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Abstract
Compared with traditional nadir observations, multi-angle hyperspectral remote sensing can obtain more spatial and

spectral information and improve the inversion precision of structure information on the Earth’s surface. However,

processing multi-angle remote-sensing images presents new challenges. Owing to the multi-angle sensors used to obtain

multi-angle images, there are major differences in the spatial and spectral information between each angle in these images.

Data from the Compact High-resolution Imaging Spectrometer (CHRIS) on Project for On-Board Autonomy (PROBA)

should be pre-processed to extract the BRDF (Bidirectional Reflectance Distribution Functions). Given the limitations of

the pre-processing software currently available for CHRIS/PROBA images, and the lack of metadata and auxiliary origin

schedules, some CHRIS multi-angle images cannot be pre-processed correctly. In the study, to promote the application of

multi-angle data, a formula for calculating key parameters according to in-orbit geometric imaging relationships is derived

to design a multi-angle image process flow including image rollovers, bad-line repairs, orthorectification and atmospheric

corrections accounting for terrain effects. Test results indicate that the pre-processing method can quickly and effectively

recover multi-angle hyperspectral information and obtain spectral characteristics of multi-angle observations.

Keywords Multi-angle remote sensing � Orthorectification � Atmosphere correction � CHRIS � BRDF (Bidirectional

reflectance distribution function)

Introduction

Multi-angle hyperspectral sensors can obtain spatial and

spectral information simultaneously and can also quickly

obtain three-dimensional (3D) structure information on

spatial distribution features via remote-sensing interpreta-

tion analysis. However, during data acquisition, remote-

sensing imaging systems can produce a series of errors that

reduce the quality and precision of remote-sensing data.

Before the interpretation and inversion of the remote-

sensing image, pre-processing should be performed to

improve the image acquisition process via deformation and

distortion correction to reduce geometry and radiation

errors. (Zhao, Zhang and Qin 2004).

Before the bidirectional reflectance distribution function

(BRDF) is extracted from the multi-angle remote-sensing

image, two pre-processing activities must be performed.

First, when the multi-angle image is registered, a large

deformation occurs when the 3D terrain is projected onto a

two-dimensional plane, as indicated by the different
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azimuth and zenith angles. This makes it difficult to obtain

the ground-control points. The error should be less than one

pixel for remote-sensing inversion, which should be

resolved via accurate registration for the multi-angle

remote-sensing images. Second, compared with traditional

nadir observations, atmospheric correction of multi-angle

remote-sensing images must consider two factors: the non-

Lambert characteristics and the adjacent effect of non-

vertical observations caused by atmospheric scattering (i.e.,

spatial mixing of radiance among nearby pixels).

Multi-angle sensors include spaceborne and airborne

sensors. The Multi-Angle Imaging Spectral Radiometer

(MISR) on the Terra Earth observation system satellite,

which is operated by the US National Aeronautics and

Space Administration’s Dryden Flight Research Center,

comprises nine charge-coupled device (CCD) cameras with

four bands each. Each camera has one observation angle

(0�, ± 26.1�, ± 45.6�, ± 60� and ± 70.5�). On this satel-

lite, the Moderate Resolution Imaging Spectroradiometer

sensor can obtain multi-day bi-directional reflectance dis-

tribution function accumulations caused by orbital drift.

The French and Japanese space agencies cooperated to

develop the Polarization and Directionality of Earth

Reflectance (POLDER) system, which obtains multi-angle

reflectance of the same target when the POLDER system

flies past. The European Space Agency’s Project for On-

board Autonomy (PROBA) satellite launched the Compact

High-Resolution Imaging Spectrometer (CHRIS) in 2001.

It comprised five fly-zenith angles (FZAs) preset before

launch (FZA = 0�, ± 36�, ± 55�) (Dong, Zhang and Liu

2006). Other airborne multi-angle sensors, including the

Airborne MISR, have obtained multi-angle imagery similar

to that obtained by the MISR (Garay and Mazzoni 2004).

The Chinese Academy of Forestry Science’s Lidar, CCD

and Hyperspectral system is a high-spectral sensor with a

multi-angle imaging capability, and also including a CCD

camera with high spatial resolution, and a laser radar

(Pang, Li and Lu 2016).

CHRIS/PROBA is the spaceborne sensors that can

obtain simultaneous high-spectral and multi-angle imagery

data for the earth’s surface. They provide a wide spectral

range and collect varied biophysical and biochemical data.

CHRIS/PROBA has the unique advantage of obtaining

imagery of the same location simultaneously from five

different observation directions, and thereby plays an

important role in estimating the structure of forest vege-

tation canopies and the leaf area index. Several studies

have discussed the pre-processing methods used on

CHRIS/PROBA multi-angle images. For example, the

CHRIS-Box model in the Basic European Remote Sensing

and Envisat Advanced Along-Track Scanning Radiometer

and MERIS Toolbox software, provided by the European

Space Agency (ESA), is an open-source toolkit that can be

used to process CHRIS images. The satellite position,

velocity and attitude structure data are used to calculate the

geographic coordinates of each pixel of the earth’s surface

according to the satellite imaging model, which requires a

metadata file that includes the satellite ephemeris data.

