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Abstract
Identifying the impact of climatic factors on mosquito population dynamics is of great importance for dengue outbreak control. The purpose of this study is to develop an approach to predict spatial/temporal mosquito reproduction and disease outbreaks. The prediction of a dengue outbreak is only possible if the temporal relationship between mosquito replication and the weather is known. At present, this is unclear and needs to be examined. Moreover, because the development of mosquito density is a dynamic process in the course of time, it should be observed as closely as possible, in this study in a one-day timeframe. This paper makes a thorough study of the situation in southern Taiwan and analyzes a large amount of data from 1999 to 2004 related to dengue cases and larval density. We first use the method, k-means, to conduct data clustering and derive representative larvae replication patterns. Then, we propose mathematical models to approximate the development of larval density, describe the expansion of mosquito activity areas, and construct a surveillance system to raise alerts based on real-time input of weather data and larval indices. Analysis of historic data reveals some new information on the spatial and temporal relationships between larval density and dengue outbreaks. In Taiwan, if the weather becomes or remains warm and humid for 6 days after a bout of rain, there can be a sharp increase in the larval mosquito population. About 7 days after the Breteau index begins to rise, larval density reaches its climax; and, about 12 days after the climax of larval density, cases of dengue may be reported. The system is tested using subsequent data from 2005 to 2009 and shows satisfactory accuracy. Numerous data support these findings, and this new knowledge is thus validated and can be used to assist public health professionals to take effective dengue control measures.
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1. Introduction
It is well known that dengue is a disease transmitted by mosquitoes and that rainfall has an impact on the replication of mosquitoes (Li et al. 1985; Gubler 2002; Burattini et al. 2008). It is also argued that a large number of virus-carrying mosquitoes are likely to cause dengue epidemics (Goh et al. 1987; Gubler and Clark 1995; Hales et al. 2002; Favier et al. 2005; Juliano and Lounibo 2005). However, in practice, such information is often received too late for public health professionals to take effective measures so that dengue epidemic recurs year for year, and, in some cases, cannot be effectively controlled. There are multiple reasons for this. Amongst is the difficulty for estimating to what extent mosquitoes will replicate after a bout of rain and how widely they will extend their activity areas.
Effective disease prevention can be achieved if the environment can be kept as clean as possible (Hwang 1993; WHO 1997; Kay et al. 2002; Heintze et al. 2007; Seng et al. 2008). Similarly, epidemic control can be more effective if the mosquito replication is known as early as possible (Focks et al. 1995; Burattini et al. 2008). Since climatic change is one of the major factors influencing dengue outbreaks, many researchers have made efforts to study the relationship between dengue outbreaks and the seasonal change in temperature or fluctuations in rainfall, for example, Moore et al. (1978) in Puerto Rico, Pontes et al. (2000) in Fortaleza, Brazil, and Hu et al. (2006) in Brisbane, Australia. Some studies even make a cyclic assessment of dengue epidemics (e.g. Keating 2001). Although these studies help us to understand the relationships between dengue outbreaks and climatic change, they will not contribute too much to precise prediction because dengue often occurs to different time each year. There are studies using weekly data in their models and achieving one-week-ahead in prediction (e.g. Yu et al. 2010). But their prediction is referring to the outbreak of dengue cases that is are too late for prevention because the development lag from larva to adult, host seeking, successful imbibing of an infectious blood meal, and intrinsic incubation, in total, would take some 20 days. Therefore, we come to the idea to monitor vectors after their first appearance in order to manage dengue outbreak in time. Here we propose to observe the development of larvae of the vector in the smallest timeframe of one-day. Because, in our study area, climatic data are published daily by the Central Weather Bureau (CWB; http://www.cwb.gov.tw) and information on larvae is collected and published regularly by Centers for Disease Control (CDC; http://www.cdc.gov.tw/), it is appropriate to develop an approach based on these data to assist the control and prevention of the disease. 
In a subtropical area such as Taiwan, the annual average temperature is 22oC, the average relative humidity is 80%, and the annual average rainfall is 2,500 mm, hence mosquitoes are able to thrive in such an environment. There are also possibilities of serious outbreaks of dengue fever (DF) and dengue hemorrhagic fever (DHF) in such an area (Harris et al. 1998; Mackenzie et al. 2004). According to the Taiwan CDC, from 1999 to 2009, 11,775 cases of infection, 316 cases of DHF, and 31 deaths occurred. Preventing the spread of dengue is one of the most critical public health problems in Taiwan (Yu et al. 2011). In the area we studied — a harbor city, Kaohsiung, and an agricultural county, Pintung — 3.7 million people live in an area of 5,700 km2. Historically, these are two areas seriously infected. In Taiwan, the dengue virus is mainly carried by Aedes aegypti (and also by A. albopictus) (Hawley 1998; Lien 2004), the distribution of which is illustrated in Figure 1.
