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Abstract A spatially explicit degree-day model was
used to evaluate the risk of Rift Valley fever virus
(RVFV) transmission by mosquitoes to humans and
livestock within five target states in the continental
United States: California, Minnesota, Nebraska, New
York, and Texas. A geographic information system
was used to model potential virus transmission based
on a 12-day moving window assessment of the
extrinsic incubation period theorized for RVFV in
the United States. Risk of potential virus transmission
in each state was spatially evaluated on a 10-km grid
using average historical daily temperature data from
1994 to 2003. The highest levels of transmission risk
occur in California and Texas, with parts of these
states at risk of RVFV transmission for up to 8§ months
per year. Northern Minnesota, central New York, and
most of coastal and high-elevation California are at
low to null risk. Risk of impact to the livestock
industry is greatest in California, Texas, and
Nebraska. A standard global climate model was used
to evaluate future risk in the year 2030 in Nebraska,
and showed an increase of transmission risk days from
approximately 3 to 4 months per year.
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Introduction

Rift Valley fever virus (RVFV) (Bunyaviridae: Phleb-
ovirus) is an insect-borne virus endemic to sub-
Saharan Africa. A zoonotic disease, RVFV causes
high mortality and abortion in domestic animals
including cattle, sheep, and goats, and can cause viral
hemorrhagic fever in humans (Geisbert and Jahrling
2004). Unlike most arboviruses that are transmitted by
a limited number of vectors, RVFV has been associ-
ated with many different mosquito species and other
biting flies (Meegan and Bailey 1988; Turell et al.
1996; Turell et al. 2008a, b), and it is likely that one or
more North American mosquito species are potential
competent vectors for RVFV. Should RVFV reach and
become established within the continental US, it could
have a devastating economic impact on the livestock
industry, as well as create a serious health threat to
humans (Pearson 2000). An exemplar for the potential
establishment of RVFV in the US is West Nile virus
(WNV), another arbovirus originating in Africa,
which arrived in New York in 1999 and spread across
North America within just a few years (Enserink
2002). A pathways analysis (Kasari et al. 2008) has
identified regions of the United States that are most
likely to see the introduction of RVFV. The goal of
this study is to use GIS and degree-day modeling to
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identify where and when the virus is likely to
disseminate in the US after introduction.

In Africa, RVFV epizootics are associated with
periods of widespread and heavy rainfall, which lead
to large populations of vector mosquitoes (Davies
et al. 1985). The same association is true for WNV in
Africa (Jupp 2001). Rainfall could play a similar role
in the US, and researchers are conducting spatial risk
evaluations based on this premise (Linthicum et al.
2007). However, the climatic differences between the
generally temperate US and the variously tropical and
arid sub-Saharan Africa suggest that temperature may
play a more important limiting role in the US than in
Africa. Temperature has been shown to be a good
predictor of WNV transmission in the continental
United States (Reisen et al. 2006; Konrad et al. 2009),
whereas periods of extreme rainfall and flooding are
not generally associated with outbreaks of arboviruses
in the US (Nasci and Moore 1998). For these reasons,
while we recognize other factors as contributing to
transmission risk, in this study we focus on temper-
ature as a necessary and limiting component in the
cycle of RVFV transmission.

Previous research has shown a strong link between
temperature and transmission of arboviruses by mos-
quito vectors (e.g., Hurlbut 1973; Reisen et al. 2006;
Konrad et al. 2009). In order for the disease to be
transmitted by the mosquito, the virus’ extrinsic
incubation period (EIP) must be completed. The EIP
is the time between the ingestion of the virus by a
biting arthropod to the time when the arthropod
becomes infectious. The EIP is dependent on the
genotype of the virus (Moudy et al. 2007), the
mosquito species (e.g., Turell et al. 1985), and the
temperature to which the mosquito is exposed during
this period (e.g., Reisen et al. 2006). US winter
temperatures and some northern or high elevation
summer temperatures are likely too low for mosqui-
toes to complete the EIP. Although the EIP of RVFV
in US mosquitoes is unknown, results from laboratory
tests provide estimates of the temperature and time
parameters necessary to quantify the transmission
potential of US vectors.

