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Incorporation of MOS temperature forecasts into models of mosquito population growth
greatly improved the lead time for predicting the timing of the heightened
disease threat for humans and animals.

W

est Nile virus (WNV) was first identified in
the United States in 1999 and reached epidemic proportions by the summer of 2002.
Currently, WNV has spread throughout much of
North America, and every year it is the cause of numerous human infection cases. WNV is a mosquitoborne virus, and the vector species transmitting the
virus vary regionally (Hayes and Gubler 2006). In the
north-central and eastern United States, two mosquito
species—Culex (Cx.) restuans, the white-spotted mosquito, and Cx. pipiens, the northern house mosquito—
are believed to be important to the transmission cycle
of WNV (e.g. Lampman et al. 2006, Hamer et al. 2008).
The abundance of Cx. pipiens, the vector species for
WNV transmission to humans, is low in spring but
becomes the dominant species later in the summer,
as Cx. restuans, the early-season mosquito, decreases
in abundance. The time when the relative proportion
of the two species becomes equal and after which the
Cx. pipiens becomes the dominant species is termed
crossover and usually precedes the peak infection rate
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in vector mosquitoes by 2–3 weeks (Lampman et al.
2006). This crossover between the two Culex species
is considered a harbinger of increased risk of WNV
transmission to humans, horses, birds, and other
wildlife in the Midwest.
Temperature has been shown to be important
in predicting the transmission dynamics of WNV.
Temperature impacts both the mosquito vectors and
the virus itself. In the urban landscapes of Chicago,
Illinois, an area of high WNV transmission, temperature and precipitation explained up to 79% of
the spatial variation in WNV infection in mosquitoes
among all the environmental features measured (Ruiz
et al. 2010). Kunkel et al. (2006), using nearly 20 years
of data, showed a correlation between degree-day
(DD) accumulation and the timing of the crossover
from Cx. restuans to Cx. pipiens. Further, Kunkel et al.
(2006) developed two models to predict the crossover date for Cx. restuans and Cx. pipiens in central
Illinois, one based on daily maximum temperature
Tmax and one based on a modified degree-day index.
september 2011

| 1173

Unauthenticated | Downloaded 01/09/23 09:00 AM UTC

Since 2004, these two models have been run
weekly by the Midwestern Regional Climate Center
at the Illinois State Water Survey (http://mcc.sws.
uiuc.edu/research/westnile/index_anim.htm) from
1 May through the time when the predicted crossover is reached. These models employ real-time
daily temperature observations through the model
run date and historical observations for the remainder of the summertime mosquito breeding season.
These models were modified in 2009 to incorporate
National Weather Service (NWS) model output statistics (MOS; Glahn and Lowry 1972; Carroll 2005)
temperature forecasts as input for the 10-day period
immediately following the model run date. This was
done assuming that MOS forecasted temperatures
would be close to the actual temperatures and would
result in an earlier prediction of the crossover date.
This would allow mosquito abatement to occur in a
timelier manner to limit the number of WNV cases.
With sufficient accuracy, the early prediction of the
crossover also would be useful in optimizing the use
of limited abatement resources. This paper assesses
the utility of these models to predict the seasonal shift
in mosquito populations for the 2002–09 summers.
METHODS. The relative abundance of Cx. restuans
and Cx. pipiens mosquito populations has been
monitored in the Urbana–Champaign area of Illinois
since 1988 by the Illinois Natural History Survey.
Egg rafts for these species (each raft containing some
100–400 eggs) were collected daily (often Monday–
Friday) from oviposition traps at 9–16 sites located
throughout the Urbana–Champaign area (Fig. 1).
Although locations and the participation status of
observers varied from year to year depending on
the focus of the surveillance program, the habitats
generally included residential, park, industrial/
commercial, campus, livestock stables, and woodlot areas (Lampman et al. 2006). The species were
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determined by the morphological characteristics in
the larvae stage (Darsie and Ward 1981). Egg-raft data
from the various collection sites were pooled together
on a daily basis for each species. The proportions
of the two species were compared to determine the
crossover date, the first of several consecutive days
when the number of egg rafts from the two species are
equal, typically providing an index when Cx. pipiens
starts to become the predominant vector species.
Such mosquito observations are rare, because the
collection procedures and the analysis to determine
species type are both labor and time intensive (Lee
and Rowley 2000; Gong et al. 2011). The ability to
accurately estimate the crossover date from easily
measured environmental parameters ideally could
reduce the need for such measurements.
Because the mosquito measurements are confined
to the Champaign–Urbana–Savoy region of Illinois,
daily temperature and precipitation data from the
Urbana National Oceanic and Atmospheric Administration (NOAA) cooperative observer site (118740),
which is located on the southern edge of the University
of Illinois campus and Champaign, Illinois, are employed in the model. The site is in a grassy area surrounded by a mixture of trees, buildings, roads, and
agricultural fields. Because of the lack of topographic
variability, the close proximity (1–7 km) of the collection sites to the climate station, and the similarity in
land cover, it is assumed that the daily observations are
representative of the local region. Following Kunkel
et al. (2006), it is further assumed that the crossover
models are appropriate for small communities in the
central Midwest. Because temperatures of urban,
suburban, and rural areas differ and because temperature changes with latitude, it is likely that the model
would have to be recalibrated for regional variations
in landuse type and latitude.
The first model developed by Kunkel et al. (2006)
to predict the date of the crossover between the two
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Fig. 1. Location of mosquito traps (yellow circles) in
the Champaign–Urbana area. The Urbana NOAA cooperative observer site (118740) is noted as an orange
triangle in the southern portion of the area.

