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Abstract. MODIS (MOderate-resolution Imaging Spectro-
radiometer) retrievals of aerosol optical depth (AOD) are bi-
ased over urban areas, primarily because the reflectance char-
acteristics of urban surfaces are different than that assumed
by the retrieval algorithm. Specifically, the operational “dark-
target” retrieval is tuned towards vegetated (dark) surfaces
and assumes a spectral relationship to estimate the surface
reflectance in blue and red wavelengths. From airborne mea-
surements of surface reflectance over the city of Zhongshan,
China, were collected that could replace the assumptions
within the MODIS retrieval algorithm. The subsequent im-
pact was tested upon two versions of the operational algo-
rithm, Collections 5 and 6 (C5 and C6). AOD retrieval re-
sults of the operational and modified algorithms were com-
pared for a specific case study over Zhongshan to show mi-
nor differences between them all. However, the Zhongshan-
based spectral surface relationship was applied to a much
larger urban sample, specifically to the MODIS data taken
over Beijing between 2010 and 2014. These results were
compared directly to ground-based AERONET (AErosol
RObotic NETwork) measurements of AOD. A significant re-
duction of the differences between the AOD retrieved by the
modified algorithms and AERONET was found, whereby the
mean difference decreased from 0.27 +0.14 for the opera-
tional C5 and 0.19+0.12 for the operational C6 to 0.10+0.15
and —0.02+0.17 by using the modified C5 and C6 re-

trievals. Since the modified algorithms assume a higher con-
tribution by the surface to the total measured reflectance
from MODIS, consequently the overestimation of AOD by
the operational methods is reduced. Furthermore, the sensi-
tivity of the MODIS AOD retrieval with respect to differ-
ent surface types was investigated. Radiative transfer simu-
lations were performed to model reflectances at top of at-
mosphere for predefined aerosol properties. The reflectance
data were used as input for the retrieval methods. It was
shown that the operational MODIS AQD retrieval over land
reproduces the AOD reference input of 0.85 for dark sur-
face types (retrieved AOD =0.87 (C5)). An overestimation
of AOD =0.99 is found for urban surfaces, whereas the mod-
ified C5 algorithm shows a good performance with a re-
trieved value of AOD =0.86.

1 Introduction

Aerosol particles influence various aspects of the Earth’s
ecosystem. By scattering (Charlson et al., 1987, 1992; Tegen
et al., 2000) or absorption (Jacobson, 2001; Ramanathan
et al., 2001) of solar radiation, aerosol particles influence the
Earth’s radiation budget, perturbing cloud and precipitation
cycles and therefore the global climate (Charlson et al., 1987;
Yu et al., 2007; Menon et al., 2002; Houghton et al., 2001).
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Megacities play a particular role in this regard, because they
are a significant source for anthropogenic aerosol particles
(Alpert et al., 2012; Cassiani et al., 2013). Therefore megac-
ities are of interest in global climate and chemical models
(Lawrence et al., 2007; Butler and Lawrence, 2009; Folberth
et al., 2012). Trends of anthropogenic aerosol particles over
the 189 largest cities in the world were reported by Alpert
et al. (2012) showing a significant increase over megacities
in the Indian subcontinent, the Middle East, and North China.

The column integral of the atmospheric extinction (absorp-
tion plus scattering) of solar radiation by aerosol particles
is known as the aerosol optical depth (AOD). By definition,
AOD is spectral (function of wavelength); however it is often
reported in a mid-visible wavelength (e.g., 0.55um). AOD
can be measured from the ground by sun photometers or re-
trieved from measured radiances, as observed at the top-of-
atmosphere (TOA) from spaceborne instruments such as the
MODerate-resolution Imaging Spectroradiometer (MODIS)
(Schaaf et al., 2002). Since measured upward radiance at
the TOA depends on both atmospheric components and the
underlying surface, AOD retrieval uncertainty depends on
the relative weighting of the two signals. Uncertainty from
surface reflectance assumptions dominate for low values of
AOD (< 0.15), whereas aerosol optical assumptions domi-
nate as AOD becomes large > 0.4 (Levy et al., 2010; Mielo-
nen etal., 2011). A dark-target retrieval algorithm, therefore,
relies on picking out dark surfaces due to reduced impact on
the TOA signal. In general, AOD retrieval over ocean water
(which can be very dark) involves lower uncertainties than
over land (Kaufman et al., 1997).

However, aerosol retrieval over land is possible if one can
measure, model, or otherwise constrain the impact of the
surface reflectance on the TOA signal. Vegetated and dark-
soiled surfaces tend to have surface reflectance that corre-
lates spectrally, meaning that reflectance in one wavelength
can be estimated from reflectance in another. In the original
retrieval algorithm, which was used to process up through
Collection 4 (C4) of the MODIS aerosol product, it was as-
sumed that surface reflectances in the MODIS blue and red
(e.g., 0.47 and 0.65 pm) bands were 0.25 and 0.50, respec-
tively, of the value in the shortwave-infrared (2.1 um) band.
This spectral relationship was used to constrain the differen-
tial equations of the AOD retrieval. As the MODIS product
has matured, from C4 to Collection 5 (C5) and to the current
operational Collection 6 (C6) versions of the retrieval algo-
rithm (Levy et al., 2007, 2010, 2013), additional information
(e.g., vegetation index and scattering angles) has been intro-
duced to better estimate the surface reflectance.

While the resulting dark-target AOD retrieval technique
shows good performance over much of the globe, the al-
gorithm developed for dark vegetation continues to show
less accurate results over surfaces with high reflectance such
as arid regions (Drury et al., 2008) and urban surfaces
(de Almeida Castanho et al., 2007; Oo et al., 2010; Wong
etal., 2011; Zhaet al., 2011; Li et al., 2012; Escribano et al.,
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2014). For urban surfaces in particular, de Almeida Castanho
et al. (2007) and Oo et al. (2010) reported a positive bias of
retrieved AOD over Mexico City and New York City com-
pared to ground-based sun photometer measurements.

