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This paper gives an overview of how certain meteorological data used in studies of the population dynamics
of arthropod vectors of disease may be predicted using remotely sensed, satellite data. Details are given of
the stages of processing necessary to convert digital data arising from satellite sensors into ecologically
meaningful information. Potential sources of error in these processing steps are also highhghted.
Relationships between ground-measured meteorological variables (saturation deficit, ground temperature
and rainfall) and data from both the National Oceanic and Atmospheric Administration’s, polar-orbiting,
meteorological satellites and the geostationary, Meteosat satellite are defined and examples detailed for
Africa. Finally, the current status of existing satellite platforms and future satellite missions are reviewed
and potential data availability discussed. How such satellite-based predictions have proved valuable in
understanding the distribution of tsetse fly species in Cote d’Ivoire and Burkina Faso will be the subject of
a future review.

INTRODUCTION affect population sizes. This applies to both the
long-term equilibrium values (determined by
the interaction of the long-term, average,

climate-related or abiotic mortalities with

Vector Biology and Climate
Many arthropod vectors of parasites are sensi-

tive to climate, which is generally expressed as
temperature, humidity or saturation deficit
and rainfall (Nash, 1933; Buxton and Lewis,
1934; Bursell, 1957, 1958, 1959; Rogers and
Randolph, 1991). Each of these factors may
directly affect the birth, death or migration
rates of the vectors and thus may indirectly
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density-regulating processes in the life cycle)
and the shorter-term changes around such
equilibria (determined by the sensitivity of
the equilibria to short-term fluctuations in
climate). The importance of climate and its
short-term manifestation, weather, to insect-
borne disease is highlighted in the standard
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formula for the basic reproductive rate or
number of such diseases, R, given by:

a’mebe T
=
where « is the the vector biting rate, m the ratio
of vectors to hosts, ¢ the transmission coef-
ficient from vertebrate to vector (i.e. the pro-
portion of bites by vectors on infected hosts
that eventually give rise to mature infections in
the vectors), # the transmission coefficient
from vector to vertebrate, i the vector mor-
tality rate, T the incubation period of the
infection within the vector and r the rate
of recovery of the vertebrate from infection
(Rogers, 1988). In this generalized equation,
six of the seven parameters or variables are
some function of the vector and only one (r) is
a function of the host alone. Given the impor-
tance of many aspects of vector biology and
behaviour to the transmission of vector-borne
diseases, it must follow that the distribution
and intensity of such diseases is often depend-
ent upon the distribution and abundance of the
vectors, which in turn depends upon climate.

Weather is usually measured at ground
level, in Stevenson screens, as maximum and
minimum temperatures, relative humidity,
precipitation, and occasionally, sunshine
hours. Synoptic (long-term average) weather
measurements are published as climate
tables and may form the basis for studies of
the impact of climate on vectors (Nash,
1933; Buxton and Lewis, 1934; Rogers and
Randolph, 1986). There are, however, several
problems with this approach. Firstly, it is
unlikely that a weather station contributing to
the published data sets is located where the
vector studies are carried out. Secondly, the
climate records are of long-term averages,
whilst researchers often want to relate contem-
porary weather and vector demography.
Thirdly, even if it exists at the study site, a
weather station is unlikely to record conditions
in the microhabitats where vectors spend most
of their time.

Several solutions to these problems are
available. Firstly, interpolation between fixed,
meteorological site records can produce cli-
mate surfaces, from which conditions at any

R.

particular study site can be read. Various
interpolation routines have been tested and
those currently used claim an accuracy of 95%
for points distant from climate stations with a
sufficient density and spread of recording
stations (Lennon and Turner, 1995). Secondly,
daily weather data mav be obtained from
archives. Thirdly, researchers may run their
own weather stations. None of these solutions
is entirely sausfactorv, however, and each has
further problems. For example, meteorological
stations may be at too low a density and/or
too irregularly distributed for interpolation
regimes to give satisfactory predictions. Fur-
thermore, it may not be possible to extend
an analysis based on a project’s own daily
meteorological data to a regional level without
running into the first two problems once again.

In recent years, satellites have been viewing
the Earth, in a number of wavebands in the
visible and infra-red regions of the electro-
magnetic spectrum, and the data they collect
have been related to synoptic and contem-
porary, ground-based measurements of climate
or weather (Rogers and Randolph, 1991). In
this review, we show how such data can over-
come the first two of the three problems
mentioned above and ameliorate the third, and
how, therefore, they may contribute to both
large- and small-scale studies (i.e. small- and
large-area studies, respectively) of arthropod
vectors of the diseases of man and other
animals. A second paper (Rogers ef al., 1996)
will show how processed satellite data have
been used to interpret the distribution and
abundance of several species of tsetse fly in
Cote d’Ivoire and Burkina Faso. Previous
applications of remotely sensed imagery to
studies of vector-borne disease have been
reviewed by Cline (1970), Hugh-Jones (1989)
and Washino and Wood (1994).

