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Abstract

The Advanced Very High Resolution Radiometer (AVHRR) radiance data provide
a global, long-term, consistent time series having high spectral and spatial resolu-
tion and thus being valuable for the retrieval of surface spectral reflectance, albedo
and surface temperature. Long term time series of such data products are necessary
for studies addressing climate change, sea ice distribution and movement, and ice
sheet coastal configuration. These data have also been used to retrieve aerosol prop-
erties over ocean and land surfaces. However, the retrieval of aerosol over land and
land surface albedo are challenging because of the information content of the mea-
surement is limited and the inversion of these data products being ill defined. Solving
the radiative transfer equations requires additional information and knowledge to re-
duce the number of unknowns. In this contribution we utilise an empirical linear rela-
tionship between the surface reflectances in the AVHRR channels at wavelengths of
3.75um and 2.1 um, which has been identified in Moderate Resolution Imaging Spec-
troradiometer (MODIS) data. Next, following the MODIS dark target approach, the sur-
face reflectance at 0.64 um was obtained. The comparison of the estimated surface
reflectance at 0.64 um with MODIS reflectance products (MODQ9) shows a strong cor-
relation (R =0.7835). Once this was established, the MODIS “dark-target” aerosol re-
trieval method was adapted to Advanced Very High Resolution Radiometer (AVHRR)
data. A simplified Look-Up Table (LUT) method, adopted from Bremen AErosol Re-
trieval (BAER) algorithm, was used in the retrieval. The Aerosol Optical Depth (AOD)
values retrieved from AVHRR with this method compare favourably with ground-based
measurements, with a correlation coefficient # = 0.861 and Root Mean Square Error
(RMSE) = 0.17. This method can be easily applied to other satellite instruments which
do not have a 2.1 um channel, such as those currently planned to geostationary satel-
lites.
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1 Introduction

Algorithms developed to retrieve aerosol properties from satellite-based instruments
use optimally the information available in the passive remote sensing observations of
back scattered reflected upwelling radiation , such as the reflectance available at differ-
ent wavebands, multiple viewing angles and/or polarization. The results further depend
on the swath width and spatial and temporal resolution. An overview of aerosol retrieval
algorithms and products is provided in Kokhanovsky and de Leeuw (2009), de Leeuw et
al. (2011) and Mei et al. (2012). For instance, the most popular “dark-target” approach
for MODIS uses the 2.1 um band to estimate the reflectance for visible bands (Kauf-
man et al., 1997). The Bremen AErosol Retrieval (BAER) algorithm for MERIS (von
Hoyningen-Huene et al., 2003, 2011) utilizes the Normalized Difference Vegetation In-
dex (NDVI). Some dual-view algorithms such as the AATSR-Dual-View (ADV) algorithm
(Kolmonen et al., 2013; Curier et al., 2009; Grey et al., 2006), the multi-observation ap-
proach for MODIS (Tang et al., 2005; Mei et al., 2013a), Advanced Along-Track Scan-
ning Radiometer (AATSR) (Xue et al., 2009; Mei et al., 2013b) and the Jet Propul-
sion Laboratory (JPL) algorithm for the Multiangle Imaging Spectroradiometer (MISR)
(Diner et al., 2005) are based on the assumption that the surface reflectance can be
approximated by a parameter which describes the variation with the wavelength and
another one which describes the variation with the geometry (Flowerdew and Haigh,
1995). For geostationary satellites a time series method are employed assuming that
the surface reflectance can be selected for each pixel as the second darkest image,
in order to avoid cloud shadow, for selected time periods for each pixel (Knapp et al.,
2002, 2005) and that the surface reflectance is stable in a short time period (Mei et al.,
2012).

One of the most popular methods is the use of an empirical relationship between ra-
diances observed at different wavelengths to obtain the reflectance at wavelengths in
the visible band of the electromagetic spectrum. This was first described and applied
in the MODIS “dark-target” approach (Kaufman et al., 1997). Similarly, Holzer-Popp
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et al. (2009) developed a regression function between top-of-atmosphere reflectance at
1.6 um and the surface reflectance at 0.67 um and von Hoyningen-Huene et al. (2009)
use the empirical relationship between 0.67 pm and 2.1 um bands for sun glint correc-
tion for the Multi Spectral Imager (MSI) instrument (von Hoyningen-Huene et al., 2009).
The operational algorithm used to retrieve the AOD over ocean using Advanced Very
High Resolution Radiometer (AVHRR) data (Brindley et al., 2005) and the Oxford-RAL
Aerosol and Cloud (ORAC) method (Bulgin et al., 2011) were used for MSG/SEVIRI
AQOD retrieval.