Several approaches have been suggested to consider the
problem of unknown surface reflectance in the retrieval of
AOD over urban surfaces. Drury et al. (2008) found an im-
provement of the derived AOD when the local surface re-
flectance was used as derived from satellite data collected
during days with low values of AOD. Wong et al. (2011) de-
veloped an aerosol retrieval algorithm for Hong Kong and the
Pearl River Delta region with a spatial resolution of 500 m.
They determined the surface reflectance with a minimum
reflectance technique which increased the slope of the lin-
ear regression coefficient between AODs from MODIS and
sun photometer measurements from 0.75 to 0.83. A simpli-
fied algorithm to retrieve AODs with a spatial resolution of
500 m for urban regions such as Beijing was developed by
Bilal et al. (2014). The results have shown a relative mean
bias (RMB; ratio of AOD from MODIS and AOD derived
from sun photometer at “Beijing_RADI” AERONET site) of
0.97, whereas the standard MODIS algorithm overestimated
the AOD with a RMB of 1.12. Zha et al. (2011) used sun
photometer measurements and radiative transfer calculations
for an improved representation of surface reflectance in the
MODIS algorithm. They have shown for the city of Nanjing,
China, a seasonal variability of the relationship between the
surface reflectance at the visible (0.47 and 0.65 um) and the
near-infrared wavelengths (2.11 pm).

The present study also focuses on urban areas of China,
but instead of using empirical information (e.g., atmospheric
correction of TOA radiances) it uses surface reflectance mea-
surements provided by low-flying aircraft. Specifically, air-
borne spectral measurements taken over Zhongshan (south-
east China) have been used to test whether the AOD retrieval
is improved when substituting measured values for the em-
pirical surface reflectance relationships. At the same time,
since there are differences between the assumptions used for
the C5 and C6 versions, the sensitivity of both versions com-
pared.

Section 2 gives a brief description of the surface re-
flectance assumptions of the MODIS aerosol retrieval algo-
rithm over land (both C5 and C6) and introduces the method
to derive the surface reflection properties from airborne mea-
surements over Zhongshan. These properties and the corre-
sponding modification of reflection assumptions in the opera-
tional C5 and C6 retrieval algorithms are presented in Sect. 3.
In Sect. 4 the modified and operational algorithms are ap-
plied to MODIS measurements over Zhongshan and Beijing.
Furthermore, AOD values derived from AERONET are com-
pared to MODIS retrievals for Beijing, and a sensitivity study
of the reflectance ratios based on radiative transfer simula-
tions is performed. Conclusions are given in Sect. 5.
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2 MODIS AOD retrieval and surface reflectance
assumptions

The methodology of the current dark-target retrieval (C5)
was detailed by Levy et al. (2007), and the differences
between the current C6 and C5 versions of the MODIS
aerosol were described by Levy et al. (2013). There are two
MODIS instruments: one on Terra satellite (equator overpass
in morning) and one on Aqua (overpass in afternoon). With a
2330 km wide swath, and with pixels of 1 km (or finer) spa-
tial resolution at nadir, MODIS observes TOA reflectances
and radiances in 36 channels (or bands), ranging from visible
through thermal-infrared wavelengths. Seven bands (0.47,
0.55, 0.66, 0.86, 1.2, 1.6, and 2.1 pm) are used explicitly for
dark-target aerosol retrieval over land and ocean and have
500m or 250 m resolution. The retrieval algorithm is the
same for both MODIS instruments.

The aerosol retrieval uses a lookup table (LUT) approach,
in that a subset of the measured reflectances are com-
pared with pre-computed simulations (using radiative trans-
fer) of representative surface/atmosphere “scenes”. The best-
matching solution is assumed to describe the aerosol condi-
tions (including the AOD) of the given scene. Since pixels
at 500 m resolution can be “noisy”, the standard retrieval op-
erates on a 20 x 20 grouping (10 km by 10 km) of the origi-
nal pixels. Pixels containing clouds, snow or ice, and inland
water bodies are filtered out, so that the remaining pixels
are sorted with respect to their brightness. Pixels with re-
flectances between 0.01 and 0.25 at 2.1 ym wavelength are
selected, and the brightest 50 % and darkest 20 % of these
pixels are discarded in order to further reduce possible cloud
and surface contamination. If there are at least 12 remaining
pixels (out of the original 400) within the 10 km by 10 km
box, the reflectance in each channel is averaged and assumed
to represent the TOA reflectance of this box. Note that, in
C6, there is a separate 3 km resolution retrieve which is not
considered here.

Outside of the uncertainties of cloud masking and pixel
selection, there are various theoretical sources of error in
the AOD retrieval. One is the aerosol “type” used to power
the radiative transfer code. The aerosol type is described
by an assumed shape, a size distribution, and refractive in-
dices used to calculate scattering and absorption properties.
Changes from C5 to C6 included corrections related to the
Rayleigh/aerosol LUTs and modifications of the assumed
aerosol type models that are prescribed for season and lo-
cation (Levy et al., 2013). The other major uncertainty is re-
lated to the assumptions of surface reflectance, and its con-
tribution to the TOA reflectance. While all aspects were con-
sidered during the upgrade from C5 to C6, here the sensitiv-
ity of the aerosol retrieval on its assumptions related to sur-
face reflectance is studied, focusing on the assumed surface
reflectance relationship and whether offline measurements
(e.g., from aircraft) help to improve the aerosol retrieval.
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Because of atmospheric scattering and absorption, spectral
surface reflectance cannot be determined directly from satel-
lite measurements. The original formulation (including the
C4 products) of the MODIS aerosol retrieval algorithm was,
in fact, based on aircraft measurements of surface reflectance
over a few sites. In these studies, Kaufman et al. (1997) de-
termined that for vegetation and dark-soiled surfaces, the sur-
face reflectances in blue (0.49 pm), red (0.66 um), and in the
near infrared (2.1pum) were related by empirical relation-
ships: po.49 = p2.1/4 and pg.es = p2.1/2. While these rela-
tionships were based on “prototype” MODIS channels (note
small differences in wavelength from actual MODIS wave-
lengths), these ratios were assumed in operation. Therefore,
since the atmosphere (except for under heavy dust condi-
tions) is nearly transparent at 2.1 um, the surface reflectance
is approximated by the measured TOA reflectance at 2.1 um
(0s2.1 = pToa21), and the values at the other wavelengths
can be estimated. The difference between TOA and surface
in blue and red channels is related to aerosol.

