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ABSTRACT: Unless effective corrections can be applied, satellite remote sensing data will remain modified by the
absorption and scattering effects of the atmosphere through which the electromagnetic radiation must pass, between the
Sun, the ground and the sensor. The true reflectance of the land will not be recoverable, and multi-temporal datasets will
not be comparable as a result of the variability of the atmosphere. This article presents a method of removing atmospheric
effects from satellite remote sensing images for low-reflectance areas, such as water, where the atmosphere accounts for
the majority of the at-satellite measured radiance in the visible bands. The method uses visibility observations to select a
reference image for the area of interest. The reflectance of the dark target is calculated after atmospheric correction from
the reference image, and is used in conjunction with Turner and Spencer’s atmosphere—surface simulation (Turner and
Spencer, 1972) and Forster’s method (Forster, 1984), to correct the remainder of the images. The method is applied to
three large water treatment reservoirs to the west of London. Copyright © 2008 Royal Meteorological Society

KEY WORDS

atmospheric correction; aerosol optical thickness; meteorological parameters; satellite remote sensing

Received 23 October 2007; Revised 15 April 2008; Accepted 18 April 2008

1. Introduction and background

Satellite remote sensing data are modified by the
absorption and scattering effects of the atmosphere. Such
interactions occur as the electromagnetic radiation passes
between the Sun and the Earth’s surface, and the ground
and sensor. Unless accurate yet practical methods of
atmospheric correction are available, the true reflectance
of the land surface cannot be recovered. Indeed, multi-
temporal datasets cannot be used, as a result of the vari-
ability of the atmosphere, to observe changes in surface
properties. This is particularly true for low-reflectance
surfaces such as water, where remote sensing monitoring
of water quality may be prevented as a result of atmo-
spheric interventions (Hadjimitsis et al., 2004).

Many atmospheric correction methods have been
proposed for use with multi-spectral satellite imagery
(Hadjimitsis, 1999; Hadjimitsis et al., 2004). They
include image-based methods (Ahern et al., 1979;
Hadjimitsis et al., 2003), methods that use atmospheric
modelling (Vermote, 1996) and finally those that use
ground data during the satellite overpass (Moran et al.,
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1992). Aerosol optical thickness is the key parameter
in any atmospheric correction method and other inves-
tigators provide several techniques for its determination.
There are basically two ways to determine the aerosol
optical thickness for removing atmospheric effects from
satellite images: (1) using image-based techniques such
as the ‘dark object” method (for example, Ahern et al.,
1979), or ‘ocean method’ applied over clear water, which
considers that ‘black oceans’ (Morel and Prieur, 1977)
are totally absorbing in infrared and near-infrared wave-
lengths (for example, Griggs, 1975), and the ‘dark vege-
tation method’ (for example, Kaufman and Sendra, 1988;
Holben et al., 1992); (2) using other auxiliary informa-
tion such as meteorological parameters (for example,
Forster, 1984).

The difficulty of determining the aerosol optical thick-
ness provides the opportunity to researchers to apply
either image-based atmospheric correction techniques or
corrections that use atmospheric models or radiative
transfer (RT) codes (Hadjimitsis ef al., 2004). A typical
example of image-based correction is the darkest pixel
(DP) method, which requires no external data and is
the easiest to implement. However, there is some evi-
dence that the use of RT codes and atmospheric modelling
(Turner and Spencer, 1972; Turner, 1973; Vermote, 1996)
in conjunction with field measurements of aerosol optical
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thickness can yield more accurate atmospheric correc-
tions than can be obtained using simple image-based
techniques (Moran et al., 1992; Vermote, 1996).

It is, however, impractical to measure the aerosol
optical thickness (for example, using ground-based Sun
photometers), since this can be a highly variable param-
eter both temporally and spatially. In the absence of any
other data for aerosol size distribution and aerosol opti-
cal characteristics, aerosol optical depth can be estimated
using the visibility concept, as shown by Forster (1984).
Indeed, in the atmosphere—surface simulation and RT
calculations algorithm presented by Forster (1984) the
aerosol optical thickness was determined on the basis of
the available visibility data at the satellite overpass, rather
than direct measurement.