records for the remainder of the summer, using each
year starting with 1900 as a possible scenario. The 100+
predicted crossover dates are stored from the earliest
to the latest days of the year. The result is a probability distribution of crossover dates, which provides an
estimate of both the variance and the mean of the
estimated crossover date (Kunkel et al. 2006). Using
this method allows for easy display of the earliest date;
the 10%, 25%, 50%, 75%, and 90% probabilities; and
the latest crossover date based on the historical record.
These probabilities provide a range of dates when the
crossover could be expected. An example of this is
presented in Fig. 2. Although the predicted crossover
date occurs when the number of accumulated days or
degree-days reaches a threshold value, to visually draw
attention to the crossover occurrence, it is graphically
displayed as occurring when the probability of occurrence converges on a single date. The models were
tested in 2004 and have been run operationally since
2005, weekly from May through the time when the
predicted crossover date is reached.
An idiosyncrasy of both models is that the predicted crossover date determined by each model is
usually close to and sometimes a few days earlier
than the run date. Because the model is not run daily,
the run date can be later than the modeled crossover
date. However, predicting the crossover date earlier is
important, because it would allow the timing of abatement applications to be optimized and reduce the
transmission of the virus to humans. In an attempt
to improve the lead time between the model run date
and the forecasted crossover date, the DD and Tmax
models were modified to include MOS forecasts of
daily minimum and maximum temperatures for the

mosquito species, the Tmax model, is based on the accumulation of the number of days when the daily maximum temperature exceeds 27°C (81°F). The second
model, the DD model, is based on a modified degreeday parameter, the accumulation of the departure
(in degrees) of the average temperature in excess of
17°C (63°F). The crossover occurs when the threshold
of accumulated days for the Tmax model or accumulated degree-days for the DD model is reached. These
thresholds are computed by using an empirically
derived linear relationship between
the crossover date and the accumulated days for the Tmax model and the
accumulated modified degree-days
for the DD model as determined for
the period 1988–2003 and described
by Kunkel et al. (2006). The crossover
date and thermal parameters are inversely related so that the crossover
date typically occurs earlier in hot
summers and later in cool summers.
The model-derived crossover dates
and the actual crossover dates as
determined from the mosquito data
were found to be similar (Kunkel
Fig. 2. Example output of the Tmax model for 2005. The actual crosset al. 2006).
over date occurs when the threshold number of thermal units is
Both models employ real-time
achieved. During this year, the actual crossover occurred on 1 Aug,
daily temperatures for the year to
the forecasted crossover occurred on 25 Jul, and the date of the
date and then historical temperature
model run was 26 Jul.
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Tmax and DD models (without MOS
temperature forecasts) are presented
in Fig. 3. For 6 of the 8 years, at least
one model was within one week of
actual crossover. For the Tmax model,
there were 5 years when the model
specified the crossover within 8 days
of the actual date. For the DD model,
there were 6 years when the modeled
crossover was within 3 days of the
actual crossover. For each model,
there were 2 years when the predicFig. 3. Crossover dates obtained from mosquito larvae observations
tion diverged by more than 2 weeks
(actual) and from the Tmax and DD models for 2002–09.
from the actual crossover date. In all
10 days forward from the model run date, followed but one year, at least one model was within 2 weeks of
by daily temperatures based on historical data. This the actual crossover date (Table 1). In 2009, however,
assumes that the 10-day MOS daily maximum and all models performed poorly, with the actual crossminimum temperature predictions are commen- over occurring about 8 weeks before the modeled
surate with the actual temperature for the 10 days crossover. The results for 2009 are examined in the
forward from the model run date. Daily MOS 10-day section “2009 results.”
temperatures forecasts were available for May–
Inclusion of the MOS forecasted temperatures
September 2002–09. The models, with and without in the two models improved the lead time of the
the MOS data, were run twice a week, and their prediction by about 9 days for both the Tmax and DD
results were compared. The mosquito and weather models (Table 2). This is partly because, during the
data were further grouped by whether the summer 10 days the MOS data are used, a single MOS value
was generally cool (below-average temperatures) or replaces the range of historical values and because
warm (above-average temperatures) to examine more the MOS values are closer to the actual values than a
specifically how temperature and, to a lesser extent, mean value that may be the result of a broad range of
precipitation may be related to mosquito population values. Assuming the forecasted crossover is correct,
crossover dates.
the lead time is about 8 days for the Tmax model and
about 6 days for the DD model. This improvement
RESULTS AND DISCUSSION. Overall results in lead time is significant for the timing of mosquito
and incorporation of MOS forecasted temperature. abatement practices.
The actual crossover date as determined from the
Small differences were found between the actual
mosquito egg-raft samples and as estimated by the and modeled crossover dates (Table 1), suggesting
Table 1. Difference in modeled crossover dates from the actual crossover dates and differences in modeled
crossover dates with and without MOS. The mean of the absolute value of the differences is given.
Difference from actual crossover
(actual – modeled)

