.24; 95% Crl: 0.07—0.80). Increased soil moisture levels were
associated with a significant decrease in cholera incidence in West Africa (RR: 0.28,
95% Crl: 0.11—0.69; Fig. S25). Temperature anomalies were not associated with
statistically significant changes in cholera incidence in any geographical region (Fig.
S26).

In addition to varying by geographical region, the association between cholera incidence
and rainfall anomalies also varied by the local climatology. Cholera incidence was
positively associated with positive rainfall anomalies except for in the wettest regions,
which include much of coastal West Africa and the Congo Basin (Fig. S27). Cholera
incidence was also higher in normally wetter areas with the largest negative rainfall
anomalies (potential drought conditions). This dependency on local climatology may
explain why positively-sensitive areas were only associated with increased rainfall
anomalies in East Africa, where normal rainfall is mostly low-moderate (Fig. S28).
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Fig. S23. River-basin level log cholera incidence anomalies during El Nifio years by
region versus the strength of evapotranspiration anomalies. All climate anomalies are
grouped into quartiles from strongest negative to strongest positive anomalies.
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Fig. S24. River-basin level log cholera incidence anomalies during El Nifio years by
region versus the strength of NDVI. All climate anomalies are grouped into quartiles

from strongest negative to strongest positive anomalies.
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Fig. S25. River-basin level log cholera incidence anomalies during El Nifio years by
region versus the strength of soil moisture anomalies. All climate anomalies are

grouped into quartiles from strongest negative to strongest positive anomalies.
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Fig. S26. River-basin level log cholera incidence anomalies during El Nifio years by
region versus the strength of temperature anomalies. All climate anomalies are grouped
into quartiles from strongest negative to strongest positive anomalies.
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Fig. S27. (A) Map of annual rainfall quartiles in sub-Saharan Africa. (B) Relationship
between rainfall and cholera anomalies for different areas classified by annual rainfall
(rainfall quartiles). Positive relationships exist for dry to moderately-wet areas (low to
mid-high quartiles), while relationship is negative for wettest areas (highest quatrtile).
Cholera incidence also increases with larger negative anomalies in the driest and
wettest areas.
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Fig. S28. Rainfall anomalies in El-Nifio-sensitive and El-Nifio-insensitive cholera
clusters by geographical region. Positive rainfall anomalies are concentrated in
Madagascar and positively-sensitive areas of continental East Africa.



2.2 Sea surface temperatures

The association between cholera incidence during El Nifio years and coastal sea
surface temperature anomalies (Fig. S29) was examined for grid cells within 200 km of
the coastline. For each land grid cell within 200km of the coastline, a corresponding
SST value was calculated by averaging the SST anomalies of any ocean grid cell within
400km of the land cell (this buffer was necessary because distances were measured
from the center of each grid cell). Coastal SST anomalies are positively correlated with
cholera anomalies, but only weakly (Pearson r=0.04). There was little difference
between the distribution of cholera anomalies in coastal areas with SST anomalies of
greater than £ 0.1°C compared to areas with SST anomalies <0.1°C (Fig. S30A), but the
largest increases in cholera incidence are concentrated in areas with SST anomalies
>0.2°C(Fig. S30B).

SST
Anomalies
% (°0)

0.6
l 0.4
- 0.2

- 0.0

-=0.2

Fig. S29. Mean sea surface temperature (SST) anomalies during El Nifio years from
2000-2014.



A . SST anomaly
[\ >0.1°C Higher
>0.1°C Lower
: <0.1°C
0.15
0.10
2
‘»
=
[}
(@}
0.05
0.00
-10 -5 0 5 10
Difference in log cholera incidence
B , SST anomaly
A H>0.2°C Higher
‘ <0.2°C
0.15 3
0.10
‘@
=
[
o
0.05
0.00 =

-10 -5 0 5 10
Difference in log cholera incidence

Fig. S30. Cholera anomalies in coastal areas (within 200km of coast) during El Nifio

years in areas with sea surface temperature (SST) anomalies of (A) >0.1°C below

normal, >0.1°C above normal or <0.1°C, and (B) >0.2°C above normal or <0.2°C above

normal. There were no SST anomalies of >0.2°C below normal.