Hayles et al. (1972), Mourya et al. (2004), Thavara et al. (2004), Promprou et al. (2005), and not the last, McMeniman et al. (2009) provide basic knowledge on mosquito biology, which is referenced in this study. These studies pointed out that, when the temperature is too high (above 30oC) or too low (below 20oC) and the relative humidity is not in the range of 70-80%, transmission of the virus is less efficient, the life span of mosquitoes is shortened, and fewer survive.
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Fig. 1 Distribution of Aedes aegypti in Taiwan(
Many models of mosquito population dynamics have been suggested (Focks et al. 1995; Ritchie and Montague 1995; Porphyre et al. 2005; Tewa et al. 2009). For example, A study on the development of mosquitoes (A. vexans) in Barkedji, Senegal, unveiled that they emerge about 3-4 days after a bout of rain and develop in a bell-shaped manner (Ndiaye et al. 2006). Another research attempted to predict outbreaks of Ross River virus disease using a polynomial distribution lag (PDL) regression procedure to estimate regression models for time-series data (Hu et al. 2006). The PDL assumes that the effect of an input variable X on a dependent variable Y is distributed over time. If the value of X at time t is changed, Y will experience an immediate effect at time t, and will also experience a delayed effect at times t+1, t+2, … up to t+q for a given limit q. The concept of distribution lag is also used to shape our model.
Although numerous researches pointed out that weather variables are practical predictors of dengue incidences (Wu et al. 2007; Hurtado-Díaz et al. 2007), there are some points should be cleared. For example, an observation in Northeast Thailand showed that a DHF epidemic started in a hot, dry season and ended before the rainy season was over (Eamchan et al. 1989; Kuno 1995). This is not completely agreeable with common expectations that the spread of dengue is highly correlated with rainfall.
The spread of a dengue epidemic varies in different time and different places. An investigation on the maintenance of viral transmission for extended periods over 7 years showed that, after the first major epidemic, small outbreaks occur at intervals of about 4 years (Medeiros et al. 2011). A study applying the focal nature of DF to schematize the relative risk of spread within a particular space-time window identified a very high-risk area at a short distance (15 m) over a short period (6 days). It also pointed out that the next three distance peaks are 20 m, 45 m and 80 m, corresponding to areas of housing, and that the maximum extent of dengue transmission focuses is 400 m and 40 days (Trans et al. 2004).
Several models have been proposed for the prediction of epidemics. For example, empirical models are able to describe the potential effect of population and climate changes on DF distribution (Hales et al. 2002). Stochastic simulation models can be used to describe the urban daily dynamics of the spread of dengue (Focks et al. 1995).  Many models based on regressions are used to predict weekly or monthly DHF cases (Halide and Ridd 2008; Yu et al. 2011).
The standard treatment for mosquito density and larval density is given by WHO (1972). Because it is difficult to measure the density of mosquitoes in a given area precisely, they use the Breteau index (BI) of larvae instead. BI stands for the number of positive containers per 100 premises inspected. For example, a study on a dengue outbreak in Playa Municipality, Havana, Cuba, suggested that a larval density of BI > 1 and BImax ( 4 (BImax being the highest BI per block for each neighborhood of the case and control blocks) be regarded as a suitable threshold and target, respectively, for community-based dengue prevention. Their results are based on a high-risk area and the thresholds may not constitute a globally suitable index (Sanchez et al. 2006). Another study asserted that the least chance of an outbreak of DF is associated with a BI < 5, while the risk of an outbreak is high when larval density is BI ( 49 (Lien 1988).
 Disease prevention and control are only effective when they are carried out as early as possible. Our suggestion is to start the study with weather data and information on larvae because they are available every day. In the next section, we will provide a method for calculating vector emergence and spread in both space and time from the climatic and environmental perspective to determine larvae reproduction patterns. From these patterns and mosquito activity areas, we will establish mathematical models and construct a surveillance system to provide real-time predictions. 
2. Materials and Methods
A complete collection of 30,241 records from the Taiwan CDC for the period 1999-2004 is used. The data include information on larvae, locations, and illnesses. The daily larval information collected from villages includes date of collection, larval density expressed in BI, and the location of collection; the location information includes county/city, township, and villages; and the information on illnesses includes patient’s age and gender, date of infection, area of residence, and serotype. We also receive 160,000 records of weather data in the corresponding period from the Central Weather Bureau. The weather data include date, temperature, relative humidity, and rainfall collected from weather stations (with ID like 467440) and rainfall stations (with ID like C1V360). In addition, we obtained electronic geographical data from the National Geographical Information System (http://ngis.moi.gov.tw). Based on these geographical information and climatic data, we are able to analyze the impact of these data on the spread of A. aegypti and determine the relationship between the mosquito density and dengue infection. To analyze the impact of climatic factors on the vector population dynamics and to explore the relationship between larval density and dengue infection, we will use a clustering technique to monitor the data pattern. The variables used for clustering are shown in Table 1.
Table 1 A segment of data from Ren-Ai village, Linyuan township, Kaohsiung city, August 11-30, 2000 
	Remarks
	Date
	BI 
	Temperature