Remote-sensing Platforms

Remote-sensing satellites are of two broad
categories: geostationary; and polar-orbiting.
Geostationary satellites are put into an orbit at
the equator, with a speed equal to that of the
Earth’s rotation, to keep them above a fixed
point on Earth. The onboard sensors view the
Earth as a disc, so that, apart from spherical



SATELLITE DATA AND DISEASE-VECTOR DISTRIBUTIONS 3

100.0 =

10.0

1.0+

KAeria
Photogre

Uirhan
fe
0.1 —month

week
001F

Temporal resolution (years)

day

0.001
Wildlife
&

E LAVesLoCcK :

0.1 1.0 10

distortion, there are few, if any, problems of
registering such images to base maps.

Polar-orbiting satellites circle the globe re-
peatedly, which means that successive orbits
pass over a different section of the rotating
Earth. The swath-width of sensors or radiom-
eters on board such satellites is determined by
the satellite altitude and sensor characteristics,
resulting in the repeat time (the time between
viewing the same part of the Earth’s surface)
varving between satellite systems. The raw
data or images from polar-orbiting satellites are
a series of strips which must be co-registered
and geometrically corrected before successive
images can be joined together. Images are
stored and transmitted as digital data, each
value being a picture element or ‘pixel’ that
refers to a small area in the satellite sensor’s
field of view. Any given pixel represents the
aggregate spectral signal from all objects
within the pixel bounds.

Satellite images are limited in their spectral,
spatial and temporal resolutions by a variety of

factors, reflecting a compromise between the
constraints of atmospheric effects, engineering
limitations and the desired, end-user appli-
cation. The signal that satellites receive of the
Earth has passed through an atmosphere
whose transmission, characteristics are variably
affected by gases, aerosols, dust and moisture.
Water vapour especially renders the atmos-
phere opaque in a large part of the electro-
magnetic spectrum and passive satellite sensors
can only operate within atmospheric ‘windows’
between these opaque regions. Within each
window, the viewing sensors may have
broad or narrow specificities (i.e. they are
able to detect a broad or narrow range of
wavelengths), unalterably determined  at
design-time.

The compromise between the spatial and
temporal resolutions of satellite images 1is
illustrated in Fig. 1, in which the dashed line
represents a fixed volume of image data. Given
that satellite data volume is often limited by on
board, image-storage facilities (especially in
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TABLE
The spectral, spatial and temporal resolution of the ‘satellite pour Pobservation de la terre’ (SPOT), High
Resolution Visible (HRV'): Landsat, Thematic Mapper (TM); National Oceansc and Atmospheric Administra-
tion (NOAA), Advanced Very High Resolution Radiometer (AVHRR) and Meteosat, High Resolution

Radiometer (HRR)

Satellite/ Radiometer 7szctrjzl *

Resolution

7Spat;117‘ ) }'emp;ral

SPOT/HRV

Channel 1 (panchromatic; 0-51-0-73)
Channel 2 (multispectral; 0-50-0-59)

10 m (panchromatic)
or 20 m (multispectral)

26 days{

Channel 3 (multispectral; 0-61-0-68)
Channel 4 (multispectral; 0-79-0-89)

Landsat/ TM§ Channel 1 (0-45-0-52)
Channel 2 (0-52-0-60)
Channel 3 (0-63-0-69)
Channel 4 (0-76-0-90)
Channel 5 (1-35-1-75)
Channel 6 (2-10-2-35)

Channel 7 (10-40-12-50)

NOAA/AVHRR Channel 1 (0-58-0-68)
Channel 2 (0-72-1-10)

Channel 3 (3-55-3-93)

Channel 4 (10-30-11-30)
Channel 5 (10-50-11-50)

Meteosat/HRR Channet 1 (0-40-1-10)

Channel 2 (10-50-12-50)

Channel 3 (5-70-7-10)

30 m (channels 1-6)
or 120 m (channel 7)

16-18 days

2:4 km (channel 1)
or 5 km (channels 2 and 3)

0-5h

*The spectral resolutions are the electromagnetic wavelengths in um, where 0-4 pm is at the blue end of the spectrum

and 0-6 um at the red.

tSpatial resolution is given as the instantaneous field of view of the sensor at nadir.
tA poanting faclity can improve the frequency of coverage at an additonal cost
§An additiomal instrement, the Multispectral Scanner {NS55) can provide dars in 3 bands at 82 m cesolution

older sarellites) and the limited opportunity
for telemerry (transmission of data between
sateflice and  receving  station) during  the
satellite overpass, remotely sensed images tend
te have cither high-temporal or high-spanal
resolution, but not both, The fAgure shows
the compromises reached between spadal and
temporal resolunons by the current collection
af Earth-orbiting  sarellites. In general, the
satellites with high spanal resolution, of the
Landsat multi-spectral-scanner (M55} and
thematic-mapper (Th) senes and the “saseflie
ponr abservatran de o terre’ (SPOT) series (see
Fable for derails), give finely dermled mages,
with pixel sizes down 1o 30 or 10 m {Landsat
TAL and SPOT panchromate, respectively)

but with repeat-times of approxmately 16 and
26 davs, respectively. Frequent cloud contami-
nanen of the mmages means thar such satellites
give few clear images of the Earth's surface
cach vear, especially over tropical regions.
They cannot, therefore, be used w0 monitor
seasonal phenomena, although an average or
synoptic picture of scasonality may be built up
aver several vears, In our view, thes, together
with the high cost of such magery, generally
limits the biological application of high-spatial-
resolution imagery to the production of habiat
maps for relatively small areas.

