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1 De�nition of the malaria seasonality1.1 Malaria seasonality with regard to single yearsThe de�nition of the malaria season was already des
ribed by Ermert et al. 2011b (seealso Ermert 2010) and `is based on the monthly entomologi
al ino
ulation rate (EIRm';i.e. the number of infe
tious bits per human per month), `whi
h is observed in �eldstudies. The introdu
tion of the malaria parasite into the' Liverpool Malaria Modelversion of 2010 (LMM2010; Ermert et al. 2011a,b) `is assured by a 
onstant in�ux ofnew infe
tious mosquitoes resulting in transmission values that might ex
eed those oflow transmission areas. In order to 
ompare truly modelled EIRm values with �eldobservations, the arti�
ial EIRm values were removed via two separate LMM2010 runs.The standard run results in a mixture of bites from the added infe
tious mosquitoesand those whi
h were infe
ted when they bit infe
tious humans in the simulation. Thearti�
ial EIRm values were produ
ed in a se
ond run when only the added infe
tiousmosquitoes were biting in the model, a
hieved by setting the number of produ
ed eggs perfemale mosquito (#Ep) to zero. Here, the oviposition of Anopheles females is prohibitedand the mosquito population is therefore not able to grow. The subtra
tion of the EIRmvalues of the se
ond run from that of the standard run results �nally in the eliminationof arti�
ial EIRm values' (Ermert et al. 2011b).`In �eld studies, the malaria season is mostly determined on a monthly s
ale and isusually referred to months with EIRm values above zero (Fontenille et al. 1997). Forthis reason, the start of the malaria season (SSeas) is de�ned by the �rst month withan EIRm value of at least 0.01 infe
tious bites per human. A

ording to the formulationof the model, the arbitrary EIRm value of 0.01 means that during a month at least oneout of the 100 modelled humans is bitten by an infe
tious mosquito. In West Afri
a, themalaria season usually ends when the number of mosquitoes de
reases at the end of therainy season. Therefore, mosquito biting is redu
ed to su
h low numbers that the EIRmvalues are redu
ed to zero indi
ating that transmission has 
eased. Consequently, the lastmonth during the transmission period de�ntes the end of the malaria season (ESeas).Some individual years also reveal year-round or even no malaria transmission for 
ertainlo
ations. The length of the malaria season (Seas) is therefore the number of monthswith EIRm rea
hing at least 0.01 infe
tious bites. For ea
h site or grid box additionallythe length of the main transmission season (MSeas) is de�ned as the number of monthsin whi
h 75% of the annual entomologi
al ino
ulation rate (EIRa'; i.e. the number ofinfe
tious bites per human per year) `is transmitted, an index whi
h was used by Hay etal. (2000). Where possible the month with the maximum malaria transmission (XSeas)is identi�ed as the month with the highest EIRm value' (Ermert et al. 2011b).`The use of the transmission threshold of 0.01 infe
tious mosquito bites per human permonth ensures the attainment of a reasonable transmission level in the model that 
an be
ompared with observations from the literature. However, the de�nition of the malariaseason in the model might not be dire
tly 
omparable to �eld studies sin
e observationsare subje
t to a 
ertain dete
tion limit. That is due to the fa
t that �eld experimentsdo not 
ontinuously measure biting rates (at best two times in ea
h week of the �eld2




ampaign) and that these �eld studies do not a

ount for every human of the populationof the study site' (Ermert et al. 2011b).1.2 Climatologi
al malaria seasonalityThe de�nition of a 
limatologi
al start and end of the malaria season is more 
omplex,espe
ially in 
ase of two distin
t malaria seasons. Regarding a long time period su
h as100 years, the start and end of malaria transmission usually takes pla
e within 
ertainmonths of a year. For example, transmission in the Sahel typi
ally starts between Juneand August (e.g. Fontenille et al. 1997). However, variable atmospheri
 