( oC)
	Humidity (%)
	Rainfall (mm)
	Cases 

(patients)

	-
	8/11
	0
	29.6
	82
	0
	0

	Initial day
	8/12
	2
	28.5
	82
	126
	0

	2nd day
	8/13
	3
	29.7
	93
	18
	0

	3rd day
	8/14
	16
	26.2
	96
	25
	0

	4th day
	8/15
	18
	25.6
	82
	23
	0

	5th day
	8/16
	20
	28.0
	80
	0
	0

	6th day
	8/17
	40
	28.8
	78
	0
	0

	7th day
	8/18
	54
	29.1
	81
	0
	0

	8th day
	8/19
	24
	29.6
	82
	0
	0

	9th day
	8/20
	10
	29.7
	78
	0
	0

	10th day
	8/21
	2
	27.8
	76
	34
	0

	11th day
	8/22
	0
	27.9
	88
	3
	0

	12th day
	8/23
	0
	28.7
	79
	0
	0

	13th day
	8/24
	0
	27.9
	79
	0
	0

	14th day
	8/25
	0
	26.5
	88
	0
	0

	15th day
	8/26
	0
	29.7
	85
	0
	0

	16th day
	8/27
	0
	29.3
	78
	0
	3

	17th day
	8/28
	0
	29.7
	85
	0
	1

	18th day
	8/29
	0
	29.7
	86
	0
	0

	19th day
	8/30
	0
	29.4
	82
	0
	0


2.1. Development of larval density
We will use the method, k-means, to solve data clustering problem and find representative groups in our data set. K-means aims to minimize an objective function, in this case a squared error function (Ordonez 2006). Our objective function is
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Table 1 shows an example of the larval density change and its relationship between climate variables and cases reported. In the example, the larval density begins with a BI of 2, reaching a climax of 54 on the 7th day and declining to 0 on the 11th day. Using a mathematical function (Eq. 1), we can approximate the development of larval density.
According to the example in Table 1 and our observations, about 3-4 days after the BI curve reaches its climax, it usually quickly declines to a negligibly small level, mostly because effective measures such as cleanup and disinfection have been adopted (de Wet et al. 2005). On the 19th day (but with some deviation, as shown in Table 1 on the 16th day), cases of dengue may be reported by clinics. If we take the 7-day latency into account (retrieved from http://www.who.org), about 11-12 days after the BI curve reaches its climax, and some inhabitants might be infected. This can be explained as follows: after the 7-day incubation period, infection/exposure to the virus takes 11-12 days, due to the developmental lag from larva to adult (about 2 days, depending on the temperature), the time to find a host and successfully infect it while imbibing its blood (possibly 2-3 days), and the extrinsic incubation period (about 8-10 days). Therefore, the cycle from the initial observation of larvae to dengue infection will last for 19-21 days. Under the weather condition that it remains warm and humid, the curve can be described as
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                      (Eq. 1)
where 
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: the initial value of the first-day’s BI when it becomes non-zero (in our data set 
[image: image8.wmf]0

x

= 2.6,  n = 7). 
[image: image9.wmf]0

x

 is the first-day BI average of the samples in which BI rises; n is the days needed for BI to increase from its initial value to its climax.
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: rate of increase. In our data set, the average rate of increase is 6.55 because it takes averagely 6.7 (~7) days to reach the highest larval density of 
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When the environmental cleanup is incomplete after the larval density increases, BI can remain high for a longer period. In this case, the mosquitoes produce new generations. If h is a reproduction function and x a BI value, then h(x) denotes the number of BI reproduced after a cycle (of 7 days). After several cycles, the larval density accumulates as shown in Table 2.
Table 2 Additive effect of larval reproduction 