It is challenging to retrieve the aerosol properties from AVHRR data because of the
band-setting limitation. However, the use of AVHRR data to retrieve aerosol properties
is attractive because the AVHRR satellites have been in continuous polar orbit since
1979 (Holben et al., 1992) and thus provides a unique data series for long-term analy-
sis. Xue and Cracknel (1995) developed one retrieval approach using multi-observation
AVHRR data by solving a set of analytical equations. Takemata et al. (2006) derived
the surface reflectance at 3.75 um using the Rojer and Vermote (1998) scheme and
then established an empirical relationship between the 0.64 pm and 3.75 um bands us-
ing ground-based measurements. However, only 30 points were used for regression,
which limited the algorithm to selected land-cover types or certain areas. However, the
surface emissivity is variable, due to changing surface temperatures, which may cause
an uncertainty in the relationship between the reflectance at 3.75 and 0.64 um. Hauser
et al. (2005) estimated the surface reflectance from a time series including a period of
44 days and then retrieved AOD using a radiative transfer code. Riffler et al. (2010) im-
proved the method from Hauser et al. (2005) by considering a new surface estimating
method as well as the aerosol type. Holben et al. (1992) tried to implement a retrieval
algorithm previously developed for Landsat data to that of AVHRR.

In this manuscript, we present a method to retrieve the AOD over land using data
from AVHRR data onboard the National Oceanic and Atmospheric Administration
(NOAA) satellite. The approach assumes that surface reflectance of 0.64 um can be
obtained using an empirical relationship between the reflectances at that wavelength
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and at 3.75 um, using the MODIS dark surface approach. After correction for surface
effects on the Top of Atmosphere (TOA) reflectance, the AOD was derived using a
Look-Up Table (LUT) method adopted from BAER algorithm (von Hoyningen-Huene
et al., 2003, 2011).

2 The retrieval algorithm

The reflectance at the top of the atmosphere (TOA) can be described as follows (Chan-
drasekhar, 1950; Kaufman et al., 1997)

ASfC(/l) . 7-1 (’L ,UO)TZ(/L ,Ll)
1—Agc(1) - 5(4)

Rroa(d, lo, U, @) = Ran (4, o, 1, @) + (1)
where 6 = arccos u is the satellite zenith angle, 6, = arccos u, is the solar zenith an-
gle, @ is the relative azimuth angle, Atoa(4, Lo, U, @) is the contribution of the Earth
surface to the TOA reflectance, R, (4, 4o, U, @) is the contribution of the atmosphere
reflectance to the TOA reflectance, which contains two parts, the aerosol reflectance
Raero(4, Lo, 4, @) and the Rayleigh reflectance Argy (4, o, &, @) (von Hoyningen-Huene
et al., 2003). A (4) is the surface spectral albedo, T;(4, 1) is transmission of light
propagating downward, T,(4, k) is the transmission of light propagating upward from
the surface to TOA and s(1) is the atmospheric hemispherical albedo. We can rewrite
Eq. (1) as follows:

ASfC(/l) : 7-1 (’L ,Llo)Tz(/l, ,Ll)
1-Agc(1) - 5(4)

Ratm(/lyﬂo,ﬂy(p) = RTOA(A"ﬂO’ﬂ’ (p) - (2)
The aerosol reflectance was estimated using the BAER (von Hoyningen-Huene et al.,
2003) approach, Eq. (3). The Raman-Pinty-Verstraete (RPV) Bidirectional Reflectance
Distribution Function (BRDF) model (Maignan et al., 2004) was used to estimate
Agic(1). After removal of the Rayleigh reflectance, the relation between AOD and
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aerosol reflectance (Rgr0(4, Ug, 4, @)) was used for AOD retrieval (von Hoyningen-
Huene et al., 2011).

_ ASfC(A) ' 7-1 (/1-1“0)7-2(/1’#)
1-Agc(4)-s(4)

T1(4, o), To(4, o) and s(A) can be obtained using the approximate equation from
Kokhanovsky et al. (2005). We also used the aerosol phase functions and single scat-
tering albedo from LACE-98 experiment applied in radiative transfer calculations for
LUT as described by von Hoyningen-Huene et al. (2011).