Hosts of RVFV include domestic livestock,
humans, wild ungulates, and potentially other
unknown animals. While a plausible mechanism for
entry into the US, humans are not considered major
reservoirs of the disease, as they are quickly identified,
isolated, treated, and are less accessible to vectors.
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Livestock, primarily sheep and cattle, have been shown
to be a major reservoir of RVFV, especially when
concentrated together as in feedlots or herds (Meegan
and Bailey 1988). Livestock are amplifying hosts of the
virus: once they are infected, they serve to infect more
mosquitoes or spread the virus via contaminated fluids.
Areas of high livestock density, warmer temperatures,
and an abundance of an appropriate mosquito species
are presumed to be the most likely regions for RVFV to
become established in the US.

Historical data provide a mechanism for examining
past and present conditions suitable for disease
establishment and transmission. However, variability
in climate and evidence for increased temperatures
due to global climate change imply that past data will
underestimate virus transmission potential by under-
estimating the probability of exceeding the EIP in any
given period of time. The relationship between higher
temperatures and increased disease transmission (Patz
et al. 1998) implies that global warming will increase
the risk of RVFV becoming established in the US by
putting more areas at risk for longer time periods.
Although other aspects of climate change such as
changes in precipitation amounts and patterns are also
important, we restrict our research to the effect of
changing temperatures using a global climate model.

This paper is intended as a thought-experiment to
determine the most at-risk areas for RVFV becoming
established in the continental US. Analyses are
conducted for five states spatially distributed across
the country, four of which (California, Minnesota,
New York, and Texas) are deemed to be at a high level
of RVFV introduction risk through the pathways
analysis (Kasari et al. 2008), and the fifth (Nebraska) is
a centrally located state with a large livestock industry.
Not every potential risk factor is examined; notably
lacking are the factors of precipitation, vector mos-
quito populations, and presence of suitable vector
breeding habitat. We use the critical and limiting
factor of temperature as a proxy for virus transmission
risk, and livestock density to assess areas of likely
establishment and impact. Other analyses such as the
link between rainfall, the normalized difference veg-
etation index (NDVI), and vector mosquito abundance
are being concurrently conducted by other researchers
within the RVFV Working Group (Linthicum et al.
2007); the intention is that the findings of all studies be
used together to best assess risk and subsequent
preventative measures.
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Materials and methods
Degree-day modeling

In this project we improved upon a publicly available
geographic information system (GIS) tool that esti-
mates the risk of arbovirus transmission based on a
degree-day model (Zou et al. 2007; Konrad et al.
2009). The original tool works by assessing spatial and
temporal temperature data to determine when and
where the virus EIP is completed within the duration of
the mosquito vector’s feeding period. As the tool uses
data from local weather stations, it is best suited for
point analysis. In order to perform a broader spatial
analysis, interpolation among the weather stations is
necessary. Simple interpolation techniques such as
inverse-distance weighting prove adequate at small
scales where the topography and climate are somewhat
homogenous (Konrad et al. 2009). For larger scales, a
method that interpolates temperatures between weather
stations while taking into account topography and
other climatic influences is required. The DAYMET
database (www.daymet.org, Thornton et al. 1997)
provides temperature maxima and minima interpolated
to a 1-km grid spanning most of the contiguous United
States on a daily basis from 1980 to 2003.

In order to take advantage of the resources of the
DAYMET database and provide a more fully spatially
explicit modeling framework, we created a new GIS-
based degree-day tool to work with the large amounts
of spatial and temporal data available. The primary
procedures followed by the tool are schematically
illustrated in Fig. 1. User inputs include: the length of
the vector feeding period (the time between the
mosquitos’s first and last blood meal), the degree-
days until EIP for the virus and vector in question, the
minimum transmission threshold temperature, and
daily temperature maxima and minima for the time
period and region of interest. HydroGET (http://his.
cuahsi.org/hydroget.html), a web service client for
ArcGIS developed by the Consortium of Universities
for Advancement of Hydrologic Science, is used to
download daily temperature minima and maxima from
DAYMET. The temperature data are run through the
degree-day equations, generating a degree-day tem-
perature for each day at each point on the spatial grid.
The total degree-days occurring during the vector
feeding period are calculated by adding the individual
degree-days within the specified period up to the date

of interest. For example, if the vector feeding period
were 10 days, then the total degree-days on July 24
would be the sum of the degree-days from July 15.
This degree-day total is then compared to the required
minimum number of degree-days until EIP: if greater,
than the grid square for that day is deemed at risk of
RVFV transmission, and if lower, the grid square is
not at risk.