Difference in model crossover dates
(non-MOS – MOS)

Models/year

Tmax

DD

Tmax MOS

DD MOS

Tmax

DD

2002

4

3

4

−1

0

−4

2003

5

0

3

−3

−2

−3

2004

−9

−19

−10

−14

−1

5

2005

8

2

8

2

0

0

2006

2

−2

2

−3

0

−1

2007

5

−2

11

−1

6

1

2008

15

−1

16

0

1

1

2009

−57

−50

−57

−50

0

0

Mean_Abs

13.1

9.9

13.9

9.25

1.25

1.9
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Table 2. Lead time (crossover date – model run date) provided by the Tmax and DD models without
MOS and by the same models incorporating MOS forecasted temperatures. Difference in lead
time for each model with and without MOS temperatures (days).
Difference in lead time
(MOS – non-MOS)

Lead time of forecast
Models/year

Tmax

DD

Tmax MOS

DD MOS

Tmax

DD

2002

−2

−1

9

6

11

7

2003

−1

0

8

7

7

7

2004

0

0

8

7

7

10

2005

−1

−2

10

9

11

11

2006

0

0

7

4

7

7

2007

−2

−2

6

2

14

14

2008

0

−2

9

5

10

11

2009

0

0

10

8

10

7

Avg

−0.75

−0.75

8.4

5.75

9.6

9.25

small differences in the actual and MOS forecasted
temperatures. Errors in the MOS temperature forecasts did not significantly impact the accuracy of the
predicted crossover dates, particularly in comparison
to the gains made in forecast lead time. Other meteorological factors besides temperature may have
affected mosquito development and the crossover
date, such as precipitation, relative humidity, and
evaporation (DeGaetano 2005; Gong et al. 2011; Ruiz
et al. 2010), and are not accounted for in the crossover
models.
Ef fec t s of temperature.
Cx. pipiens develops from
the egg to the adult stage,
generally in a period of
9–14 days (Henn et a l.
2008), with overlapping
generations of mosquitoes
coexisting as the season
progresses. Development
time is influenced by water
temperature, nutrient quality and quantity, and larval
crowding. During warm
years, mosquitoes mature
to adulthood more rapidly,
and thus the Cx. pipiens
populations increase more
rapidly and the crossover
is earlier. An example of
the number of mosquito
egg rafts and daily weather
conditions found during a

typical warm summer is presented in Fig. 4. Both the
weather data and egg-raft data are noisy, so a 7-day
running mean filter was applied. Note that both the
maximum and minimum temperatures tended to be
above normal to normal for about 8 weeks prior to
the early crossover date (1 August 2005). The peak
occurrence of Cx. pipiens was about 19 August 2005,
with a secondary peak about 15 September 2005. This
secondary peak occurred during a late-season period
of above-average temperatures.