The Rayleigh path reflectance (Rg,,) is determined by the Rayleigh optical depth,
Tray» (Frohlich and Shaw, 1980) and the Rayleigh phase function, Pz, (P), as follows:

3)

Raero(/]w#o’#,co) = RTOA(/LHOHua (p) - RRay(’L,“Oa#;(D)

TRay X PRay(cD)

RRay = (4)
ey Aty
Thay = 0.008641(G9+0.0741+58) " yyhere 1 is the wavelength. (5)
3 . ,
Pray(P) = Z(1 +cos® @), where @ is the scattering angle. (6)

To obtain the surface reflectance in the AVHRR visible channels (0.64 um) we follow
the method used in the MODIS dark surface approach. However, because AVHRR
does not have a 2.1 um band, we explore the use of the 3.75 um channels instead. To
do this, the relationship between reflectances at 2.1 um and 3.75 pm using MODIS data
needs to be established. Because we assume that TOA reflectance is equal to surface
reflectance at both 2.1 um and 3.75 um, and do not determine the relationship between
surface reflectances at 0.64 um and 3.75 um directly in order to avoid using additional
reflectance product. We then use the relationship between 2.1 ym and 3.75 um and the
relationship between 2.1 pm and 0.64 pm.

The reflectance of 3.75 um is given by Eq. (7) (Allen et al., 1990):

L(3.75um) = £(3.75um) x B(3.75um) + Ry(3.75 um)L oo (7)
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where L(3.75um) is the radiance measured at 3.75 um, £(3.75um)is the surface emis-
sivity at 3.75 um, B(3.75um) is the Planck function at 3.75um, R,(3.75um) is the re-
flectance at the TOA at 3.75 um, L is the solar constant and wis cosine of solar zenith
angle.

The relationship between the surface reflectances at 2.12 and 3.75um,
Rsurf(2.12pum), and RS, ,4(3.75um) has the form

A&y (3-75um) = a x Rg,4(2.12um) + b, (8)

where a and b are functions of the Normalized Difference Vegetation Index (NDVI),
which is similar as that proposed by Holzer-Popp et al. (2009).

a=-0.85x (NDVI) + 0.85 and b = 0.05 x NDVI - 0.05 9
, , Ro(0.64um) — Ry(0.87 pm)

The NDVI is determined for AVHRR as NDVI = . (10)
Ry(0.64 pm) + R,(0.87 pm)

and Ry(0.64pum) is the reflectance at the TOA at 0.64 um and R,(0.87um) is the re-
flectance at the TOA at 0.87 um.

The NDVI values as measured by the satellite need to be corrected (NDVI g ected)
for AOD effects, where we use the correction proposed by Holzer-Popp et al. (2009):

NDVoorrecteq = NDVI + 0.2570 /g (11)

where 1 is the preliminary AOD used for NDVI correction.

Figure 1 demonstrates the good linear relationship between Réuﬁ(3.75um) and
Rsui(2.12pm). Based on the statistical relationship between /-?'Surf(3.75um) and
Rs.i(2.12um) and the empirical relationship between Rg,+(0.64 um) and Rg,(2.12 um)
used in the MODIS Dark-Target algorithm Rg:(0.64 um) = 0.5 x Rg,(2.12pm), we ob-
tain:

Rsy(0.64m) = 2.5 x @ x Rg,1(3.75um) + 2.5 x b + 0.05 (12)
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After obtaining the aerosol reflectance according to Eq. (3), AOD was achieved using
a simplified LUT method, adopted from BAER algorithm (von Hoyningen-Huene et al.,
2003, 2011).

3 Results and validation
3.1 Study area and dataset

Beijing is the capital of China located near the northwest border of the Great North
China Plain (see Fig. 2), the region is suffering serious environmental problems caused
by fast economical development and the resultant release of pollutants from anthro-
pogenic activity including land use change. In addition to dust transported from Mon-
golia, which is dominant during the spring and summer, anthropogenic emissions are
the main contributor to pollution over Beijing. The pollution levels may become very high
due to the location of Beijing at the northern edge of the North China Plain, which is
bounded in the north and west by mountain ranges. Winds blowing south or east push
pollutants out of the city, while north or west-blowing winds result in pollutants to be
concentrated over the city along the mountain front (http://earthobservatory.nasa.gov/
IOTD/view.php?id=38290). Many previous researches show that the AOD over Beijing
is often around 0.4—0.5 and sometimes even larger than 2.0 (Sundstrom et al., 2012).
The annual average concentration of PM, 5 is about 101 pg m~2 in 2001 (He et al.,
2001) while it is about 149 ug m~ in 2004 (Guinot et al., 2007).