Over water bodies, atmospheric effects account for the
majority of the at-satellite measured radiance in the visi-
ble bands, and therefore such targets provide an opportu-
nity to assess the effectiveness of the different available
atmospheric correction methods. This has been shown
by Hadjimitsis ef al. (2004), who provided a critical
assessment of the effectiveness of most of the avail-
able atmospheric correction algorithms using Landsat TM
satellite imagery and in situ spectroradiometric measure-
ments. They found that the standard generic models of the
atmosphere included in the atmospheric correction meth-
ods, such as those suggested by Forster (1984), were not
sufficiently accurate when dealing with dark targets such
as water bodies.

Most atmospheric correction methods, including
Forster’s method, did not perform well when comparing
corrected satellite-derived reflectances with the range of
values to be expected at ground level. The simplest, the
DP correction method, provided a reasonable correction
in Landsat TM bands 1, 2, and 3, at least for cloud-free
scenes (Hadjimitsis et al., 2004).

The DP correction method that has been incorporated
in the proposed methodology assumes that the pixel with
the lowest digital number (DN) or radiance in each band
should in reality be zero and therefore its radiometric
DN or radiance value represents the atmospheric additive
effect (Hadjimitsis et al., 2003). The DP may correspond
to a large water body or other dark object within the
scene. The principle of the DP approach is that most of
the signal reaching a satellite sensor from a dark object
is contributed by the atmosphere at visible wavelengths.
Therefore, the pixels from dark targets are indicators of
the amount of upwelling path radiance in that band. The
atmospheric path radiance adds to the surface radiance of
the dark target, giving the target radiance at the sensor.
The surface radiance of the dark target is approximated
as having zero surface radiance or reflectance. A recent
adaptation of the DP method is to assume a known
non-zero surface reflectance of the dark target. The
main characteristic of dark objects is the very-near-zero
radiance in the infrared part of the spectrum. This is due
to the fact that water absorbs strongly in the near infrared
and any scattering effect is negligible.
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2. The atmospheric correction algorithm using
meteorological parameters

2.1. Forster’s atmospheric correction using Turner and
Spencer’s (1972) atmosphere—surface simulation

Forster’s correction algorithm can be divided into two
main stages: (1) obtain the following meteorological
data: atmospheric pressure, visibility, relative humidity
(RH), and temperature; (2) calculate the optical thick-
ness related with Rayleigh scattering, aerosol scattering,
and water vapour absorption based on the meteorological
data. Rayleigh optical thickness is related to atmospheric
pressure. The optical thickness associated with Rayleigh
scattering (caused by fluctuations in air density) is given
for a standard pressure at sea level of 1013.25 hPa
(Fraser, 1975; Chahine, 1983; Elachi, 1987; Vermote,
1996). For pressures at any other elevation an altitude
correction is required (Chahine, 1983; Forster, 1984). If
there is no significant difference between the observed
atmospheric pressure and the standard atmospheric pres-
sure, then atmospheric pressure does not have any sig-
nificant effect on the Rayleigh optical thickness. Aerosol
optical thickness can be assessed on the basis of the visi-
bility range or visual range. Forster (1984) uses the visual
range concept to describe the haze level of the atmo-
sphere due to aerosols, which are heavily concentrated
in the lowest portion of the atmosphere. The aerosol
optical thickness is determined using the graph of the
aerosol optical thickness versus visual range provided
by Turner and Spencer (1972). The visual range (also
termed meteorological range) is defined to be the maxi-
mum distance at which objects can be seen by a human
observer (Turner et al., 1971; Turner and Spencer, 1972;
Turner, 1973, 1975; Sturm, 1981, 1983; Diederen, 1985).
Water vapour optical thickness, or the absorption effects
of water molecules, can be calculated on the basis of
the equivalent mass of water vapour in the atmosphere
(Forster, 1984; Jensen, 2000; Richards, 2005). These
calculations require temperature and humidity measure-
ments. The atmospheric path radiance is then calculated
using the total optical thickness, which is the sum of
every optical thickness and the background reflectance
(the effect of the adjacent land).