Levy et al. (2007) relaxed the assumption of atmospheric
transparency at 2.1 um and reformulated the aerosol retrieval
as an inversion of three bands (0.47, 0.65, and 2.1 ym). In ad-
dition, detailed atmospheric correction was performed over
many AERONET sites, so that the surface reflectance re-
lationship became better characterized. In particular, Levy
et al. (2007) considered more variables for characterizing the
wavelength-dependent surface reflectance, including scatter-
ing angle ¥scat and general “greenness” of the surface. The
effect of geographical and seasonal variations on surface veg-
etation could be diagnosed through the normalized differ-
enced vegetation index NDVlIgswr, combining the measured
reflectances p™ at 1.2 and 2.1 pm wavelength:

m m
P12~ P21

NDVliswir = .
Pl + Py

)

The surface reflectance at 2.1 um wavelength is calculated
as a function of measured TOA reflectance, the atmospheric
backscatter ratio, the transmissivity, and the TOA reflectance
given by the precalculated LUTs depending on AOD and
aerosol type. According to Levy et al. (2007) the surface re-
flectance at 0.65 and 0.47 um is a function of the surface re-
flectance at 2.1 um wavelength and is derived by

05,065 = Ps,2.1 - A0.65/2.1 + b0.65/2.1 » 2
05,0.47 = 05,0.65 - 40.47/0.65 + b0.47/0.65 - (3)
The corresponding slopes a and intercepts b are given by
ao.65/2.1 = ag gy 1 +0.002 - Vscar — 0.27,

bo.g5/2.1 = —0.00025 - Pscat +0.033,

ap.47/0.65 = 0.49,
bo.47/0.65 = 0.005, 4

with the scattering angle 95t and the slope ayg’gfz'_si’"m with

respect to the vegetation index NDVIswr. Note that due
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to a coding error, the C5 version’s NDVIswr dependence
as given in Eq. (10) from Levy et al. (2007) was reversed.
This error was corrected in C6 (Levy et al., 2013). Values of
NDVIswir dependence for both versions are provided here
as Egs. (), (6), and (7).

ad2h | =0.48 (C5) and ahl2Nh , =058 (C6)

for: NDVI < 0.25 (5)
aplga)b 1 = 0.58 (C5) and aplga/y =048 (C6)
for: NDVI > 0.75 (6)

algah =0.48+0.2- (NDVI—0.25)  (C5)
apigah =0.58+0.2- (NDVI—0.25)  (C6)
for: 0.25 <NDVI <0.75 (7)

As noted in the previous section, the aerosol retrieval in-
volves many assumptions about the observations (measured
spectral reflectance), aerosol types (size, shape, composi-
tion), and other factors. However, for the sensitivity stud-
ies presented in the following sections, only the equations
that relate to surface reflectance are modified. Therefore,
the “stand-alone code” of the MODIS aerosol retrieval algo-
rithms (http://darktarget.gsfc.nasa.gov/reference/code) was
employed. These codes provide a single output AOD for
a given set of input values, which include measured TOA
spectral reflectance and observing geometry. Since the op-
erational MODIS retrieval product (e.g., either C5 or C6)
provides this input information, all assumptions about pixel
aggregation, cloud masking, and pixel selection are already
accounted for. Therefore, this study is focused on comparing
the in-field measurements with C5 and C6 assumptions, as
well as testing the retrieval sensitivity to the surface assump-
tions.

3 Airborne measurements of urban surface reflection
properties

Airborne measurements of surface reflection properties were
performed over Zhongshan, China. The following subsec-
tions introduce the field campaign, the main instruments, and
the method to retrieve the surface properties.

3.1 Field campaign in Zhongshan, Pearl River Delta,
China

The city of Zhongshan, China, is in the vicinity of the megac-
ities Guangzhou, Shenzhen, and Hong Kong. Zhongshan is
characterized by a heterogeneous urban surface, represent-
ing various artificial materials as well as vegetation and small
water bodies. The aerosol loading is often large. In December
2009, spectral reflectance and aerosol properties were mea-
sured over Zhongshan, using a combination of aircraft-borne
spectroradiometers and surface sun photometers and LIDAR.
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Spectral radiation was measured with the Spectral Mod-
ular Airborne Radiation measurement sysTem albedometer
(SMART albedometer; Wendisch et al., 2001, 2004; Bier-
wirth et al., 2009). During the campaign the instrument was
equipped with two optical inlets, one for spectral upward ir-
radiance (Ff) and the other for spectral nadir radiance (IAT)
measurements (opening angle of radiance inlet =2.1°). Each
optical inlet was connected via optical fibers with two mul-
tichannel spectrometers. The spectrometers cover a wave-
length range between 0.4 and 2.1 pum with a full width at
half maximum of 1-2 and 9-16 nm. Due to low signal and
poor sensitivity, nadir radiances above 2.0 um could not be
used in this study. The SMART albedometer was calibrated
in-laboratory, before and after the field campaign, with certi-
fied radiation sources (1000 W lamp, integrating sphere, and
Lambert reflecting panel) prior and after the field campaign.
In addition, in-field calibrations were performed during the
campaign. Using Gaussian error propagation, the total uncer-
tainty (one sigma) for the SMART albedometer ranged from
3 to 14 % and depended on wavelength.

Concurrently, ground-based data of aerosol properties
were collected in the city of Zhongshan with two sun pho-
tometers (Cimel CE318-2 and Schulz SP1A) and a LIDAR
(Chen et al., 2014). From these data the single scatter-
ing albedo @ and asymmetry parameter g of the aerosol
particles were retrieved by the inversion method described
by Dubovik and King (2000). The vertical aerosol extinc-
tion profile beyt(z) was measured with a combined Raman
(387 nm), elastic (355 and 532 nm) backscatter LIDAR. An
overview of the applied airborne and ground-based instru-
ments and measurement uncertainties are given in Table 1
(Andrews et al., 2006; Chen et al., 2014).

The measured data from the sun photometers and LIDAR
were used to derive the spectral vertical extinction profile,
which is needed for the calculation of surface reflectance
and surface albedo from the airborne radiance and irradi-
ance measurements (see Sect. 3.2). Since the LIDAR did not
provide information on the vertical aerosol distribution up
to 1000 m height, the vertical extinction profile was extrapo-
lated from 1000 m to the surface in correspondence with the
vertically integrated extinction coefficient (AOD) of the sun
photometer. The layer between surface and 1000 m height
was separated into two sub-layers. Starting from 1000 m alti-
tude the extinction was assumed to increase with decreasing
height following the measured slope of the LIDAR extinc-
tion profile. The second sub-layer with a constant aerosol ex-
tinction coefficient was assumed below to represent a well-
mixed layer. The sun photometer measurements of AOD, ,
g were extrapolated to wavelengths larger than 1 um by scal-
ing spectra from the literature (d’Almeida et al., 1991). @
and g were assumed to be constant with height. The shape
of the vertical profile was assumed to have no spectral de-
pendence, so that extinction in all wavelengths had the same
relative profile. Thus, the spectral sun photometer AOD mea-
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Table 1. Table of airborne and ground-based measurements in Zhongshan, China, 2009.

different wavelengths.