The degree-days necessary to reach EIP are
strongly dependent on both the nature of the virus
and the species of mosquito. As RVFV has not been
introduced to the US nor have there been compre-
hensive studies of the relationship between RVFV
and the 174 known US mosquito species, these
parameters must be quantified by laboratory work.
Out of eight likely vectors tested to date, Culex
tarsalis has proved to be the most effective RVFV
vector (Turell et al. 2008a, b), and therefore the best
mosquito species to use as a model of RVFV
transmission risk in the United States. Unfortunately,
the relationship between temperature and transmis-
sion rates of RVFV in Cx. tarsalis has not yet been
quantified. In the absence of this data, a “best guess”
is that Cx. tarsalis infected with RVFV will respond
to temperature at a rate similar to Cx. farsalis infected
with West Nile virus (M. J. Turell, pers. comm.
2009). These parameters have already been estab-
lished in California: 76 degree-days to reach EIP with
a minimum transmission temperature of 14.3°C
(Konrad et al. 2009) and 12 days between the first
and last blood meal (the sum of three-four-day
gonotrophic cycles: after Reisen et al. 1993). The EIP
of several other species of mosquitoes infected with
RVFV have been tested at various temperatures,
allowing the derivation of the degree-day parameter
for colonized Egyptian Culex pipiens (111 DD, after
Turell et al. 1985), colonized North American Aedes
taeniorhynchus (175 DD, after Turell et al. 1985),
and colonized Senegalese Aedes fowleri (175 DD,
after Turell 1989). These rates are all slower than the
76 DD “best guess” parameter, suggesting that this
study is more likely to overestimate rather than
underestimate risk, which is beneficial from a con-
servative management perspective.

Livestock population

Livestock data from the 2002 census were downloaded
from the United States Department of Agriculture
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Fig. 1 Schematic of
degree-day model
application. Equations after
Allen (1976)

User creates spatial grid
and selects time period of
interest

Degree-days summed
over vector feeding period
for each grid point and
each day.

National Agricultural Statistics Service (USDA-
NASS, www.nass.usda.gov). Total cattle and calf,
sheep and lamb, and goat populations were down-
loaded at the county level. If a county has only a few
farms, USDA-NASS withholds the county population
numbers. However, as total populations in each state
are available, the number of livestock in the unre-
ported counties can be back-calculated. This number
was apportioned to the unreported counties in pro-
portion to the number of farms in each county. Total
livestock densities (cattle, sheep, and goats) are shown
in Fig. 2.

Risk modeling

HydroGET was used to download 10 years of daily
temperature minima and maxima from DAYMET
(January 1, 1994 to December 31, 2003) for the target
states on a 10-km spatial grid. These temperatures
were compiled to provide the 10-year daily average
maximum and minimum temperatures at each grid
point. The degree-day tool (Fig. 1) was used to
determine the temperature-based transmission risk of
every 10-km square for every day of the year based
off of mean historical temperatures from 1994 to
2003.
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The most at-risk areas for the establishment and
subsequent economic impact of RVFV are those
where the mosquito vectors are present, the degree-
day temperatures are high enough for the virus to
reach EIP in the host mosquitoes for a relatively large
number of days, and there is a large concentration of
livestock hosts. Degree-day temperatures reflect only
the risk of RVFV transmission, but the greater the
livestock density in RVFV risk areas, the greater the
potential economic impact to the livestock industry
and the higher the chances for the establishment of
RVFYV in a domestic animal reservoir. Therefore, we
evaluate both transmission risk and compound risk,
which we assess by normalizing both the number of
transmission risk days per year and the livestock
density on linear scales, summing these and mapping
them onto a zero to one compound risk scale. If the
degree-days are never warm enough (zero risk days),
the compound risk is also assumed to be zero.

