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Abstract. West Nile virus (WNV) is a leading cause of mosquito-borne disease in the United States. Annual seasonal
outbreaks vary in size and location. Predicting where and when higher than normal WNV transmission will occur can help
direct limited public health resources. We developed models for the contiguous United States to identify meteorological
anomalies associated with above average incidence of WNV neuroinvasive disease from 2004 to 2012. We used county-level
WNV data reported to ArboNET and meteorological data from the North American Land Data Assimilation System. As a
result of geographic differences in WNV transmission, we divided the United States into East and West, and 10 climate
regions. Above average annual temperature was associated with increased likelihood of higher than normal WNV
disease incidence, nationally and in most regions. Lower than average annual total precipitation was associated with
higher disease incidence in the eastern United States, but the opposite was true in most western regions. Although
multiple factors influence WNV transmission, these findings show that anomalies in temperature and precipitation are
associated with above average WNV disease incidence. Readily accessible meteorological data may be used to develop
predictive models to forecast geographic areas with elevated WNV disease risk before the coming season.

MATERIALS AND METHODS

West Nile virus (WNV) is a leading cause of arthropodborne viral (arboviral) disease in the United States, with over
37,000 reported cases during 1999–2013.1 An estimated 70–80%
of people infected with the virus are asymptomatic; 20–30%
develop an acute systemic febrile illness, and < 1% experience
neuroinvasive disease (e.g., meningitis, encephalitis, or myelitis).2–5 WNV was first documented in the United States in
New York City in 1999 and subsequently spread westward,
reaching the Pacific coast in 2003.6,7 Since then, WNV has
caused seasonal summer outbreaks that vary in size and
scope.7–9 Although some United States regions have reported
consistently high incidences of WNV disease, other areas
have had only sporadic disease or intermittent outbreaks. No
vaccine or specific treatment of WNV is currently available.10
Reducing mosquito exposure through vector control and
personal protective behaviors are the primary forms of prevention.11 Predicting where and when higher than normal
WNV transmission will occur would help direct public health
control efforts.
WNV is maintained in an enzootic cycle between mosquitoes and amplifying vertebrate hosts, primarily birds.12
The virus is transmitted to humans by infected Culex mosquitoes. Numerous studies have evaluated the impact of weather
on WNV vector or avian host abundance, mosquito infection
rate, or incidence of human disease.6,9–20 However, most of
these studies were performed in limited geographic areas or
over relatively short time periods. We evaluated the independent effects of temperature and precipitation anomalies on
human WNV disease incidence in the United States during
2004–2012. We used national and regional models to assess
variation in these relationships in different climatological
zones of the United States.

Epidemiologic data. WNV disease is a nationally notifiable condition. State health departments report cases to the
Centers for Disease Control and Prevention (CDC) through
the ArboNET surveillance system.13 Cases are reported and
classified as a neuroinvasive or non-neuroinvasive disease
using standard definitions that include clinical and laboratory
criteria. Because of the considerable morbidity associated with
neuroinvasive disease cases, detection and reporting is assumed
to be more consistent and complete than for non-neuroinvasive
disease cases. We limited our analysis to WNV neuroinvasive
disease cases reported to ArboNET by county for 2004–2012.
The WNV disease incidence was calculated using annual population estimates from the U.S. Census Bureau.14
For each county and year, we calculated standardized
z-scores that described annual WNV disease incidence as the
number of standard deviations above or below the mean
values in that county for 2004–2012.15 Using z-scores allowed
us to compare counties with substantially different disease
incidence and variance on the same scale. Of the 3,109 counties
in the continental United States, 1,741 (56%) have never
reported a neuroinvasive WNV disease case; as a result, the
incidence z-scores are skewed and we modeled increased
incidence as a dichotomous variable. We fit models with cutoff
z-score values of 0.5, 1.0, 1.5, and 2.0. The magnitude and
direction of all effect estimates were similar for all z-scores;
therefore, we used a z-score > 0.5 to define above average
incidence to increase the sensitivity of the model.
Meteorological data. Monthly mean temperature and total
precipitation estimates for 2004–2012 were obtained from
the North American Land Data Assimilation System
(NLDAS).16–18 The NLDAS data have a spatial resolution
of ~14
11 km (0.125 °) and were aggregated to the
county level by averaging grid cell values for cells inside each
county boundary.
In the United States, seasonal WNV disease outbreaks typically peak between June and September. Therefore, meteorological conditions were evaluated from October of the prior
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Figure 1. Geographic areas used to assess the relationship between temperature and precipitation anomalies and human West Nile
neuroinvasive disease.