	Day

Cycle
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	1st cycle
	2.6
	9.6
	12.3
	12.9
	13.5
	19.8
	45.6
	46.3
	28.9
	24.1
	7.1
	…

	
	-
	-
	-
	-
	-
	-
	-
	h(2.6)
	h(9.6)
	h(12.3)
	h(12.9)
	…

	
	
	
	
	
	
	
	
	
	h(2.6)
	h(9.6)
	h(12.3)
	…

	
	
	
	
	
	
	
	
	
	
	…
	…
	

	Total
	2.6
	9.6
	12.3
	12.9
	13.5
	19.8
	45.6
	46.3+ 

h(2.6)
	28.9+ h(9.6) +h(2.6)
	…
	…
	


Larval density is additive, i.e., it sums up all BI values in the same interval of all cycles. This corresponds to the concept of distribution lag mentioned in Hu et al. (2006), in which the larval density decreases slightly at first and then increases again. Figure 2 shows the effect of additive larval density, whereby the development of BI curve is wavy and a second wave follows the first. Larval density can remain high for a long period, especially when no effective control measures are adopted.
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Fig. 2 Additive effect of larval density in which a second wave follows the first
2.2. Extension of the activity areas of mosquitoes 

Adult mosquitoes are assumed to concentrate within a certain area where they grew up and form a focus. Gradually, they could fly elsewhere, leading to the expansion of their activity areas (Nelson 1986; Larkin et al. 1995). We further assume that the adults lay eggs to produce new generations in the places they can reach. As mentioned before, it is difficult to precisely determine the density of mosquitoes in an area, we assume it to be proportional to the average BI in that area. For simplicity, let us assume the initial activity area 
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 is a circle (Halstead 2005), which can be calculated by
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                     where r(t0) is the initial radius and t0 is the initial time.

 According to Hwang (1993), most mosquitoes do not fly more than 100 meters in a day. The initial density 
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         if there are x mosquitoes concentrated in the area considered.

Assuming that the mosquitoes are able to fly 
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 m a day and if an observation site is m meters away from the initial area, then we may define a diffusive factor ( of the mosquitoes as 
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To determine the mosquito density at a particular site 
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 at that site. The mosquito activity extends in a circle and the density is reduced inversely proportional to the distance from the center of the circle. The formula is 
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If there are several vector sources, as shown in Figure 3, we may sum up all calculated densities as
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  (Eq. 5)
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Fig. 3 Prediction of mosquito density for a particular site with three vector sources

Many factors influence how long an epidemic will last and how far a dengue focus will extend. A study on the spread of dengue in French Guiana, which is mostly comprised of rural areas, suggested 400 m and 40 days as the spatial and temporal boundaries of maximum dengue transmission in a dengue focus (Tran et al. 2004). Another study in highly populated southern Taiwan came to the conclusion that, during an epidemic, the high risk of DF extends to an area with a radius of about 20 km around its outbreak foci and the neighborhood will be at higher risk of infection for about 20 weeks. The risk is highest within the first 2 weeks (Yu et al. 2011).
3. Results and Discussion

Since it is commonly accepted that significant factors influencing the strength of a DF epidemic are temperature, humidity, and rainfall (Kuhn et al. 2005), we will also interpret the data analysis described in the previous section in terms of climatic factors of rainfall, temperature, and relative humidity. First, the precision of the prediction made by (Eq. 1) can be measured by mean squared prediction error (MSPE), which is the expected sum of squared deviations of the fitted value g from the unobservable function f. The ascending phase and the average larval densities actually measured and approximated are listed in Table 3. The average larval density depends on the massive larval reproduction samples from 1999 to 2004 in our data set. The MSPE = 
[image: image30.wmf]ú

û

ù

ê

ë

é

-

å

=

n

i

i

i

x

f

x

g

E

1

2

))

(

)

(

(

= 383.87, i.e., the mean daily prediction error is
[image: image31.wmf]n

MSPE

= 5.9. Therefore, using our model to predict larval density expressed in BI might result in a 
[image: image32.wmf]9

.