As a result of the relatively large AVHRR swath of approximately 2400 km, the NOAA
platforms view the same Earth location twice a day (ascending and descending). In this
work, only two channels (0.64 um and 3.75 um) of the AVHRR instrument (Ascending)
on board the polar orbiting NOAA-18 (June and July 2006—2010) and NOAA-19 (June
and July 2011) satellite are used. MODIS level 2 aerosol products (MODO04) and sur-
face reflectance products (MODQ9) were used for the comparison of retrieved AOD
and surface reflectance derived from AVHRR. For evaluation of the retrieved AODs,
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sunphotometer data from the AERONET (Holben et al., 1998) sites at Beijing, Xianghe
and Xinlong are used.

3.2 Result and validation

A comparison between the TOA reflectances obtained from AVHRR measurements
at 0.64 um and those for MODIS at 0.66 um (MODOQ9), as well as the respective sur-
face reflectances, is shown in Fig. 4 for 9 June 2008. Figure 4 shows that the esti-
mated AVHRR reflectance is quite similar to the MODOQ9 reflectance product (8 days
composite). Note that the MODOQ9 product was resized to the same spatial resolution
as AVHRR. Figure 5 shows the strong correlation between AVHRR and MODIS re-
flectances.

The AOD at 0.64 um retrieved from AVHRR data over China, using the method pre-
sented above, are shown in Fig. 6 for clear days on 8 and 9 June 2008. The AOD has
values of 0.5 and higher, in good agreement with in situ measurements. The highest
AOD values occur in the Haidian District, Beijing, which can be explained by the high
population density in this area with universities and technology parks. Figure 6 also
shows the high AOD to the southwest of Beijing, which contributes to the pollution in
Beijing due to transport; see the wind directions indicated in Fig. 7, showing that the
governing wind direction was from the southwest. Figure 7 also shows the relative hu-
midity (right) on 9 June 2008 (http://envf.ust.hk/dataview/gts/current/query_gts_series.
py?src_type=ax). For instance, the humidity in the south part is about 60 % while it is
about 40 % in the north part. A lot of farmland is located to the southwest part of Bei-
jing where during summer, the harvest time for crops such as wheat, biomass burning
causes high AODs.

In some areas the AVHRR-derived AOD is underestimated, such as in the area in
Fig. 6 indicated by the red circle area and confirmed by AERONET comparison. Igna-
tov (2002) investigated the calibration uncertainty of NOAA-14 AVHRR and estimated
the uncertainty in calibration slope is £5-10%. The calibration is better for NOAA-
18 (launched in 2005) and NOAA-19 (launched in 2009) used in the paper, however,
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calibration problem still exists. If an uncertainty of the calibration causes an increase
of the TOA reflectance then this will lead also to an increase of the surface reflectance
(Hauser et al., 2005), thus causing a decrease of AOD estimation. Besides the cali-
bration problem, there are two possibilities which may cause this underestimation. One
could be overestimation of the surface reflectance and the other could be the use of
inappropriate aerosol optical properties in the LUTs. Figure 4 shows that the estimated
surface reflectance agrees quite well with MODQ9 product in the red circle area. Hence
it is likely that the underestimation is caused by the use of inappropriate aerosol op-
tical properties in the LUT. The absorption is not treated very well in the BAER LUT.
Comparison with AERONET data shows that for all match-ups in the Beijing area, the
AODs from AVHRR were underestimated. This is similar to earlier findings using the
BAER LUT (von Hoyningen-Huene et al., 2011). The very high AOD value observed in
the study area on 8 June 2008 is due to insufficient cloud screening.