In contrast to Landsat and SPOT, the
Nartonal  Oceanographic  and  Armospheric
\dministration  (NOAA) series of  polar
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orbiting, meteorological satellites each com-
plete 141 Earth orbits/day, with a sensor
swath-width of about 2700 km, giving two
global-coverage images/24-h period (Kidwell,
1995). The spatial resolution from the satel-
lites’ advanced, verv-high-resolution radi-
ometers (AVHRR) is 1-1 km beneath the track
of each orbiting satellite. The ‘verv-high-
resolution’ refers to the sensor radiometric
resolution rather than its spatial resolution.
The spatial resolution reduces with distance
along and across the track, due to parallax
and the Earth’s curvature. Nominal 1-1-km
AVHRR data are continuously transmitted and
may be received by stations along or near to the
satellite’s path, when they are referred to as
high resolution picture transmission (HRPT)
data. On request to NOAA, these 1-1-km data
may also be recorded on an on board, tape-
storage system and later transmitted to Earth as
the satellites pass over a network of receiving
stations. The data are then referred to as local
area coverage (LAC) data (Hastings and
Emery, 1992).

Two processing steps reduce further the
spatial resolution of most of the AVHRR data
available to the user community. The on board
tape system 1is incapable of holding global
coverage data at 1-1-km resolution. Instead,
the information from each area of five (across-
track) by three (along-track) pixels is stored as
a single value, the average of the first four
pixels only of the first row of the 5 X 3 block.
The resulting imagery is referred to as global
area coverage or GAC data. GAC data, with
a stated nominal resolution of 4 X 4 km, are
obviously far from ideal representations of the
raw data (Justice et a/., 1989) and their method
of subsampling has consequences for environ-
mental modelling (Belward and Lambin, 1990;
Belward, 1992). Nevertheless, GAC data are
the form in which most of the AVHRR archive
was collected. NOAA satellites have been
operational since 1978 and global datasets of
reasonable quality are available at a variety of
resolutions (GAC or poorer) from the early
1980s to date (Townshend, 1994).

The high-temporal-resolution imagery of
the geostationary Meteosat (30 min between
picture transmissions) is associated with an

even lower spatial resolution of 2-5~5 km (de-
pending on waveband, see Table), although
this is relatively unimportant for large-area,
weather-forecasting purposes.

NOAA and Meteosat images are the only
data currently available for monitoring sea-
sonal changes in real time and thus have
potential for a number of biological appli-
cations. Despite the fact that neither satellite
series was designed with land-surface studies
in mind, over the last few vears data from
both series have been related to important
land-surface phenomena (Goward ¢z al., 1994),
including vegetation activity and rainfall.
These applications are brieflv reviewed below.
A general background to remote-sensing appli-
cations 1s given by Swain and Davis (1978),
Colwell (1983), Curran (1985), Cracknell and
Hayes (1991), Prince ef al. (1991), Barrett and
Curtis (1992) and Lillesand and Kieffer (1994).

Data Processing

IMAGE REGISTRATION TO BASE MAPS

Images derived from satellites are first pro-
cessed to register them to a base map at a
particular scale and in a particular map projec-
tion (Snyder, 1987). Registration is generally
an automated process that uses an ephemeris
model and a time signal sent down with the
satellite imagery to predict the satellite’s pos-
ition relative to the Earth at the time of image
capture (Emery et al, 1989; Baldwin and
Emery, 1993). Algorithms for positional calcu-
lations originally assumed that the satellites
were in their correct attitude and were follow-
ing precisely their intended orbits. This is
unfortunately not the case (McGregor and
Gorman, 1994). Slight deviations from design
values, and variations in these deviations, mean
that some of the resulting imagery is not
precisely registered to the appropriate base
maps. Final registration to a base map has
therefore to be performed by visual inspection
of the image with a map overlay (Krasnopolsky
and Breaker, 1994). Image registration to a
map tends to involve a loss of spatial
resolution, the extent of which is sometimes
increased to allow the display of large areas on
computer screens with limited spatial resol-
utions. The effects of these various stages of
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image resampling on AVHRR data were
considered by Khan et a/. (1995).

MAP PROJECTIONS

AVHRR images produced for famine early-
warning systems (FEWS) (Hutchinson, 1991)
and the later, Meteosat, cold-cloud duration
imagery (see below) with nominal 7-6 x 7-:6 km
pixel size, are all in the Hammer-Aitoff map
projection, which is a linearly re-scaled form of
the Lambert azimuthal equal area projection
(Snyder, 1987). The re-scaling makes the
Hammer-Aitoff no longer azimuthal, points on
the map no longer being shown with the
correct directions from the centre of projec-
tion. The IDA image display software
(Pfirman, 1991) that was commissioned by
FEWS routinely handles the Hammer-Aitoff
projection but commercial software more
frequently offers only the Lambert azimuthal
projection. Thus, re-projection by the user
may be necessary.