5

±

 deviation for the coming day.
Table 3 The average approximated and actually measured larval densities
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3.1. Temporal relationship between rainfall and larval density
Outdoor containers are often sources of mosquitoes, and rainfall often introduces water into containers. Table 4 shows a segment of weather data in association with larval density in 1997: it rained on 1997/07/08 and then stopped 2 days later, and massive larvae appeared about 7 days after the rain. Many similar cases were found in the data collection we studied. Table 5 shows a few examples from 1999 to 2002 to demonstrate the temporal relationship between highest BI and rainfall. From the numerous examples in the dataset, we can verify our assertion that the highest BI values occur about 6-7 days after it rains abundantly and then remains warm and humid.
Table 4 Relationship between rainfall and development of larval density 
	Weather station
	Date
	Humidity

(%)
	Temperature

(oC)
	Mean BI

	Median BI
	Max. BI

	Rainfall

(mm)

	467440
	1997/07/08
	87
	28.2
	Begin to rain
	27

	467440
	1997/07/09
	88
	28.5
	
	
	
	  3.67

	467440
	1997/07/10
	81
	29.6
	
	
	
	0

	467440
	1997/07/11
	82
	29.7
	
	
	
	0

	467440
	1997/07/12
	83
	29.6
	
	
	
	0

	467440
	1997/07/13
	77
	29.8
	
	
	
	0

	467440
	1997/07/14
	74
	29.4
	8.67  The 7th day 18
	0

	467440
	1997/07/15
	74
	29.0
	
	
	
	0

	467440
	1997/07/16
	77
	29.8
	7.5
	3
	24
	0

	467440
	1997/07/17
	78
	30.1
	
	
	
	0

	467440
	1997/07/18
	78
	29.9
	3.5
	4
	4
	0


Table 5 A few examples showing the temporal relationship between the highest BI and rainfall
	Date
	BI (highest)
	It rained n days before (days)
	Rainfall (mm)

	-
	-
	-
	-

	1999/08/17
	     22.67
	5
	138

	1999/08/27
	30
	6
	21.5

	2000/06/02
	24
	7
	12

	2000/06/16
	45
	4
	33

	2001/06/05
	27
	14
	52.5

	2001/06/29
	30
	7
	3.5

	2001/07/30
	     21.57
	6
	19.5

	2001/08/08
	40
	6
	17

	2002/06/06
	21
	7
	16

	2002/06/26
	     21.57
	7
	16

	2002/08/06
	     21.5
	2
	52.5

	-
	-
	-
	-


The BI value is negligible most of the time. Occasionally, we may observe a day with a BI slightly greater than 0, but the observed value often diminishes over the next few days, or remains less than 5 without rising to an alarming level. To predict whether an initial larval density of BI > 0 will increase, we have to observe the climatic conditions. If it rains continuously after the first observation of BI > 0, there is less danger of a positive development. Furthermore, if the temperature drops sharply to a level that is unfavorable for larvae to survive, the danger is also lessened. It will become a dangerous situation when the temperature drops only by less than 3oC after the initial day of observation. A. aegypti thrives in an environment of 28 ± 2°C and 70-80% relative humidity (Mourya et al. 2004). It is thus reasonable to modify Eq. 1 as
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        (Eq. 6)                                  

where g(h,t): a function of humidity (h) and temperature (t) with 
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. When the environment is favorable for mosquitoes, g(h,t) is assigned 1, otherwise it is -1. In general, if abs(ti-t0) ≤ 3 and hi ( 70, then g(h,t) = 1 otherwise it is -1.
3.2. Temporal relationship between vector reproduction and cases of dengue

Once the BI curve reaches an alarming high in an area, an outbreak of DF may occur, and clinical cases may be reported within 11-12 days after larval density reaches its highest level. Figure 4 shows the temporal relationship between mosquito replication and dengue outbreaks. A cycle from the initial observation of BI ≧ 0 to the reporting of dengue illnesses will last for 19-21 days. This temporal relationship is vital for controlling and preventing the epidemic because effective countermeasures can be taken in time. 
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Fig. 4 Temporal relationship between mosquito reproduction and dengue outbreaks

3.3. A public health surveillance system for DF
Based on the results obtained in this study, we can construct a surveillance system for DF. An intelligent information system would help us to control and prevent disease in advance and also provide advice to governments and public health professionals on actions to be taken (Reiter and Gubler 1997; Wagner et al. 2001; Grigg et al. 2006). The system constructed in this study is described in Figure 5, where daily weather data and larval density are the main inputs for evaluation. BIs and climatic data are originally the historic data from 1999-2004 used for the examination of expansion patterns and the establishment of mathematical models. The data are subsequently supplemented. A geographic information system (GIS) module provides up-to-date electronic geographical data to represent topography in the areas observed. Other geographical variables, such as parks, farmland, and fields, are also used to model the real environment because of their impacts on the spread of the disease (Guzmán and Kouri 2002; Nagao et al. 2003). The knowledge base is a database of mosquito expansion patterns and mathematical models to be fed into the inference machine to handle reasoning. Meanwhile, the daily weather data and vector density are inputs for the inference engine to evaluate in real-time mode, and alerts are raised from results of the evaluation.
Although models and patterns are provided in this study, the thresholds and parameters are location-dependent (Favier et al. 2005). In other regions, other values should be adopted especially those of larval density and climatic data.
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Fig. 5 Structure of a public health surveillance system for DF