By combining the water vapour absorption, aerosol
scattering, and Rayleigh scattering at a given wavelength,
the total optical thickness of the atmosphere is calculated
using Equation (1)

T(A) = (A + 7(d) + TH,0(1) ey
where

T(A) is the total optical thickness

7:(A) is the Rayleigh optical thickness

7,(A) is the aerosol optical thickness

TH,0(A) 1s the water vapour optical thickness.

The atmospheric transmittance between the target and
the satellite sensor is given in Equation (2):

T(6,) t=exp(—7(1)/cosb,) @)

Meteorol. Appl. (2008)
DOI: 10.1002/met



IMPROVED ATMOSPHERIC CORRECTION USING METEOROLOGICAL DATA

By using the correction algorithm given by Turner
and Spencer (1972) the atmospheric path radiance can
be calculated and the target reflectance at ground level
can be retrieved using Equation (3)

Prg [Lis — Lp] (3

_ T
~ T).Eg

where

P 1s the target reflectance at the ground

Eg is the global irradiance incident on the target
(W m™)

Lp is the atmospheric path radiance (W m™2 s r!)

Ly is the target radiance at the sensor (W m~2 s r™1)

7 accounts for the upper hemisphere of solid angle
(Lambertian surface)

T (6,) 1 is the atmospheric transmittance between the
target and the satellite sensor

0, is the nadir view angle of the satellite sensor (or
scan angle).

2.2. Modified atmospheric correction algorithm

Hadjimitsis (1999) found that Forster’s method works
well in atmospheric conditions with insignificant haze
conditions and visibility up to 28 km. The only reliable
corrected reflectance values that were consistent in all
bands were found for an image acquired in southern
United Kingdom on 2 June 1985 (summer), which was
characterized by the highest visibility (25-28 km) at the
time of satellite overpass (Hadjimitsis, 1999; Hadjimitsis
et al., 2004).

On the basis of the results of their previous work
(Hadjimitsis et al., 2004), the authors suggest the fol-
lowing modifications of Forster’s atmospheric correc-
tion method with specific required criteria. The modified
method is presented in the following steps:

Step 1. The method should be applied for a series of
satellite imagery covering the same area of interest.
Step 2. Choose from an available time series of images
of the dark (water) target, the one taken at the time of
highest visibility (and more than 28 km) according to

data from the nearest meteorological station.

Step 3. Determine the aerosol optical thickness using
the graph provided by Forster (1984). Run Forster’s
atmospheric correction method to obtain a reference
image, which is assumed to be free from significant
atmospheric effects.

Step 4. From the corrected image (free from atmospheric
effects), determine the average target reflectance of the
dark target (water body) (o) at the ground level for
all visible and near-infrared bands.

Step 5. For each of the remaining images, run the
Forster’s procedure using the Turner and Spencer
(1972) atmosphere—surface simulation. Substitute the
prg in Equation (3), which represents the most rep-
resentative value of the dark target (water body)
under clear atmospheric conditions, i.e. under high
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visibility values. The only unknown is the aerosol
optical thickness after considering all the assumptions
made by Forster (1984).

Step 6. Calculate L (target radiance at the sensor,
W m™2 s1!) as the radiance corresponding to the
dark target (water body) on the satellite image using
the modified version of the DP approach shown by
Teillet and Fedosejevs (1995). In very clear condi-
tions, the satellite sensor should detect only the real
reflectance (at ground level) at these dark pixels. How-
ever, because of atmospheric scattering, these pixels
have a non-zero reflectance value, which is the atmo-
spheric path radiance (Equation (3)). This atmospheric
path radiance represents a first-order scattering com-
ponent (haze), which can be subtracted from the par-
ticular band (Hadjimitsis et al., 2003). The assumption
behind this proposed method is based on the fact that
the image contains at least a few pixels that correspond
to dark objects. The DP technique assumes that there is
a high probability that there are at least a few pixels in
the image with very low reflectance values whose area
is assumed to correspond to black surface with (0% or
very low reflectance value). The assumption that there
are few pixels in the image with near-zero reflectance
is based on the fact that in a single band there are
very large number of pixels and the probability to find
a dark pixel is very high (Hadjimitsis et al., 2003). For
example, for a single Landsat TM image there are up
to 45 million pixels and by investigating the histogram
distribution of all the pixels there is a high probability
of finding one pixel, which may correspond to some
dark objects such as a water body (Hadjimitsis et al.,
2003). The algorithm terminates when the image win-
dow does not have any dark pixels, which is not a very
common case in satellite remote-sensed imagery (Had-
jimitsis et al., 2003). An option is added for the user to
work with the minimum radiance value in each band
for any target; however, further testing is required.