year through September of the given WNV season. For each
county, average annual temperature was calculated by averaging 12 months of temperature data. Average annual total
precipitation was calculated for each county by summing the
monthly precipitation data. Seasonal meteorological variables
were created by averaging monthly temperature and summing
precipitation variables for each quarter (i.e., Fall, October–
December; Winter, January–March; Spring, April–June;
Summer, July–September).
For each county, we calculated standardized z-scores that
describe annual and seasonal temperature and precipitation
as a number of standard deviations above or below the mean
values for 2004–2012. Any non-zero z-score indicates a temperature or precipitation anomaly relative to the average conditions in the county.
United States regions. As a result of geographic differences
in climate and WNV transmission, we divided the United
States into East and West using state boundaries that run

approximately along 95 °–100 ° West longitude (Figure 1).
The east-west boundary was chosen because it approximates
a climatic divide driven by differences in annual rainfall and
the geographic distribution of WNV mosquito vectors and
avian reservoirs.19–21 We further divided the country into
10 climate regions approximately as defined by the National
Oceanic and Atmospheric Administration (NOAA).22 The
NOAA regions were chosen because the climate characteristics related to temperature and rainfall within each multistate
region are relatively homogeneous. To maintain consistency
with the east and west boundary, we divided the NOAA
South region into West South Central and East South Central
regions along the 95 °–100 ° W longitude line.
National data correlations. To evaluate the independent
effects of temperature and precipitation on WNV disease
incidence, we modeled the meteorological variables separately. First, we assessed the correlation between z-scores for
national WNV disease incidence and average national
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Figure 2. Times series from 2004 to 2012 of the annual average temperature (dotted line) and total precipitation (dashed line) z-scores
overlaid on the average West Nile virus (WNV) incidence z-score (solid line) relative to the 2004–2012 baseline for the contiguous United States.

temperature for the contiguous United States during 2004–
2012. Next, we evaluated the correlation between national
disease incidence and total precipitation.
Modeling county-level associations. To evaluate the relationship between WNV disease incidence and meteorological
anomalies at a county level, we used generalized estimating equation regression23 to assess the association between
higher than normal WNV disease incidence (modeled as a
binary variable) and annual and seasonal temperature and
precipitation anomalies for each county in the contiguous
United States, the eastern and western United States, and the
10 climate regions. We used an exchangeable working correlation structure, which assumes that the observations within a
county are equally correlated over time, based on a comparison of the variance–covariance matrices from exchangeable,
autoregressive, and unstructured working correlation structures. For the seasonal temperature and precipitation models,
we used a backward stepwise procedure (stay criteria: P < 0.05)
for variable selection. Results are presented as odds ratios
(ORs) with 95% confidence intervals (CIs) that account for
multiple comparisons, and statistical tests were performed
with an overall Type I error of 0.05. To quantify the increased
risk of experiencing above average WNV disease incidence
for an absolute change in temperature or precipitation, we
calculated the OR for each county given a 1 °C increase in
temperature or 100 mm more total annual precipitation relative to the 9-year average in that county.
To evaluate the national, east/west, and regional temperature and precipitation models, we used receiver operating
characteristic curves to compare the discrimination ability of
each model based on the area under the curve (AUC).24
Using our training data set, we output a continuous predicted
probability of experiencing higher than normal WNV incidence for each county for each year from 2004 to 2012. We
dichotomized these continuous model predictions using the
probability value from the associated receiver operating characteristic curve that simultaneously maximized the sensitivity
and specificity so that predicted probability values greater
than the cut-off were considered higher than normal WNV