Instrument Measured quantity Uncertainty
SMART albedometer Fl 1!, 04-21m 3-14%
Sun photometer Schulz SP1A05 AOD 0.01
0.35-1.0 um, 17 channels
Sun photometer CIMEL CE 318-2 AOD, w, g AOD: 0.02-0.04
0.34-1.0 ym, 8 channels w: 0.03
g:3-5%
Combined Raman backscatter LIDAR  bext(2) 0.01-0.02km~—1
surements could be scaled to provide extinction profiles at
on(z0)
_ Pnt1(20) = pm(2F) - ——— . (12)
3.2 Retrieval of surface reflectance and albedo from on(zF)

airborne measurements

The spectral surface reflectance ps ;, was calculated accord-
ing to the atmospheric correction technique, originally devel-
oped for the retrieval of the surface albedo «s; (Wendisch
et al., 2004):

(8)

based on airborne measurements of irradiance. Note that
Wendisch et al. (2004) used the symbol ps for the sur-
face albedo. Atmospheric masking means that a downward-
looking radiation sensor measures not only the contribu-
tion of reflected radiation from the surface but is also in-
fluenced by the multiple scattering within the atmosphere,
which needs to be separated. The surface reflectance

gt
poa = 220 ©
F)L (z0)

is retrieved by assuming isotropic surface reflectance with
F = - 1. Both surface properties are obtained by an iterative
algorithm starting with an initial value of albedo (reflectance)
at flight level om(zr) (om(zE)), Which is used as a first guess
for the surface albedo (reflectance). The spectral upward ir-
radiance and radiance as well as the spectral downward irra-
diance at flight level zr and at ground level zg are calculated
with the one-dimensional radiative transfer package libRad-
tran (Mayer and Kylling, 2005). The sun photometer and LI-
DAR measurements provide the input for the aerosol profile.
Furthermore, the model uses atmospheric profiles of temper-
ature, pressure, and gas concentrations. The simulated albedo
(reflectance) at flight level and ground level is used to calcu-
late the surface albedo (reflectance) for the next iteration step
41 (pn+1) as follows:

a;(z0)

e 10
o, (2F) ( )

au+1(z0) = om(zF) -
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The iteration is stopped if the difference between measured
F (Inﬁ) and modeled upward irradiance I'THT+l (radiance

InTH) is less than 4 % (6 %), which is comparable to the mea-
surement uncertainty of the upward irradiance (radiance):

T

F

%(ZF) —1] <0.04, (12)
Fm(zF)
T

1

%(ZF) —1/<0.06. (13)
Im(zF)

The uncertainties of the retrieved surface albedo and re-
flectance were determined by Gaussian error propagation
of the single error sources (see Table 2). For this pur-
pose, a sensitivity study with radiative transfer calcula-
tions was performed. Synthetic upward radiances and irra-
diances at a given flight altitude zg were calculated with one-
dimensional radiative transfer calculations for given aerosol
and surface albedo input. Subsequently, the surface albedo
and surface reflectance were determined with the method
described above, first for the given input values and then
with modified input parameters. The variations of the sin-
gle aerosol parameters were AOD +30%, @ +2%, g =4 %,
and zr £ 50m. These uncertainties were assumed from the
observed variation of the parameters during the field cam-
paign in Zhongshan. The variation of FAT and If were £(3-
14) % depending on the considered wavelength range. In
general, lower AODs result in lower uncertainties of the
derived surface properties because, compared to the sur-
face, the relative contribution by the atmosphere to the mea-
sured upward radiation is decreased. Therefore, uncertain-
ties of the aerosol properties g and @ for lower AODs
have lower impact on the retrieval results. Table 2 gives the
sensitivities for AOD(0.53 pm) = 0.9 representing an upper
limit. In wavelength range | (0.4-0.6 um), the retrieved sur-
face albedo and surface reflectance are sensitive to the as-
sumed optical aerosol. As AOD generally decreases with in-
creasing wavelength, the sensitivity also decreases. At the
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Table 2. Relative uncertainties of the different error sources and un-
certainty (one sigma) of surface albedo and reflectance after Gaus-
sian error propagation for high aerosol particle optical depth. The
roman numerals I-1V indicate the wavelength ranges. I: 0.4-0.6 um,
11: 0.6-1.0um, 111: 1.0-1.8 um, IV: 1.8-2.1 pm.

Sensitivity (%)

as(1), high optical depth ps(A), high optical depth
(AOD(0.53 um) =0.9) (AOD(0.53 pm) =0.9)

| 1 1l v | Il \Y

Fl 31 31 35 108 I 66 66 95 144
AOD 25 19 9 08 AOD 10 5 02 15

o 20 7 4.5 0.9 @ 11 4 25 0.5
g 15 8 4.5 15 g 8.5 3 2 0.3
ZF 1 01 0.1 0.1 ZF 1 01 01 0.1

as ), 355 22 116 11 psy 184 97 10 145

longest wavelengths (1.8-2.1 um), the uncertainties are dom-
inated by the measurement uncertainties of the SMART in-
strument, which has lower sensitivity and poor signal-to-
noise ratio in this spectral range. A similar study was per-
formed for AOD(0.53 um) = 0.12 showing uncertainties be-
tween (3.2-10.8) % (surface albedo) and (6.6-14.4) % (sur-
face reflectance).

4 Results from airborne measurements
4.1 Example spectra of surface reflectance and albedo

An 8 km by 4 km area of Zhongshan was systematically over-
flown on 3 December 2009, with 60ms—1 flight speed in
different altitudes as shown in Fig. 1. The upward radiances
and irradiances measured within the marked square are used
to calculate the surface albedo and surface reflectance spec-
tra. Measurements at 4100 m flight altitude correspond to
a radiance footprint of 140 m across and 200-380 m along
the flight direction for an integration time of the SMART
albedometer between 1 and 4 sec with an radiance inlet open-
ing angle of 2.1°. The solar zenith angle (SZA) ranged be-
tween 44 and 55° during the 1.5h of the flight. The change
of SZA was considered in the derivation of the surface prop-
erties.