onditions su
has an early start of the rainy season might 
ause unusual transmission seasons. Su
hevents 
ompli
ate the determination of typi
al 
hara
teristi
s of the malaria season inparti
ular in areas with two distin
t malaria seasons. The arti�
ial example (Supplemen-tal Material, Table 1), for instan
e, shows 153 starts of the malaria season between Mayand January. In this example, obviously two malaria seasons are present. The �rst seasonbegins between July and August and the se
ond season starts most frequently in De
em-ber, but also starts in January. Due to the infrequent, but non-zero o

urren
e of malariaseason starts between September and November, an obje
tive and dire
t determinationof the two typi
al season starts is impossible. In areas with two malaria seasons thede�nition of the two distin
t seasons might, therefore, not be straightforward. For thisreason, only typi
al start and end months of parti
ular malaria seasons are 
onsideredby the subsequent method. The de�nition of the start of the malaria season is explainedin the following. The determination of ESeas as well as XSeas is fully analogous to thede�nition of SSeas:Analysis J F M A M J J A S O N DNumber of events: fr(m) 24 0 0 0 3 10 26 14 1 1 2 72CriteriaA: fr(m − 1) + fr(m) 96 24 0 0 0 13 36 40 15 2 3 74CriteriaB: fr(m) + fr(m + 1) 24 0 0 0 13 36 40 15 2 3 74 96Threshold 25 25 25 25 25 25 25 25 25 25 25 25Ful�lled 
riteria (A or B) 1 0 0 0 0 1 1 1 0 0 1 1Supplemental Material, Table 1: Arti�
ial example relative to the determination of the season startfor a period of 100 years. Within the time frame 153 season starts are identi�able. Criteria Aand B require at least 26 events for the 
onsidered month and the pre
eding as well as subsequentmonth, respe
tively. The periods June-August as well as November-January are sele
ted by thepro
edure (indi
ated by `1'; see last row). The average of the �rst season is hen
e month 7.08(= (10 · 6 + 26 · 7 + 14 · 8)/50; i.e. about July) and that for the se
ond season is month 12.22(= (2 · 11 + 72 · 12 + 24 · 13)/98); i.e. about De
ember).In a �rst step, the frequen
y (fr) of the season start within a 
ertain month is 
om-puted. A given month (m) is only 
onsidered when a frequent start of the malariaseason is found in the pre
eding month and the month itself or in the given month andthe subsequent month. The frequen
y of su
h events must ex
eed 25% (
riterion A:
fr(m − 1) + fr(m) > 0.25 · ny; 
riterion B: fr(m) + fr(m + 1) > 0.25 · ny; ny: number3



of years of the period). For the 
al
ulation of the mean or standard deviation of the sea-son start only those months are retained that ful�l either 
riterion A or B (see also theexample in Supplemental Material, Table 1). Note that several start periods during theyear might have to be 
onsidered. These time periods are simply separated by monthsthat do not a

omplish 
riteria A and B.Instead of using months, the 
ategories `U', `V', and `C' are used in the following
ases: Category `U' is applied when transmission o