years. We compared these dichotomous predictions to the
observed dichotomized z-score classification for each county
and year to obtain the percent false positives and percent false
negatives produced by each model.
RESULTS
National data correlations. National WNV disease incidence z-scores showed a strong positive correlation with average national temperature anomalies during 2004–2012 (r =
0.93, P < 0.01) (Figure 2). The correlation between WNV
disease incidence z-scores and national total precipitation
anomalies was not significant (Figure 2, r = −0.64, P = 0.06).
County-level models. Almost half of the contiguous U.S.
counties (44%) reported above average WNV disease incidence at least one year between 2004–2012 (Figure 3).
Temperature and WNV disease incidence. Higher than
normal average annual temperature increased the likelihood that a county experienced higher than normal WNV
disease incidence nationally, in the eastern and western
United States, and in 7 of 10 NOAA regions (Table 1). This
relationship was not significant in the Southwest, West, and
Northwest regions. Nationally, for each standard deviation
increase in average annual temperature relative to the 9-year
average, a county had a 1.7 times (95% CI: 1.6, 1.8) greater
odds of experiencing higher than normal WNV disease incidence. Seasonally, winter temperature anomalies were the
most consistent predictor of increased disease incidence;
above average winter temperatures were associated with
higher than normal WNV disease incidence nationally, in the
East and West, and in 6 of 10 NOAA regions (Table 2).
The impact of a similar absolute increase in temperature
varied by region (Figure 4). On average, counties in the
Northeast and Southeast regions had five times the odds
(OR = 5.2, 95% CI = 5.0, 5.4) of above average WNV disease
incidence for a 1 °C increase in temperature above the 9-year
average. In the Northern Rockies and Plains region, a 1 °C
increase in temperature doubled the odds of above average
WNV disease incidence (OR = 2.1, 95% CI = 2.0, 2.2),
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Figure 3. Number of years between 2004 and 2012 that a county reported above average incidence of human West Nile virus (WNV), i.e., the
annual z-score for human WNV incidence was > 0.5 based on the 2004–2012 average incidence in that county.

although the counties with the highest sensitivity to increases
in temperature were clustered in the western portion of the
region. Counties in the Upper Midwest, Ohio Valley, and
East and West South Central regions had 1.9 times the odds
(95% CI = 1.9, 1.9) of above average WNV disease incidence
for a 1 °C increase in temperature above the 9-year average.
Precipitation and WNV disease incidence. Modeling results
showed that for the contiguous United States, lower than
normal annual precipitation increased the likelihood that a
county would experience higher than average WNV disease
incidence that year (Table 1). However, this association only
held for four of the five regions in the eastern United States
(Northeast, Southeast, Ohio Valley, and Upper Midwest) and

for one region in the western United States (Northern Rockies
and Plains). By contrast, greater than normal total annual
precipitation was associated with increased WNV disease
incidence in four of the western regions (West South Central,
Southwest, West, and Northwest). This regional variation was
also apparent in the seasonal precipitation models (Table 2).
Drier than normal fall and spring seasons preceded higher
than normal WNV disease incidence seasons in the eastern
United States, whereas wetter than normal winters were associated with higher than average WNV disease incidence years
in the western United States.
As with temperature, the impact of a similar absolute increase
in precipitation varied by region (Figure 4). On average,

Table 1
Odds of above average West Nile virus (WNV) incidence in a county for each standard deviation increase in annual average temperature or total
precipitation* by region, United States, 2004–2012
Annual temperature z-score

Annual precipitation z-score

Area

Odds ratio

95% CI

P value

Odds ratio

95% CI

P value

National
East/West
East
West
Climate region
Northeast
Southeast
Ohio Valley
Upper Midwest
East South Central
West South Central
Northern Rockies / Plains
Southwest
West
Northwest

1.7

(1.6, 1.8)

< 0.01

0.9

(0.9, 0.9)

< 0.01

1.8
1.5

(1.7, 1.9)
(1.4, 1.6)

< 0.01
< 0.01

0.8
1.1

(0.7, 0.8)
(1.0, 1.1)

< 0.01
0.07

2.2
2.2
1.7
1.8
1.7
1.4
2.1
1.1
1.1
1.0

(1.9, 2.6)
(1.9, 2.5)
(1.6, 1.9)
(1.6, 2.0)
(1.4, 1.9)
(1.2, 1.6)
(1.9, 2.4)
(0.9, 1.3)
(0.9, 1.3)
(0.9, 1.2)

< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
0.38
0.32
0.84

0.6
0.7
0.8
0.8
1.0
1.3
0.6
1.4
1.5
2.0

(0.5, 0.8)
(0.6, 0.8)
(0.7, 0.8)
(0.7, 0.9)
(0.9, 1.1)
(1.1, 1.4)
(0.6, 0.7)
(1.2, 1.6)
(1.2, 1.8)
(1.4, 2.8)

< 0.01
< 0.01
< 0.01
< 0.01
0.82
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01

*Climate z-scores are relative to the annual temperature/precipitation from the 2004–2012 baseline period.
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Table 2
Odds of above average West Nile virus (WNV) incidence in a county for each standard deviation increase in seasonal* temperature or
precipitation† by region, United States, 2004–2012‡
Seasonal temperature z-score
Fall
Area

National
East/West
East
West
NOAA Region
Northeast
Southeast
Ohio Valley
Upper Midwest
East South Central
West South Central
Northern Rockies / Plains
Southwest
West
Northwest

Odds
ratio

95% CI

1.1

(1.1, 1.2)

−
1.2
−
−
−
1.8
0.8
0.8
2.0
−
−
−

Winter

Spring

P value

Odds
ratio

95% CI

P value

Odds
ratio

< 0.01

1.6

(1.5, 1.7)

< 0.01

1.2

(1.1, 1.2)

−
(1.1, 1.3)

−
< 0.01

1.8
1.3

(1.7, 2.0)
(1.2, 1.4)

< 0.01
< 0.01

1.1
1.2

−
−
−
(1.4, 2.3)
(0.7, 0.9)
(0.7, 0.9)
(1.7, 2.4)
−
−
−

−
−
−
< 0.01
< 0.01
< 0.01
< 0.01
−
−
−

1.7
2.1
1.8
−
2.9
2.3
−
−
1.3
0.2

(1.4, 2.0)
(1.7, 2.6)
(1.6, 2.0)
−
(2.2, 3.7)
(1.9, 2.9)
−
−
(1.0, 1.7)
(0.1, 0.3)

< 0.01
< 0.01
< 0.01
−
< 0.01
< 0.01
−
−
0.04
< 0.01

−
1.5
−
−
−
−
1.7
1.3
−
8.2

Summer
P value

Odds
ratio

95% CI

P value

< 0.01

−

−

−

(1.0, 1.2)
(1.1, 1.3)

0.01
< 0.01

−
−

−
−

−
−

−
(1.1, 1.9)
−
−
−
−
(1.4, 2.1)
(1.0, 1.6)
−
(3.0, 22.7)

−
< 0.01
−
−
−
−
< 0.01
0.02
−
< 0.01

1.7
−
−
−
0.8
0.8
−
−
−
−

(1.3, 2.2)
−
−
−
(0.6, 0.8)
(0.7, 0.9)
−
−
−
−

< 0.01
−
−
−
< 0.01
< 0.01
−
−
−
−

95% CI

Seasonal precipitation z-score
Fall
Area

National
East/
West
East
West
NOAA region
Northeast
Southeast
Ohio Valley
Upper Midwest
East South Central
West South Central
Northern Rockies/Plains
Southwest
West
Northwest

Odds
ratio

95% CI

0.9

(0.9, 1.0)

0.9
−
−
0.7
−
0.8
−
−
0.7
1.4
−
1.9

Winter

Spring

Odds
ratio

95% CI

0.01

1.2

(1.1, 1.2)

(0.7, 0.8)
−

< 0.01
−

−
1.4

−
(0.5, 0.8)
−
(0.7, 0.9)
−
−
(0.6, 0.8)
(1.1, 1.7)
−
(1.4, 2.6)

−
< 0.01
−
< 0.01
−
−
< 0.01
< 0.01
−
< 0.01

0.7
0.8
−
1.2
1.3
1.7
−
1.2
−
2.3

P value

Summer

P value

Odds
ratio

95% CI

P value

Odds
ratio

95% CI

P value

< 0.01

0.8

(0.8, 0.9)

< 0.01

−

−

−

−
(1.3, 1.5)

−
< 0.01

0.7
0.9

(0.7, 0.8)
(0.9, 1.0)