Fig. 4. The 7-day running mean of the number of Cx. restuans egg rafts (blue)
and Cx. pipiens egg rafts (red), the proportion of Cx. pipiens to the total
population of Cx. pipiens and Cx. restuans (green), the 7-day running mean of
the deviation of maximum (orange) and minimum (light blue) temperatures
from the 30-yr normal temperatures, and daily precipitation (violet) from
1 May to 30 Sep 2005. Early crossover date of 1 Aug 2005.
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2009 results. The crossover of 29 June
for the summer of 2009 occurred
earlier than in the previous 20 yr of
mosquito egg-raft sampling. Both the
Tmax and DD models failed to predict
this early crossover date. The Tmax
and DD model runs on 28 June 2009
without the MOS data predicted a
crossover of 29–30 July 2009, 4 weeks
after the actual date. Temperature
trends in 2009 were unusual, with an
early-season heat wave followed by
an extremely cool July, and contributed to the poor model performance.
The early development of Cx. pipiens
larvae coincided with the end of an
Fig. 5. The 7-day running mean of the number of Cx. restuans egg rafts
11-day heat wave (16–27 June 2009)
(blue) and Cx. pipiens egg rafts (red), the proportion of Cx. pipiens to
when above-normal temperatures
the total population of Cx. pipiens and Cx. restuans (green), the 7-day
were observed with maximum temrunning mean of the deviation of maximum (orange) and minimum
peratures of 32°C (89°F) or greater
(light blue) temperatures from the 30-yr normal temperatures, and
and minimum temperatures of
daily precipitation (violet) from 1 May to 30 Sep 2008. Late crossover
19°C (67°F) or greater. On 28 June
date of 22 Aug 2008.
2009, a distinct downward shift
in temperature regime occurred
During cooler summers, the Cx. pipiens becomes in Illinois and the central Midwest. From 28 June
the predominant species later in the summer. Figure 5 through July 2009, cooler-than-average temperatures
shows that for 2008, the crossover date was 22 August were observed (Fig. 7), slowing mosquito development
2008. Both the maximum and minimum tempera- of both Culex species, which remained at about the
tures during this year tended to be below normal to same levels for approximately 3 weeks. July 2009 was
normal for almost 9 weeks prior to the crossover date. the coldest July on record for central Illinois, some
The peak occurrence of Cx. pipiens followed about 3°C below average. Temperatures of 32°C or greater
2 weeks later (4 September 2008) and about 2 weeks were not observed again until 8 August 2009, and
later than the first Cx. pipiens peak of 2005.
minimum temperatures of 19°C or greater did not
The 2002–09 sample years contained 5 years when an occur until 10 August 2009. The cool temperatures
early crossover was observed (up to 1 August) and 3 years drastically reduced the degree-day unit accumulawhen a late crossover was observed (15 August and later). tion rate, forcing the predicted crossover date to be
Combining the temperature data for
the five early years and the three late
years and using the crossover date as
the point of reference (day zero), trends
in temperature can be easily seen
(Fig. 6). Prior to the actual crossover,
there appears to be about a 9-week
period of average to above-average
temperatures for the early crossover
years, and about a 9-week period of
average to below-average temperatures for the late crossover years. This
suggests that the conditions for the
two most recent months prior to the
Fig. 6. The 7-day running mean of the deviation of maximum (solid)
model run date may be of particular
and minimum (dashed) temperature from normal averaged for the
importance to the rate of Cx. pipiens
five early crossover years (red) and the three late crossover years
population growth.
(blue).
1178 |
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later. The Tmax and DD models (with
MOS temperature forecasts) ran on
16 and 12 August 2009, 6 weeks after
the actual crossover, predicted 26
and 19 August 2009 as the crossover
dates, respectively, some 8–9 weeks
after the actual crossover.
Prior to the crossover in 2009, a
total of 248 degree-day units based
on a 17°C base temperature (17DD)
were accumulated. The average
number of 17DD units accumulated prior to the crossover dates for
the years 1988–2008 is 442, nearly
double that of 2009. Prior to 2009,
the lowest total of 17DD units was
Fig. 7. The 7-day running mean of the number of Cx. restuans egg rafts
328 in 1988, when the crossover oc(blue) and Cx. pipiens egg rafts (red), the proportion of Cx. pipiens to
curred on 10 July. This might suggest
the total population of Cx. pipiens and Cx. restuans (green), the 7-day
that a rapid rate of accumulation of
running mean of the deviation of maximum (orange) and minimum
17DD units in the early summer
(light blue) temperatures from the 30-yr normal temperatures, and
could signal that the crossover is
daily precipitation (violet) from 1 May to 30 Sep 2009. Very early
imminent. From 1988 to the present,
crossover date of 29 Jun 2009.
only one other period with a similar
rapid accumulation of degree-days
occurred in the May–June time period (1994), and, and timing relates directly to the ability of Culex to
since 1895, only five other (1931, 1933, 1934, 1953, and reproduce and grow in abundance, by affecting the
1954) such early season events occurred. In 1994, a number of aquatic habitat sites. Precipitation also can
similar early crossover did not occur, however, sug- be detrimental to mosquito populations by disrupting
gesting that other factors were involved in the early the egg rafts, reducing (diluting) available food, or
development of Cx. pipiens.
impacting adult flight or survivorship if precipitation
Although the crossover in 2009 occurred ear- rates are particularly intense (DeGaetano 2005).
lier than predicted from all model runs, the peak in
In this study, during the relatively warm and dry
abundance of Cx. pipiens was substantially delayed early crossover years, it appeared that sufficient rain
by the cold July, not reaching its maximum until events occurred to avoid drying out habitat sites that
mid-August, about 6 weeks after the crossover. The would have prevented the growth of Culex populapeak in Cx. pipiens still occurred a week or two ahead tions. During the cooler, wetter late crossover years,
of the crossover dates predicted by the Tmax and DD precipitation events did not prevent the eventual develmodels (26 and 19 August 2009, respectively). In opment of Cx pipiens. Although precipitation was not
future summers, we will be alert to periods of early- specifically modeled and did not seem to impact the
summer high accumulation rates of 17DD units, model forecasts during the years presented here, the
particularly when followed by a period of abnormally occurrence of heavy and frequent precipitation should
low temperatures.
be considered as a potential source of error in models
based solely on temperature. Further, the spatial variPossible role of precipitation in determining crossover date. ability of convective precipitation events may lead to
Precipitation can impact Culex development but in a single-station rainfall amounts that do not represent
manner less easy to model. Culex mosquitoes develop areawide precipitation amounts. Future research will
from egg through four larval stages to pupae, with all include studies incorporating the spatial distribution
living in stagnant water. Adult female mosquitoes lay of both precipitation and mosquito egg rafts.
egg rafts on the water surface. The larval stage of the
mosquito is entirely aquatic, although larvae periodi- SUMMARY AND CONCLUSIONS. The peak in
cally surface to breathe. The larvae are filter feeders, WNV infection rate is preceded by a seasonal shift in
browsing on microbes that colonize organic matter the Cx. restuans and Cx. pipiens populations in the midsuch as plant detritus. Thus, precipitation amount western United States (Lampman et al. 2006). Models
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september 2011