2.3 Sensitivity to the Definition of El Nifio Years

In the main text, cholera incidence in all El Nifio and non-El Nifio years from 2000-2014
was mapped at a 20 x 20 km scale to examine spatially-explicit ENSO-associated
variations in cholera incidence. For this main analysis El Nifio years were identified
using the minimum ONI threshold of 0.5°C for a weak EI Nifio event. To determine
whether the relationship between ENSO and cholera incidence varied with the strength
of the ENSO anomaly we also compared cholera incidence in non-El Nifio years to
incidence in years with a moderate or stronger El Nifio event, thereby excluding weak El
Nifio events. From 2000-2014 only the 2002-2003 and 2009-2010 EIl Nifio events were
of moderate strength and no EI Nifio events prior to the 2015-2016 event reached the
strong or very strong category based on ONI values.

Overall, the mean number of cholera cases (186,204; 95% CI: 162,832-210,956) during
moderate El Nifio years was lower than the number of cases during non-El Nifio years
(209,791, 95% CI: 202,087-219,047). This was also lower than the mean number of
cases observed during all El Nifio years (215,546; 95% CI: 209,770-221,704), indicating
that overall cholera incidence is higher during weak El Nifio events than during
moderately strong El Nifio events. The geographic distribution of cholera incidence
differed strongly between non-El Nifio (Fig. S10) and moderate El Nifio years (Figs.
S31,32). The largest increases in cholera cases during moderate El Nifio years
compared to non-El Nifio years occurred in Mozambique (11,925 additional cases; 95%
Cl: 9,677-12,702) and Ethiopia (9,961 additional cases; 95% CI: 9,296-10,428), while
the largest decreases occurred in South Africa (25,548; 95% CI: 24,136-26,122) and
Sierra Leone (16,209 fewer cases; 95% CI: 15,514-17,174). On a per-capita basis the
largest increases occurred in Liberia (206.7 additional cases per 100,000; 95% CI:
203.1-210.8) and Djibouti (116.0 additional cases per 100,000; 95% CI.63.3-167.6), and
the largest decreases were in Sierra Leone (280.8 fewer cases per 100,000; 95% CI:
268.8-297.5), Guinea-Bissau (190.0 fewer cases per 100,000; 95% CI: 187.3-192.7),
and Swaziland (158.0 fewer cases per 100,000; 95% CI: 95.5-282.7). Regionally, there
was an increase of 40,392 cases (95% CI: 30,975-57,520) in continental East Africa,
but a decrease of 19,050 (95% CI: 16,098-22,423) cases in West Africa and 29,765
(95% CI: 27,294-32,155) in Southern Africa. The estimated number of cholera cases
per country during moderate El Nifio years and the difference in cases and incidence
compared to non-El Nifio years is presented in Table S5.



Table S5. Country-level estimates of annual cases and incidence for moderate El Nifio versus all non El Nifio years. Countries are sorted by region and the difference between mean annual
cases (during all El Nifio years versus non El Nifio years) within region.