urs infrequently (∑ fr(m) ≤ 0.25 ·

ny). Category `V' is used when SSeas, ESeas, or XSeas are simulated more often(∑ fr(m) > 0.25·ny) but are not su�
iently 
lustered (
riteria A and B are not ful�lled).Su
h a situation might be 
hara
terised as a variable malaria season. Category `C' isutilized in terms of SSeas and ESeas when the malaria transmission is frequently year-round in the simulation (
riteria A and B are not ful�lled and Seas > 11 months).Due to the 
hosen pro
edure it is possible that a di�erent number of periods are foundfor SSeas, ESeas, and XSeas. For example, for some grid boxes in East Afri
a twomalaria seasons are merged by the used method or only one season start (end) is founddespite most frequently simulated two season ends (starts).
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2 Validation of the integrated weather-disease modelAs already noted, the LMM2010 has been validated by the usage of data from 34 WestAfri
an weather stations and malaria observations from �eld sites in their vi
inity. Themain result of this validation was that the LMM2010 is able to reprodu
e annual En-tomologi
al Ino
ulation Rates (EIRa; i.e. the number of infe
tious bites per humanper month) in the range of �eld observations. In addition, the Plasmodium fal
iparuminfe
tion model of Smith et al. (2005) (termed S2005 model) was built by using paired
EIRa and asexual parasite ratios of 
hildren under 15 years of age (PR<15) values, whi
hshould ensure the 
al
ulation of realisti
 infe
tion rates of 
hildren. It is true that thesimulated two-dimensional malaria distribution la
ks a quantitative veri�
ation, whi
his now provided.The integrated weather-disease model is 
ompared with an existing modelled malariamap. This provides a 
omparison between the simulated PR<15 values from the S2005model and that of the predi
ted Plasmodium fal
iparum parasite ratio of 
hildren be-tween 2 and 10 years (PfPR2−10) from the Malaria Atlas Proje
t (MAP; Hay et al.2009). Note that this 
omparison is somewhat problemati
 sin
e: (i) The map of malariaendemi
ity of MAP was produ
ed for 2007 and the integrated weather-disease model rep-resents average values with regard to 1960-2000. Due to the fa
t that there is a stronginterannual variability, parasite ratios of single years should normally not been 
omparedto 
limatologi
al values (here: 1960-2000). Hay et al. (2009) found, for example, that theobservations from 2007 were substantially lower than the data from the other 
onsideredyears (1985-2006). In Senegal, the malaria endemi
ity was, for instan
e, mu
h higher inthe 1960s than after the following drought 
onditions, when a substantial malaria de
linewas observed (e.g. Faye et al. 1995). (ii) Hay et al. (2009) 
omputed the parasite ratioof 
hildren between 2 and 10 years, whereas the S2005 model is 
onstru
ted for 
hildrenunder the age of 15 years. Due to the in
rease of immune individuals with age and thesimultaneous de
line in the infe
tion rate (e.g. Bekessy et al. 1976), the values from theS2005 model should be somewhat lower than that of the MAP model. Despite these twoissues the 
omparison of the two maps enables a further insight in terms of the skill ofour integrated weather-disease model.In order to 
ompare the two maps, the MAP data was aggregated from the 5 km x5 km latitude-longitude grid to the resolution of the integrated weather-disease model of0.5◦. Di�eren
es between the two maps 
annot be avoided at the fringe of the malariaarea. For example, the malaria gaps (a

ording to an asexual parasite ratio threshold of0.1%) in the north-east of Somalia in
luded in the MAP data are not 
aptured by theaggregated data (
ompare Supplemental Material, Figure 3b & 
). In general, small gapssu
h as in the East Afri
an highlands are redu
ed by the 0.5◦ grid.In a �rst step, the geographi
 distribution is 
ompared between the two malaria dis-tributions. A

ording to the di�eren
e plot of the two maps (see Supplemental Material,Figure 3d), two general statements 
an be made: (i) Both models show about the samegeographi
 distribution of asexual parasite ratios. (ii) The integrated weather-diseasemodel underestimates the territory of malaria endemi
ity in the Horn of Afri
a, espe-
ially for the north-eastern part of Somalia (see the 
rosses in Supplemental Material,5



Figure 3d). However, also the MAP model partly predi
ts gaps for North-Eastern Soma-lia (Supplemental Material, Figure 3b), whi
h disappear in the 0.5◦ latitude-longituderesolution (Supplemental Material, Figure 3
). Beyond these two major aspe
ts, smalldi�eren
es are found at the fringes of the endemi
ity area. The distribution of the inte-grated weather-disease model extends one to two degrees further to the north in variousparts of the Sahel (see the dots in Supplemental Material, Figure 3d). This might berealisti
 sin
e Hay et al. (2009) found higher parasite ratios for 1985-2006 than for 2007.It should be further noted, that malaria will probably be distributed further north underwet atmospheri
 