< 0.01
0.02

−
−

−
−

−
−

(0.6, 0.9)
(0.7, 0.9)
−
(1.0, 1.3)
(1.2, 1.5)
(1.5, 2.0)
−
(1.0, 1.5)
−
(1.5, 3.3)

< 0.01
< 0.01
−
0.01
< 0.01
< 0.01
−
0.02
−
< 0.01

0.5
−
0.6
0.9
0.8
0.8
0.9
−
1.5
−

(0.4, 0.6)
−
(0.5, 0.7)
(0.7, 1.0)
(0.7, 0.9)
(0.7, 0.9)
(0.8, 1.0)
−
(1.2, 1.8)
−

< 0.01
−
< 0.01
0.04
< 0.01
< 0.01
0.02
−
< 0.01
−

−
−
−
−
−
−
0.7
1.2
−
1.5

−
−
−
−
−
−
(0.6, 0.8)
(1.1, 1.5)
−
(1.1, 2.0)

−
−
−
−
−
−
< 0.01
0.01
−
0.01

*Fall (Oct–Dec), Winter (Jan–Mar), Spring (Apr–May), Summer (July–Sept).
†Climate z-scores are relative to the temperature/precipitation in a season from the 2004–2012 baseline period.
‡Values selected for each model were based on a backward stepwise procedure with a stay criteria of P < 0.05. Variables that were not significant, and therefore dropped from the model,
are shown as –.

counties in the Northwest, West, Southwest, and West South
Central regions had 1.4 times the odds (95% CI = 1.3, 1.4) of
above average WNV disease incidence if they received 100 mm
more annual total precipitation than the 9-year average. In
contrast, in all other regions (except the East South Central
region where precipitation was not significant), the odds of
above average WNV disease incidence was lower if they
received 100 mm more annual total precipitation than the
9-year average (OR = 0.9, 95% CI = 0.8, 0.9).
Model fit. Based on our AUC values, temperature was more
useful than precipitation in discriminating between counties
with higher than normal WNV disease incidence and those
with normal or below normal incidence in the national (temperature = 0.65 versus precipitation = 0.53), east/west (temperature = 0.67 versus precipitation = 0.59), and regional models
(temperature = 0.71 versus precipitation = 0.65) (Table 3). For
both temperature and precipitation, the regional models provided better estimates of WNV disease risk than the national
or east/west models. The regional temperature model correctly
predicted the most counties (61%) and had the lowest percent

false positives (37%). There was not substantial variation in the
percent false negatives across models.
DISCUSSION
National and regional models showed higher than average
temperature in the months preceding a WNV season was
associated with increased risk of higher than average WNV
disease incidence. Other epidemiologic investigations have
found similar associations between warmer than normal temperatures in the months before a WNV season and increased
human disease cases using a variety of meteorological measures including fewer cold winter days,25 warmer mean minimum temperature in January,26 warmer winter temperatures,27
and monthly temperature anomalies from the 30-year average.28 Higher temperature favors greater larval29 and adult
mosquito abundance,30–33 likely caused by the acceleration of
larval emergence, development and adult reproduction, and
more successful overwintering of adults or eggs.34,35 The rate
of WNV replication in adult mosquitoes is also positively
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Figure 4. Odds of experiencing a higher than normal West Nile virus (WNV) year if the A) annual average temperature in a county is 1 °C
warmer than normal or B) the total annual precipitation is 100 mm more than normal.

associated with temperature, which reduces the time interval
between a blood meal to when an adult mosquito can transmit
the virus to another host36 and results in an augmented mosquito infection rate.37 Warmer than normal winter temperatures may also impact bird migration, hatching, or avian
community composition,38,39 all of which have been shown to
impact WNV dynamics.40–43 Finally, higher than normal temperatures during the summer may modify human behavior
and influence exposure to infected mosquitoes.
The association between precipitation and WNV disease
incidence varied regionally, which may be partly explained by
the diversity of WNV disease ecology across the United States.
Lower than normal total annual precipitation was associated
with increased WNV disease in most eastern regions and the
Northern Rockies and Plains, and higher than normal total
precipitation was associated with increased WNV incidence in