Moderate EIl Nifio Years Non El Nifio Years Difference

Annual Cases Incid. (per 100K) Annual Cases Incid. (per 100K) Annual Cases Incid. (per 100K)
Country Population Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI)
Chad 11,665,905 2,836 (2,404 -3,935) 24.3 (20.6 -33.7) 9,502 (9,147 -9,989) 81.5 (78.4-85.6) -6,666 (-7,412--5529) -57.1 (-63.5--47.4)
Cameroon 20,732,920 4,321 (3,167 -5,123) 20.8 (15.3-24.7) 7,543 (7,021 -8,012) 36.4 (33.9-38.6) -3,222 (-4,452 --2240) -15.5 (-21.5--10.8)
Congo DRC 61,801,530 | 23,865 (23,671-24,070) 38.6 (38.3-38.9) | 22,150 (21,901-22,425) 35.8 (35.4-36.3) 1,715 (1,365 -2055) 28 (2.2-3.3)
Central
African
Republic 4,211,832 38 (1-331) 09 (0.0-7.8) 339 (111 -1,674) 8.1 (2.6-39.7) -301 (-1,660 -108) -7.1 (-39.4-2.6)
Gabon 1,544,396 307 (209 - 343) 19.9 (13.5-22.2) 4 (2-9) 0.3 (0.1-0.6) 303 (206 - 339) 19.6 (13.4-22.0)
Congo 4,432,220 94 (58 -181) 21 (1.3-4.1) 611 (507 -737) 13.8 (11.4-16.6) -518  (-649 --387) -11.7 (-14.6--8.7)
Equatorial
Guinea 655,484 5 (0-64) 0.8 (0.0-9.8) 0 (0-1) 0.0 (0.0-0.1) 5 (-164) 0.7 (-0.1-9.7)
Angola 19,361,466 1,546 (1,497 -1,581) 8.0 (7.7-8.2) 4,322 (4,027 - 4,404) 22.3 (20.8-22.7) -2,776 (-2,870--2482) -14.3 (-14.8--12.8)
Central
Region 124,405,753 | 33,011 (31,007 -35,626) 26.5 (24.9-28.6) | 44,471 (42,715-47,250) 35.7 (34.3-38.0) | -11,460(-15,472 --8072) -9.2 (-12.4--6.5)
Madagascar 21,036,287 166 (155 -177) 0.8 (0.7-0.8) 6,981 (6,930 -7,034) 33.2 (32.9-33.4) -6,815 (-6,869--6763) -32.4 (-32.7--32.2)
Zimbabwe 12,993,452 | 25,050 (24,622-25,802) 192.8(189.5-198.6)| 19,128 (18,915-19,343) 147.2(145.6-148.9)| 5,922 (5,424 -6631) 45.6 (41.7 -51.0)
Burundi 8,314,885 611 (577 -661) 73 (6.9-7.9) 716 (696 - 740) 8.6 (8.4-8.9) -105  (-151--53) -1.3 (-1.8--0.6)
Eritrea 5,824,129 253 (2 -1,046) 4.3 (0.0-18.0) 4 (1-10) 0.1 (0.0-0.2) 248 (-2 -1040) 43 (0.0-17.9)
Rwanda 8,833,377 214 (157 -311) 24 (1.8-3.5) 505 (403 -587) 5.7 (4.6-6.6) -291  (-418 --144) -3.3 (-4.7--1.6)
Djibouti 799,902 1,816 (1,460-2,105) 227.0(182.5-263.1) 888 (699-1,011) 111.0 (87.4-126.4) 928 (506 -1340) 116.0 (63.3-167.6)
Uganda 33,094,301 1,967 (1,849 -2,097) 59 (5.6-6.3) 1,817 (1,685-1,942) 55 (5.1-5.9) 150 (-22 -301) 05 (-0.1-0.9
Kenya 40,222,683 4,858 (4,093 -5,118) 12.1 (10.2-12.7) 1,333 (1,281 -1,397) 3.3 (3.2-35) 3,525 (2,754 - 3808) 8.8 (6.8-9.5)
Zambia 13,340,220 2,975 (2,880-3,071) 22.3 (21.6-23.0) 1,871 (1,606 -1,999) 14.0 (12.0-15.0) 1,105 (933 -1383) 8.3 (7.0-10.4)
Malawi 14,645,465 5,208 (4,849 -6,873) 35.6 (33.1-46.9) 848 (814 -879) 58 (5.6-6.0) 4,360 (3,993 -6032) 29.8 (27.3-41.2)
South Sudan 9,638,800 3,170 (56-13,253) 329 (0.6-137.5)| 4,313 (4,232-4,396) 447 (43.9 -45.6) -1,143 (-4,265-8974) -11.9 (-44.2-93.1)
Tanzania 44,569,428 6,607 (6,388 -7,375) 14.8 (14.3-16.5) 1,780 (1,741 -1,823) 40 (3.9-4.1) 4,827 (4,594 -5607) 10.8 (10.3-12.6)
Somalia 9,644,762 17,093 (16,786 -17,514) 177.2(174.0-181.6)| 18,112 (17,903-18,358) 187.8(185.6-190.3)| -1,019 (-1,443--527) -10.6 (-15.0--5.5)
Mozambique 24,095,375 | 16,073 (13,864 -16,803) 66.7 (57.5-69.7) 4,149 (4,007 - 4,736) 17.2 (16.6-19.7) | 11,925 (9,677-12702) 49.5 (40.2-52.7)
Ethiopia 87,087,112 | 13,746 (13,078-14,212) 15.8 (15.0-16.3) 3,785 (3,655 -3,927) 43 (4.2-4.5) 9,961 (9,296-10428) 11.4 (10.7-12.0)
East Region 334,140,178 | 99,806 (90,814 -116,416) 29.9 (27.2-34.8) | 66,229 (64,567 -68,181) 19.8 (19.3-20.4) | 33,577 (24,006 -50757) 10.0 (7.2-15.2)
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Annual Incidence