REMOVAL OF CLOUD CONTAMINATION

Although each of the high-temporal-resolution
images from the NOAA (and Meteosat) satel-
lites is as affected by cloud contamination as
any single Landsat or SPOT image, their
much higher frequency means that good qual-
ity results can be obtained by combining
images over a relatively short period of time,
by compositing. The aim of compositing is to
choose the most cloud-free and/or least atmos-
pherically contaminated radiance value within
the compositing period. Most compositing
algorithms rely on the fact that one common
image product from the AVHRR data set, the
normalized-difference vegetation index or
NDVI, produced from channels 1 and 2 (see
below for details), has values that are generally
reduced by cloud and other atmospheric con-
tamination (Holben, 1986; Kaufman and
Tanré, 1992). The highest NDVI values re-
corded during any relatively short time period
are therefore thought to occur when cloud
cover is least and such values are taken to
represent the least attenuated pixel value for
the period. This method of image production
is called maximum value compositing (MVC),
and is usually carried out over a 10-day

(‘dekadal’) compositing period. It has the
important consequence that maximum image
values for adjacent pixels in a single image may
have been collected on different days during
the compositing period. MVC methods tend to
degrade still further the spatial resolution of
the final image product, for reasons discussed
by Robinson (1996), who concluded that the
recorded value for any nominal 7-6 x 7-6 km
pixel may in fact have been drawn from an area
as large as 20 x 20 km. Other compositing
regimes include taking the root mean square
value for a given pixel time-series (Kineman
et al., 1990) and more sophisticated methods,
such as best index slope extraction (BISE)
(Viovy et al, 1992). This technique assumes
that vegetation grows and senesces over weeks,
so that the evolution and decay of the result-
ing NDVI signal is gradual. Values which
lie outside a user-determined threshold from
the previous signal are interpolated, as they
are probably due to short-term effects of
atmospheric contamination.

Selection of the least cloud-contaminated
images in the other AVHRR channels usually
depends upon the selection of the NDVI value
derived by MVC. The same image that is used
to generate the NDVI for any pixel is also
taken as the source of information for the other
AVHRR channels for that pixel and period.
Increasingly, however, AVHRR channels 3,
4 and 5 are also being subjected to MVC
individually.

OTHER ATMOSPHERIC EFFECTS
During image registration to a base map, other
corrections for variable atmospheric effects,
such as Rayleigh scattering caused by aerosols
and absorption by water vapour, CO, and
ozone, may also be applied, using ancillary
information in the satellite data stream (Tanré
et al., 1990; Vermote et al., 1990). If correc-
tions for atmospheric effects are not made at
the time of image registration they generally
cannot be made accurately at a later stage.
Instead, corrections are based on average
values for a ‘standard’ atmosphere within a
region (Hannan et al., 1995).

Despite attempts to remove the effects of
clouds and other contaminants by MVC of
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AVHRR imagery, continuous, total or partial
cloud-cover or residual, thin cloud-cover or
haze still affect many products of MVC.
Removal of such contamination is the subject
of much current research, some of which
1s referred to below, and has resulted in a
proliferation of indices.

SATELLITE SENSOR DRIFT

During their operational life-time, the charac-
teristics of the AVHRR sensors change with
use and as components age (Gorman and
McGregor, 1994). The thermal channels are
continuously re-calibrated against the 4°K,
space-background temperature. The visible
channels are not re-calibrated, however, due to
the difficulty of maintaining two standard
radiation sources in space (Kidwell, 1995).
Sensor ‘drift’ in the visible channel requires
the application of sets of correction factors to
indices (e.g. NDVI) that use visible channel
data, and these are given by Los (1993).

SATELLITE PRECESSION
Even when corrections for atmospheric effects
and instrumental drift have been made, how-
ever, the resulting imagery may still show
periodical changes in the signal, due to a
precession of the satellite’s orbit. This results
in cyclical variation of over-pass times, which
in the case of AVHRR imagery have a 17-day
cvcle (McGregor and Gorman, 1994). Signal
variation is then due to the changing angles
between the Sun, Earth and satellite sensors.
It is clear, therefore, that the images that are
available to the user community may suffer
from a variety of defects for many different
reasons. Despite these defects, however, corre-
lations between satellite- and ground-based
meteorological data can be remarkably good,
suggesting that the errors, though not negligi-
ble, are small in comparison with the range of
data values recorded.

ANALYSES AND EXAMPLES

Vegetation

VEGETATION INDICES

One of the first land-surface applications of
NOAA-AVHRR dara was as a vegetation index

to monitor the effects of drought and to fore-
cast potential famine conditions (Hutchinson,
1991). Vegetation indices, reviewed by Huh
(1991) and Myneni er al. (19956), exploit the
fact that chlorophyll and carotenoid pigments
in plant tissues absorb light in the AVHRR
channel 1 (visible red) waveband, whereas
mesophyll tissue reflects light in the AVHRR
channel 2 (near infra-red) waveband (Sellers,
1985; Tucker and Sellers, 1986). A healthy
and acuvely photosynthesising plant will
therefore look darker in the visible and
brighter in the infra-red region than an un-
healthy or dead plant. The earlv vegetation
indices exploited this fact by using the simple
ratio of channel 2 (Ch,) over channel 1 (Ch,)
reflectances, called the ratio vegetation index
(RVI) or simple ratio index (SRI). Later indi-
ces attempted to overcome the problem of
reflectance from the (usually dark or reddish)
soil background by dividing the difference
between these two channels by their sum,
to give the normalized-difference vegetation
index or NDVIL:

(Chy,—Chy)
(Chy+Chy)

with values theoretically ranging from —1 to
+1 but in practice well within these limits
(Colwell, 1974; Tucker, 1979; Tucker et al,
1991). The NDVI, in common with all red/
near-infrared indices, is theoretically a specific
measure of chlorophyll abundance and energy
absorption (Myneni et al., 19954) but its use
has been extended to cover vegetation biomass
(Tucker er al., 1983), coverage (Tucker er al.,
1985) and phenology (Justice er al., 1985) in a
range of ecosystems. NDVI measurements are
particularly useful in areas of sparse vegetation
coverage, where they have a better dynamic
range than the simpler vegetation indices such
as RVI. The NDVI does, however, tend to
saturate in areas of full coverage, such as for-
ests. It is also less than ideal because of con-
tinuing problems with background soils [which
are, for example, darkened by rainfall (Huete e
al., 1985)] and differential atmospheric effects
on the readings in channels 1 and 2 [atmos-
pheric aerosols scatter light particularly in
channel 1 whereas atmospheric water vapour

NDVI=



8 HAY ET AL.

absorbs particularly in channel 2 (Kaufman
and Tanré, 1992)].

Alternative indices have been suggested to
overcome some of these problems (Jackson
and Huete, 1991) but have been less widely
applied. The soil-adjusted vegetation index
(SAVI) effectively adjusts the intercept of the
relationship between channel 2 and channel 1
data to minimize interference from the soil
background:

Ch,—Ch,
Ch,+Ch,+L
_ NDVI(1+L)

" [1+L/(Chy+Ch,)]

where L is a weighting parameter that varies
with vegetation coverage. Values for L of 1-0,
0-75 or 0-25 are recommended for sparse,
intermediate and densely vegetated conditions,
respectively (Huete, 1988).

More recently, the global-environment
monitoring index (GEMI) has been proposed
by Pinty and Verstraete (1992), again with the
intention of reducing the variability introduced
by the soil background and, in addition, of
reducing atmospheric effects. Soil effects are
minimized because, at least in theory, the
GEMI gives a more constant index of veg-
etation activity against a much wider range of
soil conditions than does the NDVI. GEMI
was derived from first principles, rather than
empirically (although the physical basis for the
index is not fully explained in the literature). It
is defined as follows:

SAVI= (1+1L)

where
_2(Ch§ —Ch?)+1.5Ch, +0.5Ch,
B Ch,+Ch, +0.5 ‘

Initial application of GEMI to AVHRR data
for Africa indicated that it has three advantages
over the NDVI: GEMI is less sensitive to
atmospheric variations; it has a much enhanced
ability to detect clouds (which appear dark on
both NDVI and GEMI but are more easily
detected, and may therefore be more easily
screened out, by GEMI); and it has a higher

dynamic range in xeric environments, showing
details (e.g. of geological formations or land-
surface topology) in sparsely vegetated areas
that are not visible in other imagery (Flasse
and Verstraete, 1994).

VEGETATION INDICES AND CLIMATE

Locally, vegetation is influenced bv, and af-
fects, both macro- and micro—climatic con-
ditions, especially those related to atmospheric
moisture. It is therefore not surprising to find
relationships between NDVI and saturation
deficit (Rogers and Randolph, 1991). Data
presented in the following (and subsequent
examples) use mean annual meteorological
variables calculated for the period 1941-1970
(Anon., 1983) to assess the accuracy of
meteorological predictions based on satellite
data. The meteorological stations chosen for
comparison were distributed throughout con-
tinental Africa, below 24°N. Those stations
located near to the coast or adjacent to
extensive inland water bodies were excluded
from the analysis because the corresponding
7-6 x 7-6 km, remotely sensed pixel could be
heavily contaminated by the signal from water.
As saturation deficits were not measured
directly at the meteorological stations, they
were calculated from noon relative humidity
and temperature data using a formula given by
Unwin (1980). The NDVI values are synoptic
annual means for the period 1981-1992. The
relationship between saturation deficit and
NDVI is linear (Fig. 2) and the strength of the
correlation (r*=0-6; n=313; P<0-001) indi-
cates that the NDVI may be used in studies of
arthropod vectors wherever saturation deficit
has been useful in the past.

Insect mortality rates are especiallv sensitive
to atmospheric dryness (Bursell, 1957; Platt et
al., 1958) and studies on the tsetse fly Glossina
morsitans submorsitans (Westwood) in Nigeria
showed that the correlation between mean
monthly flv mortality rates and NDVI was at
least as good as that between the same mortal-
ity rates and monthly saturation deficit calcu-
lated from meteorological records (Rogers and
Randolph, 1991). Satellite data therefore seem
to be acceptable substitutes for at least some
ground-based, meteorological records.
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Fig. 2.. The relationship between the mean, annual, normalized-difference, vegetation index (NDVI) for
the period 1981-1992 and mean, annual, saturation deficit at meteorological stations throughout Africa for

the period 1941-1971 (#=0-61; n=313; P<0-001).