Step 7. The final stage is to run the atmospheric correction
and the new image corresponds to the corrected one.

3. Study area and auxiliary data

3.1. Study area

The study area is located to the west of London,
and includes eight large water reservoirs and a major
international airport (Heathrow) as shown in Figure 1.
The authors used spectroradiometric measurements made
on site, but not at the same time as image acquisition,
for comparisons between the reflectance values after
applying the atmospheric correction and those at the
ground level (Hadjimitsis et al., 2004).

Through comparisons of reflectance within a time
series of 12 LANDSAT-5 TM images, the overall impact
of atmospheric contributions can be shown. The modified
atmospheric correction algorithm was applied to the time
series of images, and the results were compared with
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Figure 1. Partial scene of the Heathrow area and Lower Thames

Valley reservoirs (Landsat-5 TM image acquired on 2 June 1985

displayed in true colour). This figure is available in colour online at
www.interscience.wiley.com/ma

those derived using Forster’s method in its original form
(Hadjimitsis et al., 2004).

3.2. Meteorological data

Some researchers use the visibility value as an input
parameter into an atmospheric model. This may give
some overestimated values of the aerosol optical thick-
ness and therefore care is required. The meteorologi-
cal range or visual range has been defined by Kneizys
et al. (1988) and Bukata efal. (1995) using Equa-
tion (4) when using the Lowtran code. Lowtran is a
low-resolution propagation model and computer code
for predicting atmospheric transmittance and background
radiance (Kneizys et al., 1983, 1988). However, most
often only the observer’s visibility V is available. So,
Lowtran-6 and -7 (Kneizys et al., 1983, 1988) relate
to the meteorological range, Vj;, with the surface or
observer’s horizontal visibility at the ground, V, accord-
ing to the following equation (Gordon, 1970; Bowker and
Davis, 1987).

Vm=(13x£03)V “4)

where

Vum is the visual range or meteorological range in km

V is the observer’s visibility value km.

All the alternative multiplicative coefficients that have
been extracted from Equation (4), such as 1.0 and 1.6,
have been used (Hadjimitsis, 1999). Indeed these coeffi-
cients have been multiplied by the visibility values (as
shown in Table I) acquired during the satellite over-
pass. On the basis of the fact that visibility data are
acquired every 1 h, an interpolated value has been pro-
duced to match the satellite overpass. Interpolation has
also been applied for the atmospheric pressure values and
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Table I. Visibility data for the dates in which satellite images
of Lower Thames Valley area were acquired (station: London
Heathrow Airport).

Image date Visibility (km) at London Heathrow
Airport station
Visibility Visibility ~ Visibility at
at 1000 at 1100 satellite
(km) (km) overpass (km)

12 April 1984 25 27 25.8

5 March 1985 5 12 7.7

17 May 1985 12 15 132

2 June 1985 25 28 26.2

4 July 1985 6 10 7.5

29 September 1985 5 9 6.9

8 October 1985 40 40 40

24 October 1985 7 10 8.1

9 November 1985 20 25 21.8

13 February 1986 9 9 9

8 March 1986 4.5 8 5.9

28 June 1986 5 6 54

Table II. Atmospheric pressure data (station: London Heathrow
Airport).

Image date Atmospheric pressure (hPa)

Atmospheric Atmospheric Atmospheric
pressure at  pressure at  pressure at

1000 1100 satellite

overpass
12 April 1984 1023.2 1023.2 1023.2
5 March 1985 1023.2 1024.1 1023.6
17 May 1985 1023.4 1023.2 1023.3
2 June 1985 1025.1 1024.6 1024.9
4 July 1985 1016.1 1015.7 1015.9
29 September 1985  1026.5 1026.1 1026.9
8 October 1985 1017.4 1017.6 1017.5
24 October 1985 1028.8 1028.3 1028.6
9 November 1985 1090.5 1090.6 1090.5
13 February 1986 1022.1 1022.0 1022.1
8 March 1986 1025.4 1025.2 1025.3
28 June 1986 1023.1 1021.7 1025.5

relative humidity (RH%) as shown in Tables II and III,
respectively.