Figure 2 presents typical examples of spatially averaged
surface albedo and reflectance spectra, derived from the air-
borne measurements in 4100 m altitude over Zhongshan.
Note that the wavelength ranges with significant water va-
por absorption are excluded. By assuming relative homo-
geneity of the atmosphere, the corresponding standard devi-
ation (displayed as vertical bars) represents a measure of the
heterogeneity of the underlying urban surface. Both spectra
in Fig. 2 show spectral signatures typical for vegetation, in-
cluding the “vegetation step” in the near-infrared range of
0.7-0.9 um. As a general feature, the surface albedo is lower
than the surface reflectance for all wavelengths, which is due
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Figure 1. Flight pattern for the airborne measurements in Zhong-
shan on 3 December 2009. The area marked with the rectangle
shows the position of the measurements which are averaged for the
spatially averaged surface albedo and surface reflectance spectra.

* o Surface reflectance
a, Surface Albedo
1

00 1 1
0.5 1.0 1.5 2.0
Wavelength (um)

Figure 2. Mean surface albedo «s ; and surface reflectance ps
measured over Zhongshan on 3 December 2009. The data were av-
eraged for a time period of 40 min where the flight altitude was
4100 m and the SZA ranged between 45.7 and 48.7°. The standard
deviation is displayed as vertical bars.

to the particular geometry of the measurement. The standard
deviation of the spatially averaged surface albedo, derived
from measurements at 4100 m flight altitude, is also smaller
than that of the surface reflectance. Since albedo is an in-
tegral across all directions, its relative uncertainty is lower
due to the directional averaging (or blurring). Consequently,
the flight altitude and the aerosol conditions will have the
most impact on the variability of the retrieved spatially av-
eraged surface albedo from airborne measurements (Jakel
et al., 2013). Resolving the small-scale variability of surface
albedo requires low-flying aircraft or ground-based measure-
ments. The surface reflectance derived from radiance mea-
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surements at high flight altitudes reproduces the heterogene-
ity of the surface reflection caused by the narrow viewing
angle of the radiance optical inlet.

4.2 Revised surface reflectance assumptions for the
MODIS AOD retrieval method

According to Egs. (2) and (3) the surface reflectance at
0.47 um wavelength in the MODIS AOD algorithm is de-
rived from that at 0.65um based on the surface reflectance
at 2.1um. The airborne measurements of the surface re-
flectance are not reliable for wavelengths larger than 2.0 um,
due to the low sensitivity of the SMART albedometer. The
relation between reflectances at 2.0 and 0.65um cannot be
used as approximation to modify Eq. (2) because of the
strong differences between 2.0 and 2.1 um, and the finding
that reflectances at 2.0 and 0.65um are poorly correlated
(R =0.62).

Therefore, our strategy is to modify only the blue/red
fit parameter of Eq. (3) to match the airborne observations
above Zhongshan. The surface reflectance at 0.47 um as a
function of the surface reflectance at 0.65um for the case
study Zhongshan is shown in Fig. 3a. Linear regressions are
performed in two ways, one with a free y intercept (red solid
line), the other with y intercept fixed at O (slope coefficient
only — black solid line). The two regressions are compared
with the regression fit assumed for the operational MODIS
algorithm (dashed line). All three equations are listed as
Egs. (14), (15), and (16).

0s.0.47 = 0.005+0.49 - ps 0.65 MODIS operational (14)
05,047 =0.02+0.63 - ps 0.65 Zhongshan
regression with intercept  (15)
5,047 = 0.85- ps 0.65 Zhongshan
regression without intercept (16)

Clearly, the measured over-urban surface reflectance rela-
tionship for Zhongshan is much different than that assumed
by the retrieval algorithm, with the slope coefficient being
much larger (0.85 vs. 0.49). The histogram of the slope val-
ues is shown in Fig. 3b. A similar result, with higher values
for the relationship between ps .47 and psoe5 Of approxi-
mately 0.766 for urban surfaces is already reported by Levy
et al. (2007).

5 Implementation of measured surface reflectance
ratios into the MODIS algorithm

SMART albedometer measurements of the spectral surface
reflectance over Zhongshan are used to modify the surface re-
flection assumptions in the AOD retrievals with respect to the
variability and the spectral signature of urban surfaces. The
AOD will be retrieved from MODIS measurements using the
modified and the operational algorithms for Zhongshan. Usu-
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Figure 3. (a) Surface reflectance at 0.47 pm ps(0.47 pm) as function
of surface reflectance at 0.65 um ps(0.65 um) for Zhongshan. The
solid lines represent the linear fits of the measured data with (red)
and without (black) an intercept. The dependency of ps(0.47 um)
and ps(0.65um) in the operational algorithm is shown as dashed
line. (b) Relative frequency distribution for all possible ratios of
ps(0.47 um) and ps(0.65 um) representing the slope ag 47,0.65 for y
intercept at 0. The slope of the operational algorithm is shown as
dashed line.

ally, the validation of AOD retrievals is performed by com-
parisons with AERONET measurements. Since no data were
available for Zhongshan, the retrievals will be additionally
applied for a larger MODIS data set (2010-2014) that covers
the city of Beijing.

In a second approach, the MODIS retrieval methods will
be applied for simulated TOA reflectances (representing
MODIS measurements) for different surface types. The re-
trieval results from the operational and the modified algo-
rithms will be compared to the reference AOD value which
serves as input for the radiative transfer simulations.

5.1 Sensitivity study

The measured spectral reflectance at TOA, from the MODIS
products MODO04 (from Terra satellite) and MYDO04 (from
Aqua satellite), was used as input for the MODIS retrieval
stand-alone codes. These reflectances are cloud screened and
are considered to be representative of 10km by 10 km pix-
els (nadir). Note, that these data have already been processed
by the operational retrieval (C5 product), and they are being
reused to drive the stand-alone versions (C5 and C6). There-
fore, the differences in the derived AOD are solely caused by
the modification of the stand-alone code, not by differences
in the preprocessing of the data between C5 and C6. Here,
the main difference between C5 and C6 stand-alone versions
is the treatment of the spectral slope ag g5,2.1.

The MODIS case was chosen to fit the time and area of the
airborne measurements as best as possible in order to mini-
mize differences due to season and viewing geometry. The
MODIS data granule from 1 December 2009 was selected
as optimum choice with respect to observed location and so-
lar geometry (SZA = 45.7°). Although optimal geometry for
MODIS retrieval, there was no comparable sun photometer
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measurement available for this day. However, the sensitivity
of the algorithm can be tested for this case. Even though the
observed spectral slope, ag.47/0.65, measured in Zhongshan,
has mean value close to 0.85, Fig. 3b demonstrates that there
is a wide range for measured spectral slope (0.55 to 1.10).
This range of slope values is applied to each of the modified
algorithm (C5 and C6 based) to determine the effect on the
retrieved AOD.