Fig. S31. (A) Mean annual incidence per 100,000 and (B) annual cases in moderate El
Nifio years from 2000-2014.
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cases between moderate El Nifio and non-El Nifio years.
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The broad-scale geographic distribution of cholera anomalies during moderate El Nifio
years was similar to their distribution during all EI Nifio years, with a large increase in
East Africa and decreases in West and Southern Africa (Table S6). However, the mean
increase of over 9,400 cases seen in Central Africa during El Nifio years becomes a
decrease of over 11,000 cases during moderate El Nifio years, largely because 20,819
fewer cases are expected in Angola during moderate EIl Nifio years compared to all El
Niflo years. Several other countries experience large differences in cholera incidence
during moderate EIl Nifio years compared to all El Nifio years, including over 14,000
fewer cases in Ethiopia and 10,900 additional cases in Zimbabwe during moderate El
Nifio years.

The EI-Nifo-sensitive clusters during moderate El Nifio years were geographically
similar to the EI-Nifio-sensitive clusters during all EI Nifio years (Fig. S33). The largest
positively-sensitive cluster occurs in East Africa from Ethiopia south to Mozambique and
the largest negatively-sensitive cluster occurs in Central Africa. There are however
several differences between the two analyses; northern Nigeria is mostly neutral or
positively-sensitive instead of negatively-sensitive, there is a new positively-sensitive
region in southern Africa that was previously neutral or negatively-sensitive, and the far
West African coast including Senegal, Gambia, Guinea-Bissau, and Guinea switches
from being positively-sensitive to negatively-sensitive. During a year with a moderate El
Nifio event, cholera incidence within positively-sensitive clusters increased, on average,
five-fold from 1.0 per 10,000 to 3.6 per 10,000 (relative rate [RR] 3.4, 95% CI: 2.9-4.1)
corresponding to 67,825 excess cases during a typical moderate El Nifio year (Fig.
S34). In El-Nifio-insensitive areas, cholera incidence was slightly lower during El Nifio
years (2.0 vs. 2.7 per 10,000, RR 0.7, 95% CI 0.6-0.8) and in negatively-sensitive
clusters incidence decreased from 3.8 per 10,000 to 0.7 per 10,000 (RR 0.2, 95% CI
0.17-0.22), a reduction of 63,007 cases.



Table S6. Country-level estimates of annual cases and incidence for all El Nifio versus moderate-plus El Nifio years. Countries are sorted by region and the
difference between mean annual cases (during all El Nifio years versus non El Nifio years) within region.