Temperature

THERMAL-BRIGHTNESS TEMPERATURE
MEASUREMENTS

All objects above absolute zero emit electro-
magnetic radiation. The theoretical concept of
a black body is used to describe a material that
absorbs and emits radiation perfectly at all
wavelengths. Such a material has an emissivity
coefficient of 1-0. Radiation is emitted by black
bodies only as a function of temperature,
the relationship formalized in Planck’s law
(Monteith and Unsworth, 1990). In ideal
conditions, therefore, the temperature of a
black body can be determined by detecting the
energy it emits at a particular wavelength.
Natural surfaces, however, do not behave as
black bodies and have emissivity values signifi-
cantly less than 1-0. Furthermore, the thermal-
brightness temperature measured by the
satellite is also affected by absorption charac-
teristics of atmospheric constituents (particu-
larly water vapour but also ozone, CO, and
aerosols), as well as emission of radiation by
the atmosphere itself (Vogt, 1992). Attempts to
retrieve accurate surface temperatures from
satellite-derived brightness temperatures must
therefore correct for atmospheric attenuation

and the spatially heterogeneous nature of
land-surface emissivity. These are major areas
of past and current remote-sensing research
(Norman et al., 1995).

Channels 4 and 5 of the AVHRR (both in
the infra-red) were designed to measure water-
vapour attenuation in the 10-12-pum spectral
window for more accurate determination of
sea-surface temperatures (Prabhakara et al.,
1974). Because the attenuation is greater in
channel 5 than in channel 4, the difference in
the signal of these two, closely spaced channels
can be used to reduce the effects of water-
vapour attenuation. This simultaneous use of
information from both channels to estimate
surface brightness temperatures is described as
a ‘split-window’ technique, because it is per-
formed within the same radiance window of
the atmosphere.

Surface emissivity is more variable on land
than over the more uniform sea and so allow-
ance should be made for emissivity when
comparing surface brightness temperatures
of different land-surface types. Price (1984)
derived, from radiative transfer theory, the
following relationship between surface tem-
perature (7,) and channel-4 and -5 brightness
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temperatures (7,, and 7.5, respectively),
which takes into account the emissivity value
of the land surface:

N

35 +84)

TS= Tb4+3‘33(Tb4_ Tb5)( 3 3

+0.75 Tb5(84 - 85)

where ¢, and &5 are the emissivities at
channel-4 and channel-3 wavelengths, respec-
tively.

This algorithm was later found to be accu-
rate to + 3°C for a uniform, tallgrass prairie
habitat in Kansas, when a constant emissivity
was assumed (Cooper and Asrar, 1989). Many
other split-window techniques have been
developed, which largely rely on ancillary data
to quantifv atmospheric water content and
surface emissivity (Prata, 1993).

SURFACE BRIGHTNESS MEASUREMENTS AND
HABITAT TEMPERATURES

The view of the land surface that satellite
infra-red sensors record is a function of the
different brightness temperatures of each
object in the environment. This view is also
affected by the reflectance of incident solar
radiation (which in turn is affected by emissiv-
ity), as well as the attenuation of the signal
by the continuously changing atmospheric
column. It is not at ail clear, therefore, how
the resulting satellite signals relate directly to
standard meteorological variables such as air
temperature.

Habitats are composed of differing mixtures
of soil, water, air and vegetation, each with
differing thermal characteristics and often with
different temperatures. All abiotic components
would equilibrate to the same temperature
under conditions of thermal stability but the
cycle of solar irradiation means these con-
ditions are never met and are only approxi-
mated at the end of the night-time period. As
each morning progresses, the temperature of
the air near the ground rises faster than that of
the ground itself; in the afternoon it falls faster.
The difference between the temperatures of
the soil and air results in a flow of thermal
energy between them, which produces atmos-
pheric effects resulting in both local and

regional mixing of bodies of air at different
temperatures.

During the daily temperature cvcle in the
tropics, organisms the size of arthropods may
encounter temperature variations of 30°C or
more. They often ameliorate this behaviourally
by moving between temperatures determined
mostly by the soil, air or local vegetation. In
the past, demographic rates for arthropod vec-
tors have been related to standard, Stevenson-
screen meteorological records (generally of air
temperature recorded twice daily, at or near
dawn and at noon or in the early afternoon, at
a height of 1-1 m above the ground), although
how such measurements relate to the con-
ditions actually experienced by the vectors is
usually unknown (Nash and Page, 1953).

If we knew whether arthropods were more
sensitive to thermal radiation emitted by the
surface or to incident radiation from the Sun,
it would be clearer which of the AVHRR
thermal infra-red channels (5 or 2) is most
suitable for monitoring as a potential predictor
of the vector’s birth and death rates. In gen-
eral, insects show adaptive thermal behaviour,
benefiting from radiation from nearby bodies,
or directly from the Sun when it is cold, and
reducing heat input and increasing the rate of
cooling through radiative or convective losses
(rarely evaporative cooling) when it is hot
(Willmer and Unwin, 1981; Willmer, 1982).
As we do not know the precise balance of
thermal gains and losses to insect vectors on a
daily or longer-term basis, the choice of an
appropriate AVHRR channel remains obscure.
At present, all that can be done is to establish
the best satellite correlates of contemporary
weather or synoptic climate data to determine
the efficiency with which satellite data can
replace the conventional weather data used
previously in vector studies. Later, it may be
possible to explore the relationship between
the vector’s demographic rates and contempor-
arv, thermal infra-red satellite data, independ-
ently of ground-based meteorological records,
in order to seek better predictors of these rates
than are presently available from standard
meteorological data.