The AOD values at 0.64 um retrieved with our algorithm were evaluated by compar-
ison with collocated sun photometer data provided by the AERONET sites in Beijing,
Xianghe and Xinlong. Results are shown in Fig. 8. The overpass time for each site
was queried on the AVHRR homepage. We follow the validation method presented by
Ichoku et al. (2001). Averaged AOD values are used corresponding to an overpass
time of £30min from the AERONET observation. AOD values derived from AVHRR
data were averaged to an area of 50 km x 50 km around the AERONET sites, with the
exclusion of pixels where the AVHRR-derived AOD had a standard deviation larger
than 0.18 in the 50 km x 50 km window. The reason for exclusion of these pixels with
a high AOD standard deviation is to avoid cloud-contaminated pixels. On the other
hand, we reduce the number of LUT in term of the polynomial by the consideration of
single scattering approximation to correct for the different solar and viewing geometries
and this approximation is valid for low AOD, but deviates for larger AOD. The deviations
start at AOD larger than 1.0 and increase with increasing wavelength.

There are only three AERONET sites located in/near Beijing, so there is only limited
dataset for the validation. For the comparison, shown in Fig. 8, twenty-seven match-ups
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were found for the months of June and July in the years 2006—2011. The correlation
coefficient is 0.861, but there is a high bias (around 0.15) and a slope of 0.764. The
underestimation is due to the occurrence of absorbing aerosol in the study area which
is not included in the BAER LUTs used in the retrieval. Figure 8 also shows that over
Xianghe the AOD is sometimes overestimated, which was caused by the underesti-
mation of surface reflectance as shown in Fig. 4. Cloud contamination may also be
a factor here. However, due to the limited number of reference points available for this
study area, we cannot properly evaluate the retrieval algorithm over this region. For the
limited number of match-ups available, AVHRR AODs agree quite well with AERONET
AOD while the spatial standard derivation calculated from AVHRR data is similar with
the temporary standard deviation obtained from AERONET observation.

The statistical coefficient derived from MODIS data for the relation between the sur-
face reflectances at 0.64 and 2.1 um is used as prior knowledge in our retrieval method.
However, we need to find the empirical relationships for different surface types and in
different seasons. Figure 9, as an example, shows the AOD distribution over China
derived from AVHRR and MODIS data. We can see that the AOD distribution from
AHVRR and MODIS agree quite well over central and east China. However, over the
west of China, the AVHRR overestimates the AOD. This is mainly due to the surface
properties: the surface over the west of China is very bright and the dark surface as-
sumption does not apply. Equation (12) may also be invalid for this bright region. As
a result, the surface reflectance is underestimated which in turn cause overestimation
of the AOD.

4 Conclusion

An aerosol retrieval algorithm has been presented which uses the single visible band
of AVHRR, with support from the infrared channel to determine the surface reflectance.
The main problem in aerosol retrieval from AVHRR data is that only one visible wave-
length is available. Besides, there are two main limitations for the algorithm presented
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in the paper. The first one is the effect from the emissivity, which may affect the surface
reflectance at 3.75 um. This effect will not be a great issue for a small study area as
used in the study presented here because for such a small area the surface properties
are expected be relatively constant. However, for larger areas we need the support of
an emissivity dataset. The other problem is that a simple LUT was used which has been
derived based on a phase function measured during the Lace experiment in 1998 (Von
Hoyningen-Huene et al., 2003, 2011) and this phase function may not be representa-
tive for the situation over the Beijing area, especially as regards aerosol absorption.
The developed algorithm is the first promising steps towards the retrieval of AOD from
AVHRR data over land.
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Fig. 4. TOA reflectances for AVHRR and MODIS on 9 June 2008 (the most bright surface is
lack of data) are shown on the right, surface reflectances are shown at the right. Top row shows
AVHRR data for a wavelength of 0.64 um, bottom row shows MODIS data for a wavelength
of 0.66 um. The MODIS TOA data are presented with a resolution of 1km, while the surface
reflectances are presented with a resolution of 5km to match the AVHRR data on the top row.
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Fig. 6. Comparison between AVHRR derived-AOD (left column) and MODIS AOD product
(Collection 5) (right column), for 8 (top) and 9 (bottom) June of 2008. The MODIS AOD at
0.64 um was converted from AOD at 0.55 um using fixed Angstrom coefficient (a = 1). The line
of AVHRR AOD figure on 8 June 2008 comes from the AVHRR TOA reflectance.
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Fig. 9. Aerosol optical depth distribution of 0.64 um from AVHRR and MODIS/TERRA over
China on 9 June 2008. Here MODIS AOD at 0.64 um was converted from AOD at 0.55pum
using fixed Angstrom coefficient (a = 1).
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