All El Nifio Years Moderate El Nifio Years Difference

Annual Cases Incid. (per 100K) Annual Cases Incid. (per 100K) Incid.
Country Population Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) Cases (per 100K)
Chad 11,665,905 2,033 (1731 - 2949) 174 (14.8- 25.3) 2,836 (2404 - 3935) 24.3 (20.6 - 33.7) -802 -6.9
Cameroon 20,732,920 3,755 (2871 - 4085) 18.1 (13.8- 19.7) 4,321 (3167 - 5123) 20.8 (15.3-24.7) -565 -2.7
Congo DRC 61,801,530 21,341 (21144 - 21556) 345 (34.2-34.9) 23,865 (23671 - 24070) 38.6 (38.3-38.9) -2,524 -4.1
African
Republic 4,211,832 97 (79 - 115) 23  (19-27) 38 (1-331) 09 (0.0-7.8) 59 14
Gabon 1,544,396 164 (147 - 196) 106 (9.5-12.7) 307 (209 - 343) 199 (13.5-22.2) -143 -9.3
Congo 4,432,220 2,015 (1967 - 2060) 455 (44.4- 46.5) 94 (58 - 181) 21 (1.3-4.1) 1,921 43.3
Equatorial
Guinea 655,484 2,146 (2091 - 2200) 327.5 (319.0 - 335.6) 5 (0- 64) 08 (0.0-9.8) 2,141 326.7
Angola 19,361,466 22,364 (22239 - 22507) 115.5 (114.9- 116.2) 1,546 (1497 - 1581) 8.0 (7.7-8.2) 20,819 107.5
Central
Region 124,405,753 | 53,916 (52268 - 55667) 43.3 (42.0-44.7) 33,011 (31007 - 35626) 26.5 (24.9- 28.6) 20,905 16.8
Madagascar 21,036,287 123 (115 - 131) 0.6 (0.5-0.6) 166 (155 - 177) 0.8 (0.7-0.8) -43 -0.2
Zimbabwe 12,993,452 14,146 (13895 - 14272) 108.9 (106.9 - 109.8) | 25,050 (24622 - 25802) 192.8 (189.5- 198.6) | -10,903 -83.9
Burundi 8,314,885 712 (693 - 734) 8.6 (8.3-8.8) 611 (577 - 661) 73 (6.9-7.9) 101 1.2
Eritrea 5,824,129 189 (37 - 265) 3.2 (0.6-4.6) 253 (2 - 1046) 43 (0.0-18.0) -64 -1.1
Rwanda 8,833,377 885 (734 - 976) 100 (8.3-11.0) 214 (157 - 311) 24 (1.8-3.5) 671 7.6
Djibouti 799,902 1,366 (1122 - 1611) 170.8 (140.2 - 201.4) 1,816 (1460 - 2105) 227.0 (182.5- 263.1) -450 -56.2
Uganda 33,094,301 2,713 (2582 - 2837) 82 (7.8-8.6) 1,967 (1849 - 2097) 59 (5.6-6.3) 746 2.3
Kenya 40,222,683 2,711 (2598 - 2869) 6.7 (65-7.1) 4,858 (4093 - 5118) 12.1 (10.2-12.7) -2,147 -5.3
Zambia 13,340,220 4,010 (3910 - 4124) 30.1 (29.3-30.9) 2,975 (2880 - 3071) 22.3 (21.6- 23.0) 1,034 7.8
Malawi 14,645,465 3,626 (3474 - 4093) 24.8 (23.7-27.9) 5,208 (4849 - 6873) 35.6 (33.1-46.9) -1,582 -10.8
South Sudan 9,638,800 7,105 (7002 - 7209) 73.7 (72.6 - 74.8) 3,170 (56 - 13253) 329 (0.6-137.5)| 3,935 40.8
Tanzania 44,569,428 6,907 (6816 - 7085) 155 (15.3-15.9) 6,607 (6388 - 7375) 14.8 (14.3- 16.5) 301 0.7
Somalia 9,644,762 23,579 (23272 - 23897) 2445 (241.3-247.8) | 17,093 (16786 - 17514) 177.2 (174.0- 181.6) | 6,486 67.2
Mozambique 24,095,375 12,053 (11593 - 12280) 50.0 (48.1-51.0) 16,073 (13864 - 16803) 66.7 (57.5-69.7) -4,020 -16.7
Ethiopia 87,087,112 27,918 (27595 - 28238) 32.1 (31.7- 32.4) 13,746 (13078 - 14212) 158 (15.0- 16.3) 14,172 16.3
East Region 334,140,178 | 108,041 (105438 - 110620) 32.3 (31.6- 33.1) 99,806 (90814 - 116416) 29.9 (27.2- 34.8) 8,235 25
East Region
minus
Madagascar 313,103,891 | 107,918 (105323 - 110489) 34.5 (33.6- 35.3) 99,640 (90659 - 116239) 31.8 (29.0- 37.1) 8,278 2.6
Sudan 35,821,213 5,541 (5404 - 5774) 155 (15.1- 16.1) 10,411 (298 - 13695) 29.1 (0.8-38.2) -4,870 -13.6
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Fig. S33. Comparison of clusters of positive (red) and negative (blue) ENSO
sensitivities during (A) all El Nifio years or (B) moderate El Nifio years only. Clustering
based on classification of smoothed normalized cholera incidence with a kernel
smoothing bandwidth of 150 km.
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Fig. S34. Mean annual cholera cases per 10,000 during moderate El Nifio and non-El