Figure 3 shows the relationship between
mean, annual, AVHRR-channel-4, brightness
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F ig._ 3. The relationship between the mean, annual, channel-4 brightness temperature (7,,) for the period
1987-1992 and ground air temperature at meteorological stations throughout Africa for the period

1941-1971 (#=0-31; n=351; P<0-001).

temperatures and synoptic annual tempera-
tures, again taken from meteorological tables
for Africa (Anon., 1983). The AVHRR data
were supplied, by the global inventory moni-
toring and modelling systems (GIMMS)
group at the NASA Goddard Space Flight
Centre, as 7-6 X 76 km resolution, MVC
dekadals for the period 1987-1992. Since
daily data were not available at that time,
application of split-window techniques was not
possible. A geographical analvsis of residuals
indicated that the deviations from the regres-
sion line were related to altitude. When alti-
tude, derived from a digital elevation surface
for Africa provided by the global land infor-
mation system (GLIS) of the United States
Geological Survey (USGS) Earth Resources
Observations Systems (EROS) Data Centre
was included as an additional predictor vari-
able 1n a multple regression, the coefficient of
determination increased from #=0-31 (n=351;
P<0-001) to #=069 (n=351; P<0-0001).
The scatter of points is also reduced (/=O-86;
n=165; P<0-0001) when smaller areas in
West Africa (Céte d’Ivoire and Burkina Faso)
are investigated using comparisons of monthly
meteorological data (see Fig. 4). These re-
lationships have further been shown to be

robust, in a range of habitat types and through-
out the vear, with African data-sets (Hay,
1993).

Rainfall

METEOSAT COLD-CLOUD DURATION

In the tropics, with predominantly convective
rainfall, clouds with a cloud-top temperature
of less than a threshold value (of about
= 40°C) are more likely to be rain-bearing
than those with higher cloud-top tempera-
tures. These cloud-top temperatures are re-
corded by the thermal infra-red channel 2 of
the Meteosat satellite (Table) that is positioned
in geostationary orbit over the Greenwich
Meridian at the equator, and so covers Africa,
Europe and the Middle East. Similar satellites
are operated by the United States (GOES;
geostationary operational environmental satel-
lite), Russia (GOMS; geostationary operational
meteorological satellite) and Japan (GMS;
geosynchronous meteorological satellite) and,
together with Meteosat, give global coverage
except for the polar regions (Cracknell and
Hayes, 1991). The particular threshold tem-
perature associated with rain-bearing clouds
and the quantity of rain they deposit varies
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Fig. 4. The relationship between the mean, monthly, channel-+ brightness temperature (T,,) for the period
1987-1992 and mean, monthly, ground air temperature at meteurological stations in Cote d’Ivoire and

Burkina Faso for the period 1941-1971 (+*=0-86; n=

temporally and spatially and thus must be
established empirically (Milford and Dugdale,
1990). This has been done by the ‘tropical
applications in meteorology of satellite and
other data’ (TAMSAT) programme for the
area of West Africa from the equator to south
of the Sahara desert (Snijders, 1991) and the
results are now used by the African, real-time,
environmental monitoring and information
system (ARTEMIS) of the Food and Agricul-
ture Organization (FAQO), Rome, to generate
dekadal and monthly images of cold-cloud
duration (CCD) (the number of hours for
which each pixel was covered by cold clouds
during the compositing period) for use in crop
monitoring and exercises in forecasting locust
plagues (Hielkema, 1990; Anon., 1994). In the
production of composite CCD for the whole of
Africa, the experimentally determined, thresh-
old cloud-top temperatures are used within the
TAMSAT region of Africa (Dugdale ¢t al.,
1995) and set thresholds of — 50°C in the
summer and —60°C in the winter or of
—40°C all vear round are used for regions
north and south of this area, respectively (F. L.
Snijders, unpubl. obs.). More sophisticated
techniques of rainfall estimation, that relate

165; P<0-0001).

cloud-top reflectances and the growth and
decay of cloud systems to rainfall amounts, are
reviewed by Petty (1995).

CCD IMAGERY AND RAINFALL

Figure 3 shows the relationship between
monthly mean CCD values for a 5-year period
(1988-1992) and synoptic rainfall data for
meteorological stations throughout Africa
(Anon., 1983). The CCD imagery was sup-
plied by ARTEMIS and covered the whole of
Africa at a spatial resolution of 7-6 X 7-6 km.
There is a strong positive linear relationship
(*=0-69; n=354, P<0-001), which is simi-
lar (#=062; n=132; P<0001) when
comparisons are made using monthly data in
smaller areas, such as Cote d’Ivoire and
Burkina Faso again (see Fig. 6). Furthermore,
altitude explained very little of the variance in
this relationship, increasing the 7* value to 0-64
when included as a second variable in a mul-
tiple regression. Large spatial variation in rain-
fall places limits on comparisons of point,
rain-gauge data and satellite estimates of rain-
fall, since rainfall measurements over a season
can vary by a factor of two over distances of
<10 km (Flitcroft er al., 1989).
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Fig. 6. The relationship between mean, monthly, cold-cloud duration (CCD) for the period 1988-1992 and
mean, monthly rainfall at meteorological stations in Cote d’lvoire and Burkina Faso for the period
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CURRENT DATA AVAILABILITY

The five-channel, GAC data-set derived from
the NOAA AVHRR is unique in its daily
global coverage. It has been archived since
1981 and has been used by a wide variety of
disciplines (Huh, 1991; Ehrlich ez al., 1994;