| 1179

Unauthenticated | Downloaded 01/09/23 09:00 AM UTC

predicting this seasonal shift in population have been
run operationally at the Midwestern Regional Climate
Center since 2004. In 2009, the models were modified to incorporate NWS MOS 10-day temperature
forecasts. This paper evaluated the effectiveness and
lead time of these models to predict the crossover date
when the proportion of Cx. pipiens becomes equal to
or greater than that of the Cx. restuans.
For 2002–09, it was found that, for 6 of the 8 years,
at least one model was within 1 week of the actual
crossover date, and, in all but one year, at least one of
the models was within 2 weeks of the actual crossover
date. However, the original models often reached
the crossover date with no lead time. Incorporation
of MOS temperature forecasts into the Tmax and DD
models for the 10-day period following the model run
date, while not improving the accuracy of the predicted crossover date, greatly improved the forecast
lead time to 6–8 days. From a disease management
point of view, this improvement in advanced notice is
significant for optimizing the timing and application
of abatement treatments to reduce the transmission
of the WNV infection.
In 2009, the earliest crossover date of the 1988–
2009 period of egg-raft collection was observed but
not predicted. Unusual temperature trends during
this summer, a prolonged and intense early season
heat wave followed by an extremely cold July, led
to poor model performance. Further evaluation of
model performance, including the impact of spatially
varied precipitation amounts on Culex population
dynamics and an attempt to extend the utility of these
forecasts to other regions, is planned.
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