Nifio years in different EI-Niflo-sensitive clusters. Boxes represent +2 SE and whiskers
are 95% confidence interval.



As with the analysis of all El Nifio years, the positive rainfall anomalies during moderate
El Nifio years are concentrated in positively-sensitive cholera clusters (Fig. S35A). This
association between positive rainfall anomalies and increased cholera incidence only
holds in East Africa, while areas of increased cholera incidence in West, Southern, and
North Africa experience below average rainfall (Fig. S35B). In addition, in East Africa
and Madagascar decreased rainfall is associated with increases in cholera incidence
while in Southern and West Africa below average rainfall is associated with decreases
in cholera incidence. At the river-basin scale, increases in cholera incidence during
moderate El Nifio years were associated with positive rainfall anomalies (highest rainfall
anomaly quartile) in East and Southern Africa (Fig. S36). In the analysis of all El Nifio
years only Madagascar had decreased incidence in river basins with increased rainfall,
but during moderate El Nifio years Madagascar, Central Africa, and West Africa all
experienced lower cholera incidence in basins with increased rainfall. North Africa
experienced an increase in cholera incidence regardless of the size of rainfall anomaly,
while Central Africa and East Africa experienced an increase in cholera incidence in
river basins with below average rainfall. The association between positive rainfall
anomalies and increased cholera incidence in East and Southern Africa river basins
was robust to the use of all El Nifio years or moderate El Nifio years only, as was the
association between negative rainfall anomalies and increased incidence in Central,
East, and North Africa. Only the increased incidence in West Africa river basins with
negative rainfall anomalies seen during all El Nifio years was not observed in moderate
El Nifio years.
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cluster and geographic region.
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Fig. S36. River-basin level log cholera incidence anomalies during moderate El Nifo
years by region versus the strength of rainfall anomalies. All climate anomalies are
grouped into quartiles from strongest negative to strongest positive anomalies.