4. Results

A comparison between the modified methods with
Forster’s method was performed. Figure 2 shows
reflectance values for Queen Mary Reservoir calculated
from the at-satellite measurements of radiance, for each
of the 12 images. These are compared with values
corrected using Forster’s method (based on Turner and
Spencer’s atmosphere—surface model), and with those
corrected using the modified method described in this
article. Also shown are minimum and maximum values of
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Figure 2. Comparison between measured at-satellite reflectance values, corrected reflectance values and ground data for Queen Mary Reservoir,

for Landsat TM band 1 (upper graph), band 2 (middle graph), and band 3 (lower graph). The measured at-satellite reflectance values are shown

by the upper line, and open squares. Values calculated using Forster’s method are shown by the middle line and open triangles. The shaded area

shows the range of in situ reflectance values measured using the GER-1500 field spectroradiometer. Values calculated using the proposed new
method are shown by the lower line and solid circles.

reflectance calculated from ground measurements made both the measured maximum and the values calculated
using a GER1500 field spectroradiometer (Hadjimitsis from the satellite data using the modified method. This
et al., 2004). suggests that it does not remove the atmospheric effects

It can be seen that Forster’s method (Forster, 1984) completely. It appears that for visibility less than 28 km,
yields higher values of reflectance when compared with Forster’s method does not provide sufficient correction.
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Table III. Relative humidity (%) data (calculated on the basis
of the acquired dry- and dew-point temperatures).

Image date Relative Humidity (RH)%
RH (%) RH (%) RH (%) at satellite
at 1000 at 1100 overpass

12 April 1984 57 50 54.2

5 March 1985 82 76 79.7

17 May 1985 55.5 52 54.1

2 June 1985 59 49 55.0

4 July 1985 64.5 53.5 60.4

29 September 1985 72 64 68.4

8 October 1985 66 51 60.8

24 October 1985 71 54 65.1

9 November 1985 82 87 83.8

13 February 1986 51 51 51.0

8 March 1986 75 61.5 69.4

28 June 1986 54 48 51.6

Although it does improve the correspondence between
calculated and estimated ground reflectance, the results
are scattered and variable across the time series of
images, especially in Landsat TM bands 1, 2, and 3.
Landsat TM band 4 was not used since the DP approach
was found to work more efficiently in the other three
bands (Hadjimitsis et al., 2003).

The modified method gives results that are generally in
agreement with those calculated from field measurements
(within the minimum and maximum values of field
measurements). The overall average corrected reflectance
values from the 12 images was 1.7, 2.4, and 1.9% as
compared with an average value from field measurements
of 1.8, 3.2, and 1.9% for TM bands 1, 2, and 3.

5. Conclusions

A modified atmospheric correction method is presented
to optimize atmospheric correction for satellite remote
sensing for areas consisting of dark low-reflectance
objects, such as inland waters.

It is proposed that the image taken under highest
visibility conditions, and with a visibility in excess of
28 km as identified from local meteorological data, is
utilized to quantify the aerosol optical thickness, to
produce a ‘reference image’ that (following atmospheric
correction using Forster’s (1984) method) is assumed to
have reflectance values free from atmospheric effects.
The reflectance value at ground level is extracted from
this image for the selected dark target. This is used as
an input parameter for running the atmosphere—surface
simulation and Forster’s method on the other images.

By comparing the corrected at-satellite and estimated
ground reflectance values in three large water treatment
reservoirs, improved corrected values of reflectance were
found in the TM bands 1, 2, and 3, when compared with
the values produced using Forster’s method. The modi-
fied method gave values of reflectance similar to those
calculated on the basis of field spectroradiometer data.

Copyright © 2008 Royal Meteorological Society

Further research is required to provide more validation
results and estimates of the possible errors that may be
encountered. The use of more meteorological stations in
the area under investigation may improve the accuracy
of the method, since possible large spatial variations of
atmospheric effects may have occurred.
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