Figure 4a shows the retrieved AOD (0.55um) as func-
tion of the spectral slope ag.47,0.65 Measured in Zhongshan
for both of the modified retrievals. For this range of spec-
tral slopes, an almost linear relationship between slope and
retrieved AOD is observed, with a correlation coefficient of
R = 0.99 for both algorithms. For this particular case, vary-
ing the spectral slope between 0.55 and 1.10 results in AOD
ranging between 0.87 and 0.75. C6 tends to show slightly
more sensitivity to increasing the slope of the surface re-
flectance, resulting in lower AOD for equivalent slope as-
sumptions. Figure 4b shows the relative frequency distribu-
tion of AOD (0.55pum) as retrieved with the modified C5
and C6 algorithms using different slope parameters ag.47,0.65
(Fig. 3). The AOD values of 0.84 (C5) and 0.85 (C6) as re-
trieved by the original MODIS algorithms are displayed as
vertical lines. In most runs, the modified algorithms yielded
AOD values which were lower than the operational MODIS
algorithms. Clearly, modifying the MODIS retrieval code to
use measured spectral slopes, leads to revised estimates of
the AOD. Since the majority of measured spectral slopes are
larger than assumed for the operational retrieval, the result is
a lower estimate of AOD. For this case, the sensitivity of the
C6 version to assumed blue/red spectral slope is greater than
it was for C5.

5.2 Testing over Beijing

The previous subsection showed a sensitivity of aerosol re-
trieval to changing the assumed spectral slope of the surface
properties. Now it is tested whether the measured surface ra-
tios actually improve the aerosol retrieval. Since there are
such few collocations of AERONET data with MODIS over-
pass in Zhongshan, it is considered to test the urban surface
ratios for use over another city in China. Here the spectral
slopes ag47/0.65, derived from the airborne measurements
over Zhongshan, were applied to MODIS data over Beijing.
For Beijing, there are 120 days of concurrent AERONET
data, observed between 2010 and 2014 matching in time
(£30min) and space (closest MODIS pixel to AERONET
station).

Figure 5 presents the scatter plot and regression lines of
the relation between AOD derived from MODIS vs. mea-
sured by AERONET. Recall that when the retrieval expects
a dark surface, a larger observed TOA reflectance is inter-
preted as enhanced aerosol contribution. Both operational al-
gorithms systematically overestimate the AOD as compared
to AERONET, which is consistent with urban surfaces be-
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Figure 4. (a) Correlation between slope ag 47,0.65 used for the
AOD retrieval and the resulting AOD at 0.55 pm for Zhongshan for
the C5 and the C6 algorithm applied for measurements on 1 Decem-
ber 2009. (b) Relative frequency distribution of retrieved AOD for
Zhongshan for the modified C5 and C6 code. The corresponding
AOD of the unchanged operational retrievals is shown as vertical
lines.

Table 3. Mean value and standard deviation of differences between
AOD(MODIS) and AOD(AERONET).

Mean difference
4 standard deviation

Retrieval method

C5 modified 0.10 £ 0.15
C5 operational 0.27+0.14
C6 modified —0.02 £ 0.17
C6 operational 0.19 +£0.12

ing brighter than expected. However, the C6 version is less
biased. Since the operational C6 equations include a larger
slope parameter a(’)\fGDS\;IZ‘l than C5, the estimated surface re-
flectance is larger, leading to reduced retrievals of AOD.

Using the measured ag 47,0.65-spectral slopes in place of
either C5 and C6 assumed slopes will further reduce retrieved
AOD. Both modified methods show a reduction of mean
differences between AOD(AERONET) and AOD(MODIS)
as displayed in Table 3. However, while the mean bias is
reduced in either version, modifying the measured slopes
also leads to retrieval of negative AOD values, as shown
in Fig. 5. Modifying the C6 version, which already had re-
duced bias compared to C5 operational version, tends to lead
to even more retrievals of negative AOD. At the same time,
the AOD standard deviations have increased (from +0.12 to
+0.17) when using the modified C6 algorithm. One of the
reasons might be the different sensitivity of TOA reflectance
on changes of AOD over bright and dark surfaces. Over dark
surfaces (as assumed in the operational retrieval) changes of
AOD result in larger changes of TOA reflectance than over
bright urban surfaces (as assumed in the modified retrieval).
Consequently, measurement uncertainties have a larger effect
on the retrieval uncertainty for an urban surface.
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Figure 5. Scatter plot of AOD retrieved from MODIS data using
(a) the operational and (b) modified Collections 5 and 6 method
and the AERONET data for Beijing. The dashed line marks the 1 : 1
relation.

Bilal et al. (2014) and Bilal and Nichol (2015) have
applied not only revised assumptions of the surface re-
flection based on the MODIS surface reflectance product
(MODO09) but also changes in the aerosol model that uses
AERONET AOD data to compute the values of @ and g.
Bilal et al. (2014) achieved a correlation with AERONET
data with a coefficient of 0.95 and a relative mean bias of
0.97 (AOD(retrieved)/AOD(AERONET)). For the modified
C5 (C6) algorithm a correlation coefficient of 0.95 (0.93) and
a relative mean bias of 1.25 (0.95) was derived (cf. oper-
ational C5 (C6): correlation coefficient=0.95 (0.95), rela-
tive mean bias = 1.77 (1.55)). In Fig. 5 only the mean values
of the retrieved AOD distributions derived from the mod-
ified methods are used. The spread of the AOD distribu-
tions depend significantly on the AOD, higher values of AOD
lead to a smaller spread of retrieved AODs (standard devia-
tion =0.03 for AOD = 1.6 vs. standard deviation = 0.18 for
AOD = 0.2) which demonstrates the decreasing sensitivity of
the spectral surface reflection assumptions on the retrieval
uncertainty with increasing AOD as already shown by Levy
et al. (2010) and Mielonen et al. (2011).