Negative evapotranspiration, soil moisture and NDVI anomalies were associated with
higher cholera incidence in North and East Africa but significantly lower incidence in
Central Africa, while positive evapotranspiration anomalies were associated with higher
incidence in East, North, and Southern Africa and lower incidence in Madagascar and
West Africa (Figs. S37-39). Positive soil moisture anomalies were only positively
associated with higher incidence in East Africa and were negatively associated with
cholera incidence in Madagascar (Fig. S38), while positive NDVI anomalies were
positively associated with higher incidence in East and North Africa and negative
associated with incidence in Central Africa, Madagascar, and West Africa (Fig. S39).
Negative temperature anomalies were associated with higher incidence in East and
North Africa, and positive temperature anomalies were associated with higher incidence
in East, North, and Southern Africa, but associated with lower incidence in Madagascar
(Fig. S40).
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Fig. S37. River-basin level log cholera incidence anomalies during moderate El Nifio
years by region versus the strength of evapotranspiration anomalies. All climate
anomalies are grouped into quartiles from strongest negative to strongest positive
anomalies.
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Fig. S38. River-basin level log cholera incidence anomalies during moderate El Nifio
years by region versus the strength of soil moisture anomalies. All climate anomalies
are grouped into quartiles from strongest negative to strongest positive anomalies.
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Fig. S39. River-basin level log cholera incidence anomalies during moderate El Nifio
years by region versus the strength of NDVI anomalies. All climate anomalies are
grouped into quartiles from strongest negative to strongest positive anomalies.
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Fig. S40. River-basin level log cholera incidence anomalies during moderate El Nifio
years by region versus the strength of temperature anomalies. All climate anomalies are
grouped into quartiles from strongest negative to strongest positive anomalies.

Coastal SST anomalies were positively correlated with cholera incidence in moderate El
Nifio years (Pearson r=0.10), a small increase in the strength of the correlation
compared to all El Nifio years (Pearson r=0.04). The largest increases in cholera
incidence were concentrated in areas with SST anomalies >0.2°C (Fig. S41).
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Fig. S41. Cholera anomalies in coastal areas (within 200km of coast) during moderate
El Nifio years in areas with sea surface temperature (SST) anomalies of (A) >0.1°C
below normal, >0.1°C above normal or <0.1°C, and (B) >0.2°C above normal or <0.2°C

above normal. There were no SST anomalies of >0.2°C below normal.



2.4 Association of country-level cholera anomalies with ENSO strength

We examined the association between ENSO strength and cholera incidence for all of
Africa using a longer country-level annually-aggregated dataset (19), with a focus on
continental East Africa due to the region’s large positive EI-Nifio-sensitive cluster. To
determine whether the association between cholera incidence and ENSO strength
varied by the effect of ENSO on the local climate, each country in sub-Saharan Africa
was grouped by the mean strength of the normalized rainfall anomalies during El Nifio
events. The country-level rainfall anomaly was calculated as the mean of the
normalized rainfall anomaly over all the country’s grid cells weighted by population
density. Countries were grouped as having either positive or negative rainfall anomalies
during El Nifio events. In addition, continental East African countries were also analyzed
separately by rainfall anomaly with Tanzania, Kenya, Ethiopia, Somalia, Malawi,
Rwanda, Eritrea, and Djibouti in the positive rainfall anomaly group and the remaining
countries placed in the low rainfall anomaly group.

These annual grouped time series from 1970-2014 were detrended to remove the
positive overall trend in cases since the initial spread in the 1970s. The detrended time
series were calculated by taking the residuals from a generalized linear regression of
annual cases fit by year with a natural cubic spline with four degrees of freedom.
Wavelet analyses (using a morlet wavelet) of the annual time series of cholera cases for
all of Africa and for East Africa revealed that there were no significant multi-annual
cycles prior to 1990, but both time series displayed significant multi-annual cycles for at
least part of the post-1990 time period (Figs. S42,43). In addition, there was also a
significant coherence between ENSO and cholera cycles in East Africa after 1990, but
not before (Fig. S43C). Therefore, we examined the association between ENSO
strength (mean of the three highest absolute ONI values per year) and detrended
cholera cases for East Africa and all of Africa for both the entire time period from 1970-
2014 and for only the second half of the time period (1992-2014). The association
between ENSO strength and cholera was stronger for the period from 1992-2014 than it
was for the entire time period, so the more conservative results from the former analysis
were presented in the main text.
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Fig. S42. (A) Wavelet analysis of monthly ENSO cycle (ONI values) showing a
significant multi-annual cycle with a period of 4-6 years during the 1980s and 1990s. (B)
Wavelet analysis of annual sub-Saharan cholera cases showing significant 2-3 year
cycles during early-1990s and late 2000s. (C) Wavelet coherence analysis of ENSO
and annual cholera cases showing coherence of a 4-5 year cycle in the 1980s.
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Fig. S43. (A) Wavelet analysis of monthly ENSO cycle (ONI values) showing a
significant multi-annual cycle with a period of 4-6 years during the 1980s and 1990s. (B)
Wavelet analysis of annual cholera cases in East Africa showing a significant multi-
annual cycles during the 1990s and 2000s. (C) Wavelet coherence analysis of ENSO
and annual East Africa cholera cases showing coherence of a 1-2 year cycle and
potentially an 8-year cycle in the 2000s.