onditions su
h as that before 1970. There seem to be also di�eren
esbetween the two maps for the East Afri
an highlands and the Adamawa plateau (seethe 
rosses in Supplemental Material, Figure 3d). However, this again is an issue of thedi�erent grid resolution. The integrated weather-disease model, for instan
e, simulatesa gap in the parasite ratios for the Adamawa plateau (Western Cameroon), whi
h is ev-ident in the full resolution, but vanishes in the 0.5◦ aggregated resolution (SupplementalMaterial, Figure 3a-
).In a se
ond step, the parasite ratios of the two maps are quantitatively 
ompared usinga di�eren
e plot. This 
omparison leads to further three statements: (i) The di�eren
esin the values of the parasite ratio disappear in most areas when the un
ertainty of theMAP model is 
onsidered (Supplemental Material, Figure 3f). However, the integratedweather-disease model produ
es for most parts of tropi
al Afri
a higher parasite ratiosthan the MAP model. (ii) The simulated parasite ratios of parts of Senegal, Chad,Sudan, Ethiopia, and Kenya from the integrated weather-disease model are too high.For these regions, the parasite ratios are 40% higher than predi
ted for 2007 by theMAP model and this di�eren
e is still present when the un
ertainty of the MAP modelis taken into a

ount (Supplemental Material, Figure 3f). The integrated weather-diseasemodel either fails to simulate lower parasite ratios in these areas or the values of 2007 arenot representative for other years. It is most probable, that other fa
tors than weatherand 
limate 
onditions su
h as malaria 
ontrol measures 
aused these 
omparable low
PfPR2−10 values for 2007. Hay et al. (2009) noted that the malaria endemi
ity was ingeneral stronger in former years (see also Hay et al. 2009, their Figure One). Note thepresent study does not a

ount malaria 
ontrol measures. (iii) The integrated weather-disease model simulates too low parasite ratios in low endemi
ity areas in 
omparison tothe MAP model (Supplemental Material, Figure 3d). For example, in the northern Sahelthe parasite ratios of the integrated weather-disease model are up to 20% lower thanthat of the MAP model (Supplemental Material, Figure 3d). It must be noted here thatthe MAP model overestimated the PfPR2−10 values of low endemi
ity areas (Hay et al.2009) and the di�eren
e totally disappears, when the un
ertainty of the MAP model istaken into a

ount (Supplemental Material, Figure 3f).Given the un
ertainty in the MAP model and the 
onstraints when 
omparing parasiteratios from a single year (here: 2007) with average values of a period (here: 1960-2000),it is valid to state that: The geographi
 malaria extent of the integrated weather-diseasemodel is 
omparable to that of the MAP model. Most di�eren
es in terms of values ofthe parasite ratio vanish when the un
ertainty of the MAP model is 
onsidered. Di�er-en
es are found for the north-eastern part of Somalia, where the model underestimates6



the malaria o

urren
e. The integrated weather-disease model overestimates the malariaprevalen
e in parts of Senegal, Chad, Sudan, Ethiopia, and Kenya, whi
h is likely at-tributed to fa
tors su
h as malaria 
ontrol.
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◦C) of REMO for (a) 1960-2000 and for (b-e) di�eren
es in Ta (∆Ta) relative to the present-day
limate (1960-2000) for 2021-2030 (b&d) and 2041-2050 (
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h 2002).
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luding theun
ertainty of the PfPR2−10 values of 2007. In all maps those areas are ex
luded whi
h show
PR<15 or PfPR2−10 values below 0.1%.

10



0.01 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 0.0 0.2 0.3 0.4 0.5 0.6 0.7 0.8 1.0 1.2 1.4

U V C J F M A M J J A S O N D 0.0 0.2 0.3 0.4 0.5 0.6 0.8 1.0 1.2 1.4 1.6

350˚ 0˚ 10˚ 20˚ 30˚ 40˚ 50˚

-10˚

0˚

10˚

20˚
350˚ 0˚ 10˚ 20˚ 30˚ 40˚ 50˚

-10˚

0˚

10˚

20˚

-10˚

0˚

10˚

20˚

-10˚

0˚

10˚

20˚

-10˚

0˚

10˚

20˚

-10˚

0˚

10˚

20˚

-10˚

0˚

10˚

20˚

-10˚

0˚

10˚

20˚

a) MSeas b) σ(MSeas)

c) XSeas d) σ(XSeas)