Townshend, 1994). These data are presently
being re-processed to an 8 X 8 km resolution
product of both daily and dekadal composite
images, as part of the NASA/NOAA path-
finder project (Maiden and Greco, 1994).
They are freely available to the scientific com-
munity from Goddard DAAC User Services
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Office, Global Change Data Center Code
902-2, NASA, Goddard Space Flight
Center, Greenbelt, MD 20771, U.S.A. (e-mail:
daacuso(@daac.gsfc.nasa.gov) (James and
Kalluri, 1994). Many of the problems of
satellite-sensor drift, of image registration to
maps, of removal of cloud contamination and
of inter-satellite calibration have been ad-
dressed before and during re-processing of the
pathfinder products. Ancillary information
stored with each image (as additional data
layers) includes cloud-cover estimates, satellite
view angle and Sun angle data (Agbu and
James, 1994). These data will allow end-users
to check and manipulate image quality and
derive their own data products. The pathfinder
data are being registered to a composite map
projection, the Goode’s homolosine projection,
which ostensibly combines the advantages of
the sinusoidal projection for lower latitudes
(from the equator to = +40° 4+4'11:8”) and the
Mollweide projection for higher latitudes, to
both poles (Snyder, 1987). Because different
centres of projection are used for different
parts of the World (thereby locally retaining
the advantages of minimal scale distortion near
the centres of projection), the resulting global
map looks like segments of orange peel re-
moved from an orange. Details of the path-
finder implementation of this map projection
are given in Steinwand (1994).

Meteosat CCD imagery is currently produced
by the ARTEMIS programme and images are
available only through collaborative links with
the research programme. Raw Meteosat data is
also commercially available from the European
space operations centre (ESOC; Robert-
Boschstrasse 3, 6100 Darmstadt, Germany) of
EUMETSAT (European Organization for the
Exploitation of Meteorological Satellites).

FUTURE SPACE PLATFORMS

For remotely sensed data to become routinely
used in vector monitoring and as an integral
part of subsequent management procedures, it
is important to know for how long we can
expect to receive such imagery, to what extent
the user community will have access and what

improvements might reasonably be expected in
the near future.

Data should be available until the vear 200(
from the present Meteosat satellites and a2
future Meteosat-7 satellite scheduled for launch
at the end of 1993 (Schmetz, 1995). Subsequent
to this, the Meteosat second generation (MSG)
satellites will come into operation. These satel-
lites will carry a new radiometer, the spinning
enhanced visible and infra-red imager (SE-
VIRI), which will provide 1 x 1 km resolution
images, every 13 min, in 12 channels ranging
from 0-5 um in the visible region to 13-4 pm in
the infra-red domain (Schmetz, 1995).

Continuity of data from the NOAA
AVHRR, polar-orbiting satellites is guaranteed
both in the short term, by the successful launch
of NOAA 14 in December 1994, and in the
longer term, as plans have been published for a
further six NOAA satellites in collaboration
with the U.S. Department of Defense (Power,
1995). These new satellites will have slightly
modified specifications, the AVHRR channel 3
being split into a 1-6-pm channel in the day-
light phase of the orbit and remain in its
original 3-35-3-93-pum configuration during the
night-time phase (Mandt, 1993).

Superseding and complementing these
instruments are the next generation of NASA
Earth-observing-system (EOS) satellites, con-
structed with the objective of producing ‘a regu-
lar global dataset of well calibrated data of high
radiometric resolution for a wide array of Earth
system sciences’ (Running et a/., 1994). They
will have an on-board, moderate-resolution.
imaging spectroradiometer (MODIS) with 3¢
channels spanning the spectral range 0-415-
14-235 pum, spatial resolutions of between 250 r
and 1km, and a repeat time of 16 days (Asrai
and Dokken, 1993). The EOS satellite carrying
MODIS is scheduled for launch in 1998.

It is proposed that various outputs, in-
cluding more accurate vegetation indices anc
land-surface-temperature products, will b
provided, together with a range of biophysica
variables and details such as the extent anc
processes of change in land cover. It is an ain
that the data will be collected and disseminatex
rapidly via the internet, giving previousl
unparalleled access to contemporary data o1
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large-area, ecosystem processes (Running
et al., 1994). For a general perspective and
review on present initiatives to archive and
disseminate remotely sensed data of the land
surface see Justice er al. (1993).

CONCLUSIONS

The potential for using satellite surrogates of
meteorological data over large areas in the
study of the distribution and abundance of
arthropod vectors is highlighted. Current,
passive satellite systems can offer the epidemi-
ologist insight into a variety of meteorological
parameters important in determining the
characteristics of the life histories of these
vectors. It is necessary to stress that this
information can be geographically extensive
and is archived globally from the early 1980s to
the present, allowing the study of large-area
ecological phenomena and their changes
through time. The intelligent application of
such satellite data has particular potential in
tropical areas, where the resources and infra-
structure are such that ground data cannot be
obtained. The satellite data are readily and
freely available to scientists through NASA/
NOAA pathfinder projects and are becoming
increasingly accessible to epidemiologists as

computing power and storage facilities becomne
cheaper in real terms. Finally, future satellite
systems dedicated to measuring land-surface
parameters offer many new challenges and
opportunities for the objective assessment
and monitoring of meteorological variables and
thus vector distributions and abundance in real
time.
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