Since this system was implemented, it has monitored 52,488 further records of larval density and 32,866 records of weather data from 2005 to 2009 in Kaohsiung City and Pintung County. It reported 210 alarming situations in which larval density (BI) was greater than 49 and gave alerts to the high risk of dengue outbreaks. Among the 210 alarming situations, five records had a larval density (BI) greater than 200 and eight records between 100 and 199, as shown in Table 6.( The temperature in the alarming cases was between 25oC and 30oC, and the relative humidity between 67% and 100%. The observed rainfall during the days of risky larval development was in general low, but it did rain for 1-16 days (average, 4.8 days) before and the rainfall was between 0.5 mm and 103 mm (average, 42.7 mm). 

Table 6 Examples of alarming situations of dengue outbreak in Kaohsiung City between 2005 and 2009   
	Township
	Village
	Date
	BI


	Weather station


	Temperature

(oC)
	Humidity

(%)
	Rainfall

(mm)
	It rained n days before and rainfall

(days/mm)

	Alian
	A-Lian
	2005/06/08
	100~199
	C0V370
	26.5
	N/A
	0
	5
	103

	Fengshan 
	Zhong-Zheng park
	2005/06/10
	(200
	467440
	28.7
	80
	5.5
	7
	103

	Ziguan
	Chi-Kan
	2005/06/20
	100~199
	467440
	28.9
	82
	34.5
	4
	  33.5

	Mituo
	Guang-He
	2005/06/22
	100~199
	467440
	29.3
	82
	1
	2
	  34.5

	Fengshan
	Feng-Dong
	2005/07/01
	100~199
	467440
	30.0
	73
	0
	3
	57

	Qianzhen
	Ming-Zheng
	2005/10/26
	100~199
	467440
	26.8
	72
	0
	16
	  0.5

	Xinxing
	Jian-Xing
	2006/07/20
	100~199
	467440
	29.8
	80
	0
	4
	49

	Sanmin
	Da-Ming
	2008/05/29
	100~199
	467440
	27.4
	84
	56
	7
	17

	Xinxing
	Qiu-Shan
	2009/07/06
	(200
	467590
	28.8
	79
	0
	3
	49.5

	Lingya
	Ling-Zhou
	2009/07/21
	100~199
	467440
	29.6
	81
	0
	3
	28.5

	Qianzhen
	Zhen-Bei
	2009/09/28
	(200
	467440
	28.7
	79
	5.5
	1
	5

	Zuoying
	Guo-Feng
	2009/09/29
	(200
	467440
	28.7
	80
	1
	5
	  2.5

	Qianzhen
	Min-Quan
	2009/10/02
	(200
	467440
	29.2
	78
	0
	2
	 72.5


4. Conclusions

It is always desirable to issue warnings of epidemic outbreaks as early as possible so that public health professionals can take effective measures for prevention and control. In this study we proposed an approach to analyze daily information on larvae and weather data to determine early signs of disease outbreak. To facilitate data analysis, we have derived various models and patterns from a large set of historic data to anticipate spatial/temporal mosquito population and disease outbreaks. The models in turn serve as a basis for the construction of a workable surveillance system. 

This study provided some new knowledge on the temporal relationships between mosquito population dynamics and dengue outbreaks. About 7 days after a bout of rain, if the weather remains warm and humid, there may be a sharp increase in the mosquito population. This is an indication for the action that indoor and outdoor containers should be emptied to remove larvae so that dengue outbreaks can be avoided.  

The development of mosquito density is a temporal process. We further explored the temporal relationship between rainfall and mosquito density development. Rainfall does not have an immediate impact on the multiplication of mosquitoes, and continuous rain can even destroy the habitats of larvae. However, this type of rainfall contributes to the maintenance of a humid environment for larvae to survive.
Finally, we have to take into account lakes, rivers, coasts, woods, and mountains that significantly influence the mosquito spread. This will be elaborated in the forthcoming work.
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