the remaining western regions. The eastern and western
United States are climatically distinct, with semi-arid to desert
regions dominating the West. In the East, humid continental,
temperate, or subtropical regions are present across a latitudinal gradient from north to south. From 2004 to 2012, average annual precipitation in the East was 1,136 mm (SD = 191)
compared with 677 mm (SD = 333) in the West. Additionally,
the eastern United States is dominated by “urbanized areas”
(> 50,000 population) and “urban clusters” (2,500–50,000 population), whereas the western United States has more rural
areas.44 The primary WNV mosquito vectors also vary geographically, with Culex pipiens in the northern United States,
Culex quinquefasciatus in the southern states, and Culex
tarsalis in the plains and western states with areas that overlap
the distribution of the other two vectors.45 The vectors have
different breeding habitat requirements ranging from fresh,
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Table 3
Area under the curve (AUC) from ROC curves and model evaluation
criteria based on the 2004–2012 national training data set, for the
annual temperature and precipitation z-score models of above average WNV incidence
Classification*
Annual climate z-score
models

National
Temperature
Precipitation
East/West
Temperature
Precipitation
Climate region
Temperature
Precipitation

AUC

Percent
correct

Percent false
positives

Percent false
negatives

0.65
0.53

54.6
50.4

43.0
45.8

2.4
3.8

0.67
0.59

53.9
55.5

43.9
41.2

2.2
3.3

0.71
0.65

60.6
53.1

37.0
44.6

2.4
2.3

*Dichotomous predictions for all counties in the contiguous United States for 2004–2012
were compared with the actual dichotomized West Nile virus (WNV) z-scores for each
county and year.