Future climate scenario

Downscaled future temperature data were obtained
from the World Climate Research Programme Cou-
pled Model Intercomparison Project (http://gdo-dcp.
ucllnl.org/downscaled_cmip3_projections/dcplnterfa
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Fig. 2 Livestock density
by US county (data from
USDA-NASS)

Livestock Density
(head/km*2)
0-10
10-22

P

0 405 810 1,620

Kilometers

ce.html). These data are available on a monthly basis
through 2099 and have been statistically downscaled
to a 12-km resolution (Maurer 2007). The year 2030
was chosen to represent a time both far enough in the
future to show significant change and close enough to
the current year to be meaningful for risk assessment.
The often used UKMO global climate model (GCM)
was used in conjunction with the SRES A1B emis-
sion scenario, which represents a “business as usual”
future (IPCC 2007). Monthly average temperature for
each of the summer arbovirus transmission months
(June, July, August, and September) were down-
loaded for Nebraska, the most centrally located of the
study states.

As the GCMs only provide average monthly
temperatures rather than the daily temperature maxima
and minima needed for the degree-day analysis of
RVFV transmissivity, future maximum and minimum
temperatures were derived from the GCM data. Points
were generated in a regular array every 0.125 degrees
across Nebraska to match the resolution of the GCM
data, resulting in 1374 data points. Ten years of
DAYMET data were downloaded for these points as
described above in the degree-day modeling method-
ology. We reduced the historical temperature data to
10-year mean maxima and minima for each month. We
then used these values to calculate median monthly
temperatures, which were compared to the average

monthly temperatures predicted by the GCM. Monthly
maxima and minima were calculated for the GCM data
by applying the difference between the extreme tem-
peratures and the median temperatures of the historical
data to the GCM data. For example, if historical July
maximum and minimum temperatures were 30°C and
16°C, respectively, with a median temperature of 23°C,
the corresponding maximum and minimum tempera-
tures for the same point in the GCM are found by adding
and subtracting 7°C to the GCM average temperature.

RVFV risk was evaluated with the degree-day tool
using future maxima and minimum temperatures for
each month. As daily GCM data is unavailable, every
day in the month was assumed to have the same
maximum and minimum temperatures.

Results and discussion

Transmission risk can be visualized by day (Fig. 3) or
cumulatively as the number of risk days per year at each
point (Fig. 4). Risk evaluation at the day level will be
useful to determine action areas if RVFV has already
reached the country; the number of risk days per year is
ideal for assessing regional risk before RVFV has
reached the country and the introduction point is
unknown. The southern portions of Texas and Califor-
nia have the greatest temperature-based transmission
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risk of the target states, and are at risk for almost
8 months of the year (approximately March through
November). There are lower levels of risk (1-4 months)
in the northern portions of Texas and California,
Nebraska, southern Minnesota, and southeastern and
northwestern New York.

The modeling effort presented here can be ana-
lyzed either at a particular station or across a larger
spatial domain. For example, Fig. 3 illustrates the
changing pattern of RVFV through time in the five
target states. In this example, representative dates are
chosen to demonstrate the increasing range of
potential RVFV as the EIP threshold is exceeded
over an increasing area through the summer, and then
diminishing as fall approaches. While 100% of both
Nebraska and Texas exceed the EIP threshold during
the summer, Fig. 3 shows that the risk for transmis-
sion is extended throughout the year in Texas, while
in Nebraska it is limited to a shorter duration in late
summer. The southern parts of Texas and California
maintain high enough temperatures to exceed the EIP
threshold for the majority of the year; these results
are further highlighted in Fig. 4 where portions of
those states have over 200 days per year in which the
EIP threshold is exceeded. Large swaths of upstate
Minnesota and New York, coastal, northern, and
mountainous areas of California are identified as low
to minimal risk. This spatial analysis identifies “hot
spots” where the virus is more likely to establish

itself due to the longer periods of potential virus
transmission, which magnify the potential for reser-
voir hosts to become established.