e) SSeas f) σ(SSeas)

g) ESeas h) σ(ESeas)Supplemental Material, Figure 4: LMM2010 simulated malaria seasonality (in months) for 1960-2000 based on bias-
orre
ted daily temperatures and pre
ipitation from REMO. Depi
ted are (a)the length of the main malaria season (MSeas; in months), (b) the standard deviation of MSeas(σ(MSeas)), (
) the month of maximum transmission (XSeas), (d) the standard deviation of
XSeas (σ(MSeas); in months), (e) the start month of the malaria season (SSeas), (f) thestandard deviation of SSeas (σ(MSeas), in months), (g) the end month of the malaria season(ESeas), and (h) the standard deviation of ESeas (σ(ESeas), in months). `U' indi
ates areasof unfrequent malaria transmission; `V' denotes grid boxes with either a rare malaria o

urren
eor a variable seasonality; `C' identi�es areas of year-round malaria transmission.

11



0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 -1.0 -0.5 -0.2 -0.1 0.1 0.2 0.5 1.0 1.5 2.0

U V C J F M A M J J A S O N D -4.0 -2.0 -1.0 -0.5 -0.1 0.1 0.5 1.0 2.0 4.0

350˚ 0˚ 10˚ 20˚ 30˚ 40˚ 50˚

-10˚

0˚

10˚

20˚
350˚ 0˚ 10˚ 20˚ 30˚ 40˚ 50˚

-10˚

0˚

10˚

20˚

-10˚

0˚

10˚

20˚

-10˚

0˚

10˚

20˚

-10˚

0˚

10˚

20˚

-10˚

0˚

10˚

20˚

-10˚

0˚

10˚

20˚

-10˚

0˚

10˚

20˚

a) MSeas b) ∆MSeas

c) XSeas d) ∆XSeas

e) SSeas f) ∆SSeas

g) ESeas h) ∆ESeas

2021-2030A1B

Supplemental Material, Figure 5: LMM2010 proje
ted malaria seasonality (in months) for 2021-2030 based on the A1B s
enario. Illustrated are absolute values as well as 
hanges (∆) relativeto the present-day 
limate (1960-2000). Depi
ted are (a) the length of the main malaria season(MSeas, in months), (b) ∆(MSeas), (
) the month of maximum transmission (XSeas), (d)
∆(XSeas) (in months), (e) the start month of the malaria season (SSeas), (f) ∆(SSeas) (inmonths), (g) the end month of the malaria season (ESeas), and (h) ∆(ESeas) (in months).Note that in 
ase of XSeas, SSeas, ESeas positive (negative) values stand for a later (earlier)o

urren
e. `U' indi
ates areas of unfrequent malaria transmission, `V' denotes grid boxes witheither a rare malaria o

urren
e or a variable seasonality, and `C' identi�es areas of year-roundmalaria transmission. White areas in (d), (f), and (h) refer to areas assigned either for thepresent-day or future 
limate to `U' or `V'. In the right 
olumn, values statisti
ally signi�
ant atthe 5% level are marked by dots. 12
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Supplemental Material, Figure 7: E�e
t of altitude (see abs
issa) on the S2005 model simulatedvalues of the 
oe�
ient of variation of the asexual parasite ratio of 
hildren under 15 years ofage (cv(PR<15); see ordinate) in (a) the Ethiopian Highlands (
f. the framed area north of 4◦Nin Supplemental Material, Figure 8a) and (b) for Equatorial East Afri
a (10◦S-4◦N, 27-38◦E)relative to the past period and the A1B s
enario. The data from various grid points betweenheight levels of 1000 and 2600m are grouped within 100m altitude segments. The box-and-whisker plots represent ensemble average values of the in
luded grid points relative to 1960-2000(green box plots), 2021-2030 (light blue box plots), and 2041-2050 (red box plots). Blue numbersabove (a) and (b) indi
ate the number of grid points from whi
h the statisti
 is 
omputed.14
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enario.
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Supplemental Material, Figure 11: Same as Supplemental Material, Figure 6 but for the B1s
enario.
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enario.
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