sunlit water found in irrigated fields preferred by Cx. tarsalis46
to stagnant, high-nutrient water often in small containers in
backyards used by Cx. pipiens and Cx. quinquefasciatus.47,48
As a result of these regional differences in climate, land
use, and mosquito distribution and habitat requirements, in
the wetter eastern regions of the country where mosquitoes
that breed in standing water with high organic content are the
dominant WNV vector, less than normal precipitation may
create breeding habitats as seasonal streams and ponds begin
to dry, leaving behind stagnant pools of water. In urban and
suburban areas, catch basins and underground storm drain
systems have been implicated as important oviposition and
larval development sites.29 A recent study found that low
rainfall favored high larval abundance in these water sources,
and a single multi-hour rainfall event exceeding 35 mm was
enough to flush almost all larvae from a catch basin.29 In
contrast, in western counties, Cx. tarsalis is generally most
abundant in rural areas with a high percentage of grasslands,
pasture, or irrigated agricultural land.31,46 In these typically
warm and dry regions, excess rainfall may increase WNV risk
by creating temporary standing pools of water for female
mosquitoes to lay their eggs.31,33 Bowden and others49 found
that human WNV disease was associated with urban land
covers in the Northeast and rural land covers in the western
United States, further supporting the suggestion that the contrasting urban, Cx. pipiens-driven disease ecology in the eastern
United States and the rural, Cx. tarsalis-driven ecology in the
western United States could account for the variable impact
of precipitation on human WNV incidence.
The finding that the relationship between precipitation and
WNV disease incidence in the Northern Rockies and Plains
region mirrored that of the wetter eastern regions was unexpected given that the average annual total precipitation in this
region (564 mm) is more similar to the dry western regions.
Unlike the dry but warmer Southwest and West regions, longterm snow accumulation in the Northern Rockies and Plains19
may ensure sufficient soil moisture in the mosquito breeding
season in early spring such that temperature is the limiting
environmental condition for mosquito populations. Additionally, the eastern edge of this region, where most of the human
WNV cases occur, is environmentally more similar to the
Upper Midwest than it is to the western parts of this region,
which may explain why the precipitation relationship is
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similar to the wetter eastern regions. Although the average
climate of the Northwest is cooler and wetter than the other
western regions, the relationships between temperature, precipitation, and WNV disease were surprisingly similar.
Our results showed that, on average, counties in the eastern
United States had a 5-fold increase in the odds of having
higher than normal WNV incidence associated with a 1 °C
higher than normal annual average temperature. For reference, in 2012, the warmest year in the 20th century in the
United States,50 71% of counties in the contiguous United
States experienced an annual temperature at least 1 °C higher
than the 2004–2012 average. Similarly, we estimated the
impact of a 100 mm precipitation anomaly and found significant influences on WNV incidence. In 2012, about 9% of
counties in both the East and West received over 100 mm
more total annual precipitation than normal.50
Our AUC results show that modeling WNV disease incidence regionally provides more accurate estimates of WNV
risk than national models, likely caused by geographic differences in climate and mosquito and bird distribution.19–21
Although the regional models explained more of the variance
in human WNV disease incidence than the national or east/
west models, a limitation of modeling at the regional scale
using political divisions is that there are discrete boundaries
between regions that suggest sometimes substantially different relationships between temperature or precipitation anomalies and WNV risk. For example, along the border between
Kansas and Missouri, our models suggest that wetter than
normal conditions facilitate WNV transmission in Kansas,
although the opposite is true in Missouri. In reality, the relationship between precipitation anomalies and WNV transmission is likely more nuanced; however, the number of WNV
neuroinvasive disease cases in our data set does not permit
modeling in smaller regions. Regardless, the overlap in the distribution of Cx. tarsalis with Cx. pipiens and Cx quinquefasciatus
along the east/west boundary could provide a biological basis
for the contrasting precipitation impacts across such a limited
spatial gradient. In a comparison of precipitation impacts on
WNV risk in eastern and western Colorado, Shaman and
others51 speculated that wetter than normal spring seasons in
the dry eastern plains may favor Cx. tarsalis breeding sites,
whereas drier than normal conditions in the wetter mountain
west may favor Cx. pipiens breeding. In areas where multiple
mosquito vectors are present, precipitation anomalies in
either direction may provide the ideal breeding sites for one
of the vectors.
In addition to temperature and precipitation, many other
factors may also influence WNV transmission and disease
risk. Among these are seasonal shifts in mosquito feeding
preferences from amplifying bird hosts to humans after birds
have migrated42 or differences in land use that impact bird
reservoir community composition or viral prevalence.52–55
Enzootic transmission of the virus can be decreased if mosquitoes feed on low reservoir-competent avian hosts56 or by
herd immunity in the bird population.57 Others have documented the impact of human behavior and interventions on
WNV incidence patterns such as mosquito control, neglected
swimming pools that provide mosquito breeding habitat, or
having water-holding containers in the backyard.58–60 Similarly,
the use of personal protection such as repellent is influenced by
individual risk perception and may vary from year to year
depending on media coverage and public health messaging.61,62
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We have shown that using only annual temperature we can
create a model that identifies higher than normal WNV disease incidence in a county with “fair” accuracy.63 AUC values
range from 0 to 1, where 0.5 suggests the model does not
discriminate better than random chance, whereas a value of
one signifies a perfect test.64 Our values ranged from 0.53
to 0.71. There are several potential strategies for improving
the predictive capability of this model. A univariate modeling
approach was used here because our primary objective was to
explore the independent associations between temperature or
precipitation and WNV incidence and to determine whether
proceeding with development of a predictive model for
WNV is worthwhile. A multivariate modeling approach that
employs seasonal temperature and precipitation variables
together, integrates additional meteorological data, and uses
non-climatic data such as census information and land cover,
will likely explain an even higher percentage of inter-annual
variation in WNV disease incidence. Refining the analysis
using ecologically or climate-based regions that may more
accurately reflect mosquito and bird distributions rather than
political borders may also improve the predictive model. Our
seasonal model results show that meteorological variables that
precede the WNV season are stronger predictors of human
WNV incidence than summer temperature and precipitation.
Wimberly and others28 similarly found that December and
January temperature anomalies were the most geographically
consistent predictor of interannual WNV incidence. This suggests that forecasts of WNV risk based on winter and spring
meteorological variables could be made several months in
advance of the summer peak of WNV cases, and would not
be substantially improved by waiting for summer meteorological variables to become available.
In summary, we have shown that annual temperature and
precipitation anomalies are associated with increased WNV
incidence. Modeling WNV regionally provides more accurate
predictions of WNV risk than a national approach. This study
provides a unique regional comparison of the relationships
between temperature, precipitation, and WNV anomalies,
and our results show that there is variation in the meteorological influences on WNV incidence between different climatological regions of the United States. This study suggests that
it may be possible to develop a predictive model that
forecasts the likelihood of increased WNV disease incidence
in the weeks or months before the onset of the peak transmission season.
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