There was a significant nonlinear association between ENSO strength and cholera
cases from 1992-2014 in countries with increased rainfall during El Nifio years (r>=0.33),
but no significant relationship in countries without increased rainfall during El Nifio years
(r>=0.02; Fig. S44A). There was also a significant nonlinear (U-shaped) association
between ENSO strength and cholera cases from 1992-2014 in East African countries
with increased rainfall during El Nifio years (r>=0.38), but only a weak association
between ENSO strength and cholera in East African countries without increased rainfall
(r>=0.10; Fig. S45A). In both East Africa and all of sub-Saharan Africa the association
between ENSO strength and cholera is nonlinear, with higher cholera incidence during
years with strong negative or positive ENSO events. The association between ENSO
strength and cholera in rainfall-positive countries of East Africa appears approximately
linear for positive ONI values, so a linear model was fit for ONI values > 0 and used to
predict how cholera incidence in East Africa might respond to the strength of an El Nifio
event. There was a strong positive relationship between positive ONI values and
cholera in East Africa from 1992-2014, with an increase of 29,226 cases (95 %CI:
9,403-49,049) for the seven countries in East Africa with increased rainfall in El Nifio
years (r>=0.48; Fig. S45A). The association between ENSO strength and cholera for
countries with positive rainfall was weaker over the entire time period from 1970-2014
(r>=0.09; Fig. S44B), as was the association between ENSO strength and cholera in
East Africa (r°=0.10; Fig. S45B). The 7" modern cholera pandemic only reached sub-
Saharan Africa in 1970. As a result, during the first couple of decades following its re-
introduction, cholera incidence in Africa was largely driven by the pattern of
geographical spread and the occurrence of large epidemics in completely naive
populations, likely obscuring any climate influence on cholera epidemiology in the
region. In addition, surveillance and reporting of cholera at the national level was
inadequate in many African countries during this time period. Therefore, it is not
surprising that we see stronger associations between ENSO and cholera from 1992-
2014 than we do for the entire time period.
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Fig. S44. Association between ENSO strength (mean of three highest absolute ONI
values) and detrended annual cholera cases for (A) 1992-2014 and (B) 1970-2014. Red
circles are annual totals from countries with positive rainfall anomalies during El Nifio
years and blue circles are annual totals from countries with negative rainfall anomalies
during El Nifio years. Lines represent linear regression using a natural cubic spline with
three degrees of freedom plus a 95% confidence interval.
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Fig. S45. Association between ENSO strength (mean of three highest absolute ONI
values) and detrended annual cholera cases in East Africa for (A) 1992-2014 and (B)
1970-2014. Red circles are annual totals from East African countries with positive
rainfall anomalies during EI Nifio years and blue circles are annual totals from East
African countries with negative rainfall anomalies during El Nifio years. Red and blue



lines represent linear regression using a natural cubic spline with three degrees of
freedom plus a 95% confidence interval. Green line in (A) is simple linear regression fit
and 95% confidence interval for ONI values > 0.
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