Given the release of RVFV into a susceptible
livestock population in the five target states evaluated
in this degree-day model, these results highlight the
changing pattern of RVFV availability, particularly
as a function of the time of year, for potential
transmission from mosquito vectors to susceptible
livestock hosts. Risk of virus outbreak and establish-
ment is minimized during those periods when the EIP
threshold is not exceeded, but increases as temper-
ature increases and days are continually exceeding
the threshold.

A complementary way to assess the risk in the
target states is with a cumulative distribution function
(Fig. 5). The states with the highest levels of risk fall
on the right side of the chart, and the states with the
lowest on the left. States that have a wide range
across the horizontal axis (like California) are
climatically diverse, with diverse risk levels, whereas
states that map onto only a small portion of the
horizontal axis (like Nebraska) are relatively homog-
enous. Figure 5 clearly shows that Texas is the state
with the greatest potential risk; the entire state has
over 90 days in which the EIP is exceeded, and the
area with the greatest number of exceedence days
(243). In both the current climate and future climate
scenarios the entire state of Nebraska is at risk, with

Fig. 3 Four sample days
showing the risk of RVFV 3
transmission based upon the
local average degree-day
temperatures: light gray
represents areas deemed not
to be at risk; dark gray are
areas at risk of RVFV

i

transmission
April 1
.'_j
August 1

October 1
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Fig. 4 Total temperature-
based transmission risk days
over the course of a year ¥

Annual Risk Days
W High : 243

B Low: 0

0 410 820 1,640
s ilometers

an increase of more than a month in the number of
risk days due to increased temperatures associated
with global climate change (from a state-wide
average of 79 risk-days to 118 risk-days). High
percentages of New York and Minnesota (NY: 58%;
MN: 44%) have zero risk days, while the remainder
of these two states are under 100 risk days per year.
California is the most diverse state, with approxi-
mately 30% of the state at minimal risk of transmis-
sion, but some portions of the state experiencing over
200 risk days per year.

Risk is further visualized as the percentage of
state area subjected to various levels of risk in
Fig. 6: low risk (a month or less), moderate risk
(between 1 and 3 months) and high risk (over
3 months). This method allows the states to be
ranked from lowest to highest RVFV risk: New
York, Minnesota, California, Nebraska, and finally
Texas. Figure 6 also shows how simulated climate
change in 2030 pushes the entire state of Nebraska
into high risk category.

Spatially explicit results such as those presented
in Figs. 3 and 4 show the relative connectedness of
areas that are at higher risk of virus transmission.
Larger swaths of higher EIP exceedence are deemed
at highest risk and may deserve greater attention for
management and control of disease outbreaks. These
results are combined with livestock densities to

MN

100 100
80 saJ
60 - 604
40 - 40
20{ X 20

0- 0

100 100
80 - 80}|
60 - 60
40 NY 401|
20-

0
100 100
80 - 80 -
60 - 60 -
40 40 NE
20 N 20-
0 ; 0

E

T I
0 100 200 0 100 200
Number of Days Exceeding Risk Threshold

Cumulative Percent of State Area

(2030)

Fig. 5 Cumulative distribution function of RVFV risk in the
target states as a function of percentage of the state area.
Nebraska is plotted twice, based on the historical temperatures
(as with the other states) and with future temperature predicted
for the year 2030 based on a global climate model
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Percent of State Area

T T

NY MN CA NE
l ¥ High risk

NE2030 TX
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Fig. 6 Percentage of state area at low risk (less than a month),
moderate risk (1-3 months), and high risk (greater than
3 months): New York (72% low, 22% moderate, 6% high),
Minnesota (60% low, 34% moderate, 6% high), California
(36% low, 7% moderate, 57% high), Nebraska (3% moderate,
97% high), Nebraska in 2030 (100% high), Texas (100% high)

produce a compound risk map in Fig. 7. Livestock
density is highest in the central US states including
Nebraska and Texas and the Central Valley of
California (Fig. 2). If the temperatures are high in a
region with few livestock, the relative risk is low, as
it is where the livestock numbers are high but the
temperatures are low. If the temperatures are
moderate and there are an average number of
livestock, the relative risk will be higher, and will
continue to increase with temperature and/or live-
stock density. In order to represent compound risk,
the number of risk days and the livestock density
were normalized on linear scales spanning both data
ranges (from 0 to 243 days and 0-190 animals/km?,
respectively). These were summed and mapped onto
a zero to one risk scale. If the degree-days are never
warm enough (zero risk days), the relative risk is
also assumed to be zero.