The areal distribution of the AOD (colored open squares)
over Beijing (17 May 2012) retrieved from MODIS measure-
ments by the operational and modified C5 and C6 methods
are presented in Fig. 6. The AERONET station has mea-
sured an AOD of 0.55 for the time of the satellite overpass.
The operational algorithms C5 and C6 have shown AODs
of about 0.77 (C5) and 0.72 (C6) over Beijing (39.977° N,
116.381° E; white cross). By applying the modified algo-
rithms the AODs over Beijing decreased to values of 0.45
(C5) and 0.23 (C6). For rural areas the modified methods fail
to retrieve the AOD. There, negative values are derived in-
dicated by the dark blue squares. However, for urban areas
the modified algorithm C5 improves the agreement between
AERONET and MODIS AOD.
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5.3 Sensitivity study of the visible-to-near-infrared
reflectance ratios

According to Eg. (2) the MODIS AOD retrieval considers the
surface reflectance at 2.1 um in its surface reflectance param-
eterization. However, 2.1 um is not well determined by air-
borne measurements due to decreased sensitivity for wave-
lengths larger than 2.0 pm. In order to account for the sur-
face reflectance at 2.1 um and its relation to that at 0.65 um
a sensitivity study based on radiative transfer simulations was
performed. This study was expanded also to surface types
other than urban surfaces to investigate the limitations of
the modified C5 and C6 algorithms. Simulated reflectances
at TOA for variable surface properties (surface albedo) have
been used to generate synthetic MODIS measurements pro-
viding the input for the AOD retrieval. The spectral slope
and y intercept for the calculation of pges and pg.47 (EQ. 3)
in the stand-alone code of the aerosol retrieval over land
were modified according to the spectra of the different sur-
face types used for the simulation of the TOA reflectances.
Figure 7a shows aircraft-measured surface albedo spectra
for four different land surface types, within the wavelength
range of 0.4-2.1 um. The four types include our urban mea-
surements taken over Zhongshan, plus previous measure-
ments of Kentucky bluegrass (Bowker et al., 1985), oasis,
and plowed farmland (Bierwirth et al., 2009). The gaps indi-
cate strong gas absorption bands; they are excluded when de-
ducing the surface albedo from airborne measurements fol-
lowing the procedure described in Sect. 3. A strong increase
of surface albedo at 0.7 um due to vegetation is typical for
the surface types Kentucky bluegrass (gray dots) and oasis
(red dots). Also for the urban surface the impact of vegeta-
tion is visible but less prominent in comparison to Kentucky
bluegrass and oasis. The surface albedo spectrum of farm-
land shows the highest albedo values for wavelengths be-
low 0.7 um. The spectral reflectances simulated for TOA as
used as synthetic MODIS measurements for the four cases
are following the spectral surface albedo with largest dif-
ferences between farmland (og.65(TOA) = 0.21) and Ken-
tucky bluegrass (p0.65(TOA) = 0.08). The spectral charac-
teristics of the optical properties of the aerosol particles,
as used in the simulation of reflectances at TOA, are pre-
sented in Fig. 7c. For a wavelength of 0.55 pm the AOD was
set to 0.85 which is comparable to the aerosol conditions
during the measurement campaign in Zhongshan. Values of
®(0.55 pm) = 0.9 and g(0.55 pum) = 0.7 were applied accord-
ing to the sun photometer measurements in Zhongshan. The
aerosol particles are more absorbing than the moderately ab-
sorbing aerosol type («(0.55 pm) = 0.92) in the MODIS al-
gorithm but less absorbing than the absorbing aerosol type
(0(0.55 pm) = 0.87). The asymmetry parameter used for the
simulations in this study compares with the spheroid dust
model (g(0.55um)=0.7) and the weak absorbing aerosol
type (g(0.55 pm) = 0.68).
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Figure 7. (a) Surface albedo spectra of different surface types. For
urban, oasis, and farmland the measurement uncertainty is given as
vertical error bars. (b) Spectral characteristic of the optical aerosol
properties used in the model study.

First the AOD was retrieved with the operational algo-
rithms C5 and C6 for each of the four surface type cases.
Then the spectral slopes ag e5/2.1 and ag.47,0.65 Were modified
for each surface type (a unique pair of slopes for each). The y
intercepts bo.es/2.1 and bg 47,0.65 Were set to 0, because only
one spectrum for each surface type was used. An overview
of the slopes and y intercepts used by the operational algo-
rithm and those obtained from the example spectra are pre-
sented in Table 4. The AOD results of the four algorithms
for all surface types are listed in Table 5. Best agreement of
the operational algorithm C5 (C6) with the input value of
AOD(0.55 pm) =0.85 was found for underlying dark vege-
tated surfaces with AOD (0.55 pm) = 0.87 (0.88) for the case
of Kentucky bluegrass and AOD(0.55 um) = 0.85 (0.86) for
the oasis surface type. Highest discrepancies were observed
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for the results from the operational algorithms for the farm-
land and the urban surface type.

While for the urban surface an overestimation of the AOD
was observed with a relative mean bias of 16 and 19 %,
which confirms the outcome of the Beijing study reported
in Sect. 5.2, the retrieved AOD for the farmland surface type
is significantly underestimated (C6 with RMB = 70 %). Both
algorithms C5 and C6 include a threshold for their brightness
criteria (2.1 um reflectance > 0.25) which is exceeded for the
farmland case (2.1 um reflectance = 0.26). As stated by Levy
et al. (2010) the retrieval is error-prone for cases above the
brightness criteria. This underestimation can also be found in
the modified algorithms with surface modified slopes. This
also indicates the increased uncertainty for data which ex-
ceed the brightness criteria. For all other surfaces (Kentucky
bluegrass, oasis, and urban) the modified algorithms exhibit
good performances.

6 Conclusions

Operational MODIS aerosol retrieval performs poorly over
urban surfaces, providing a high-biased estimate of AOD
over cities such as Beijing, China. The retrieved AOD sig-
nificantly depends on surface reflectance assumptions within
the retrieval algorithms. Two versions of the operational al-
gorithm (C5 and C6) have different assumptions about the
surface reflectance. While both versions tend to show high
bias over cities, the C6 version tends to be less so. Here, it
is tested whether the aerosol retrieval can be improved by
using alternative surface reflectance assumptions for urban
surfaces.
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Table 4. Overview of the slopes and intercepts for the calculation of the surface reflectance ps g 46 and ps g 47 following Egs. (1) and (2) for
different surface types used in the operational and modified algorithms C5 and C6. The C6 parameters are given in brackets when they differ

from the C5 approach.
Operational algorithm C5 (C6) Modified algorithm
Surface type ao.47/0.65  b0.47/0.65 a0.65/2.1 boe5/2.1  a0.47/0.65  40.65/2.1
Kentucky bluegrass 0.49 0.005 0.58(0.48) —0.00143 1 0.3
Farmland 0.49 0.005 0.48(0.58) —0.00143 0.43 0.68
Qasis 0.49 0.005 0.51(0.56) —0.00143 0.49 0.81
Urban 0.49 0.005 0.49(0.59) —0.00143 0.8 0.8

Table 5. Retrieved AOD(0.55pm) for different surface types and
different slope parameters as listed in Table 4 for the C5 and C6
algorithms. The reflectance at TOA, input parameter in the retrieval
algorithm, was simulated for AOD(0.55 um) = 0.85.