The areas of greatest compound risk are Southern
Texas, the Texas Panhandle, regions in Nebraska of
high livestock density, and the Central Valley and
most southern region of California. We consider any
area that has more than one day where the EIP
threshold is exceeded to have some risk of RVFV
transmission; however, Fig. 7 shows how risk is
amplified where livestock are present in high densi-
ties. Thus, while the entirety of Texas is at risk, the
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southern areas and the Panhandle are at elevated risk
due to high livestock densities (Fig. 2). These risk
maps are created for each day in the year by
combining results shown in Fig. 3 with the livestock
density data of Fig. 2, and provide a more temporal
analysis of risk that would be useful to managers
tasked with tracking and controlling an outbreak. If
Cx. tarsalis does indeed become the dominant or sole
RVFV vector in the US, areas not within the
established range of Cx. farsalis (including New
York) may be subject to lower risk than that predicted
by the model (Fig. 7).

In addition to California, Texas, New York, and
Minnesota, the other states identified by pathways
analysis as being at elevated risk for the introduction
of RVFV are Alabama, Florida, Georgia, Maine,
Maryland, Massachusetts, New Jersey, Pennsylvania,
South Carolina, and Virginia (Kasari et al. 2008).
Evaluation of risk in these states through degree-day
analysis is beyond the scope of this project; however,
extrapolation from the target states suggest that the
southern states (Alabama, Florida, Georgia, Virginia,
Maryland, and South Carolina) have moderate levels
of risk, as they are warm and have significant but not
extremely dense livestock populations. New Jersey
and Pennsylvania likely have low levels of risk, and
the far northern states of Massachusetts and Maine
probably have minimal risk.

Global warming will contribute significantly to
risk, both by lengthening the risk time period in areas
already deemed to be at risk, and by introducing risk
to areas that were previously too cold. Analysis of the
GCM data for Nebraska shows a lengthening of the
risk season (Table 1). Almost twice as much of
Nebraska is projected to be at risk in June in 2030
compared with the 1994-2003 historical averages.
In addition, in the future model, risk persists into
September in southeastern Nebraska, whereas the
historical averages predict no September RVFV risk
in Nebraska. The cumulative distribution function of
Nebraska in 2030 (Fig. 5) shows approximately an
additional month of risk across the state than
estimated for the historical temperatures.

This study only examines two critical and limiting
factors associated with RVFV risk, those of EIP
exceedence and the presence of potential reservoirs
for virus establishment. The study will be most useful
when combined with other risk analyses, such as one
currently undertaken involving spatial and temporal
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Fig. 7 Normalized risk
based on both degree-days
and livestock populations.
Range of Culex tarsalis
after Darsie and Ward 2005

7/ Cx. tarsalis

0 410 820 1,640
I e Lilometers

Table 1 Percent of Nebraska’s land area at risk of RVFV
transmission (at or above the threshold EIP of 76 degree-days)
determined on a monthly basis

Month At risk land area based
on 1994-2003
average temperatures

At risk land area
based on GCM
model temperatures

(%) for 2030 (%)
June 47 90
July 100 100
August 100 100
September 0 7

analysis of mosquito populations and the normalized
difference vegetation index, NDVI (Linthicum et al.
2007). One of the strengths of this study is 10-km
grid scale of the temperature analysis which allows
for detailed risk prediction by capturing small-scale
climatic variations. We used Cx. tarsalis as a model
RVFV vector in the US, but other mosquito species
may be important for disease transmission. It is likely
that the degree-day parameters used in this study will
need to be modified as future laboratory and field
work empirically determine the relationship between
temperature and time in Cx. tarsalis and other
potential vectors. However, such modification is
straightforward to perform, and the existing temper-
ature database can be used to examine risk with
different temperature-based parameters.
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