Operational algorithm  Modified algorithm

Surface type C5 C6 C5 C6
Kentucky bluegrass  0.87 0.88 0.85 0.84
Farmland 0.71 0.61 0.61 0.64
Oasis 0.85 0.86 0.78 0.82
Urban 0.99 1.01 0.86 0.90

First, surface reflectance assumptions were modified in the
standard algorithms C5 and C6 using airborne measurements
of surface reflectance over Zhongshan, China. These assump-
tions consider spectral relationships between the surface re-
flectance at 0.47 um and at 0.65um. The modified retrieval
methods have been applied to MODIS measurements taken
during the aircraft campaign in the Zhongshan area. Addi-
tionally, the AOD retrieved by the standard and modified al-
gorithms based on MODIS measurements from 2010 to 2014
over Beijing have been compared with AOD measurements
of AERONET. In a second approach the sensitivity of the
AOD retrieval for several surface types was studied using
synthetic MODIS data obtained from radiative transfer sim-
ulations.

Airborne measurements of the spectral nadir radiance have
been used to retrieve the spectral surface reflectance by
aerosol properties obtained from sun photometer and LIDAR
of the Zhongshan area. The fit parameters of the linear rela-
tionship between the surface reflectance at 0.47 ym and at
0.65 in C5 and C6 were varied based on the variability of the
measured reflectances over Zhongshan. Due to a lack of sen-
sitivity and a low raw signal above of 2.0 um wavelength of
the airborne instrument SMART albedometer (radiance com-
ponent) only the ag.47/0.65 slopes were modified in C5 and
C6. The distribution of ag 47,0.65 slopes over Zhongshan has
revealed a mean value of 0.85+£0.09. This indicates that over
urban areas, there is much less spectral dependence of the
surface reflectance than is assumed in the operational algo-
rithm where (ao.47,0.65 = 0.49).
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For the test case over Zhongshan, the AOD values re-
trieved by the standard algorithms (AOD =0.84 (C5) and
AOD = 0.85 (C6)) agree with those retrieved by the modified
algorithms (0.83+0.02 (C5) and 0.824-0.02 (C6)) within the
range of measurement uncertainty. In this test case, presum-
ably the AOD is large enough that the impact of the surface
reflectance relationship is not a significant factor in the re-
trieval.

Since there were no AERONET data available for Zhong-
shan, the surface reflectance relationship measured over
Zhongshan was modified to be used for retrieval of MODIS
measurements over Beijing. The modified algorithms were
run for MODIS data over Beijing for the period of 2010
to 2014. While the operational algorithms C5 and C6 have
shown a significant positive bias compared to AERONET
with a mean difference of 0.27 and 0.19, the modified al-
gorithms revealed a reduced mean difference of 0.10 and
—0.02. While reducing the mean bias over the urban ar-
eas, using the urban surface reflection assumptions over non-
urban surfaces results in retrieving negative AOD values.
Therefore, using assumptions of urban surface spectral re-
flectance is only applicable for urban areas.

The sensitivity study, based on radiative transfer sim-
ulations of the reflectance at TOA (representing MODIS
measurements) for given conditions as surface and aerosol
properties, confirmed that both operational MODIS aerosol
retrievals (C5 and C6) over land reproduce the input
AOD(0.55 um) of 0.85 for the surface types Kentucky blue-
grass (AOD(0.55 um) =0.87 (C5) and AOD(0.55 um) =0.88
(C6)) and oasis (AOD(0.55um)=0.85 (C5) and
AOD(0.55 pm) = 0.86 (C6)). When using modified spectral
slopes ages5/2.1 and ag.47/0.65 in the C5 algorithm a good
performance of the aerosol retrieval was also obtained for the
urban surface type with AOD(0.55 um) = 0.86, whereby the
modified C6 algorithm tends to overestimate the AOD with
AOD(0.55pm) =0.90. Discrepancies were found for the
surface type farmland where the brightness criterium in the
MODIS retrieval is exceeded. For all methods (operational
and modified) over the farmland surface, the retrieved AOD
(0.61-0.71) was significantly lower than the reference value
of 0.85.
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The operational MODIS aerosol algorithms of collec-
tions 5 and 6 retrieve the AOD within the expected un-
certainty for densely vegetated surfaces, but shortcomings
can be observed for higher reflecting urban areas and farm-
land. The increased retrieval uncertainty for urban areas can
be overcome by using spectral slopes suitable for urban
surface within the algorithm. Changing the spectral slope
parameter for urban surfaces improved the agreement be-
tween AOD(MODIS) and AOD(AERONET). The “stand-
alone code” of the MODIS aerosol retrieval algorithm is
freely available for the scientific community. For further
work it is suggested to change the surface assumption pa-
rameters as proposed in this work and to use the modified
retrieval algorithm for similar analyses in other urban areas.
It is worthwhile to investigate if the surface assumption pa-
rameter derived from measurements over Zhongshan also de-
livers improved aerosol retrievals in other regions than Asia.
In general other aircraft or surface-based measurements of
the spectral surface reflectance in urban areas can be used
to modify the surface assumption parameter in the retrieval
code similar to this work. Further studies will validate the
MODIS surface reflectance product (MODOQ9) against air-
craft measurements to test whether MODO09 products can be
used for the modification of the surface assumptions in the
operational aerosol algorithm.

The spectral slopes used in the modified algorithms were
derived from airborne nadir radiance measurements. For fu-
ture investigations airborne imaging spectrometer measure-
ments are suggested to characterize the slope parameters for
urban areas also for different viewing geometries than the
nadir observation. This will improve the corrections of the
operational retrievals due to effect of the bidirectional re-
flectance distribution function (BRDF), since the anisotropy
reflection of the surface is better described by the BRDF than
assuming a Lambertian surface (Escribano et al., 2014).
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