However, metadata of some regional CHRIS images can-

not be obtained, and the auxiliary schedule required by the

CHRIS-Box module in some regions cannot also be

updated each week. This prevents some images from being

pre-processed. Furthermore, the atmospheric correction

function of the CHRIS-Box module does not account for

the effect of terrain, and atmospheric or terrain correction

software is not free. For example, the A spatially adaptive

fast Atmospheric and Topographic Correction can load a

digital elevation model (DEM) for terrain correction but

greatly limits the popularization and application of remote-

sensing multi-angle imagery (Schläpfer and Richter 2014).

In this study, a formula was derived according to in-

orbit geometric imaging relationships and the key param-

eters of CHRIS attitude was calculated. The CHRIS multi-

angle images of mountain area were used to evaluate the

performance of the proposed method. We processed these

images according to characteristics including rotation,

noise removal, bad-line repair, orthorectification and

atmospheric correction. The results showed that orthorec-

tification accuracy was improved comparing with the tra-

ditional polynomial geometric correction, and obtain

BRDF characteristics from CHRIS multi-angle images.

Site Description and Datasets

Study Area and Auxiliary Data

This study was conducted in two sites (Fig. 1). One study

area is located at a forest hydrological experimental area of

Da Ye Kou, which is at the south of Qilian Mountains in

Gansu province, China. The natural forest comprises

mainly Qinghai spruce tree, and background is covered by

grass and moss. The geographical coordinates are 38�

290 * 38� 350N, 100� 110 * 100� 210E) and the elevation

is from 2700 to 3000 m, and the terrain is rugged and

mountainous with a steep slope (average 40�), resulting in

high image distortion. The other study area is located at

Liangshui National Nature Reserve, Yichun City, Hei-

longjiang Province, China. The geographical coordinates

are 47� 60 * 47� 160N, 128� 170 * 128� 370E and the

elevation is from 280 to 707 m, and the terrain is rugged

and mountainous with a steep slope (average15�).
To reduce the geometrical and radiation distortion

caused by topographic relief, DEM (digital elevation

model) with 1 m resolution derived from LIDAR points

that were obtained using laser scanner RieglLMS-Q560,
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and Enhanced Thematic Mapper Plus (ETM ?) images

including multispectral and panchromatic band(15*15 m)

were required to collect ground-control points. And field

spectra of several land surface types were collected with

the ASD Field Spectrometer in nadir measurement con-

figuration under clear sky conditions. All spectra were

converted to absolute reflectance by reference measure-

ments over a Spectralon panel with known spectral prop-

erties. All the auxiliary data was found at dataset of Heihe

Watershed Allied Telemetry Experimental Research

(http://data.tpdc.ac.cn/zh-hans/special/4e7b97a6-ee1f-

4b51-83e5-04a100993973/).

CHRIS Data

CHRIS/PROBA image(18*18 m) was acquired on June

13th, 2004(for Da Ye Kou study area) and May 19th, 2012

(for Liang Shui study area), taken in Land Mode 3. CHRIS

data, including metadata, are saved in the hierarchical data

format (HDF). Each image file contains metadata, their

indices and raw pixel radiance units of lW�nm-1�m-2�str-1.

Information is saved using a band-sequential method. The

metadata include the sensor type, satellite altitude, obser-

vation target name and location, fly-by time and sensor

information. The solar zenith and azimuth angles are

Fig. 1 True color image of the study area.(Upper Right) Liang Shui study area.(Down Right) Da Ye kou study area
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calculated using the imaging time and ground-target loca-

tion information. To minimize image time, only one

camera was used for CHRIS to capture five images from

different angles along the orbit operating in a ‘push-broom’

fashion. The second through fourth images (generally

± 36� ) were upside down, compared with the other ima-

ges (Wang 2009).

HDFExplorer, a Java-based HDF viewer developed by

the National Center for Supercomputing Applications, is a

professional software tool for reading CHRIS metadata.

However, it could not open the CHRIS image. Therefore,

ENVI was used to process the image (Cutter 2006). Table 1

presents the CHRIS metadata and the key angles for

orthorectification in the study area. The solar zenith was

218 and the azimuth angle was 155� for Da Ye Kou study

area, and solar zenith was 568 and the azimuth angle was

97� for Liang Shui study area. These values were calcu-

lated using imaging time and ground-target location. Fig-

ure 2 shows the CHRIS image acquisition and illumination

geometry of the study area.

Method and Result

The technical flowchart of the methods applied in this

paper is presented in Fig. 3. This figure summarizes the

steps of the CHRIS images pre-processing and comparison

with the field measured spectra of three typical land surface

features.

Rotate and Remove Noise

Owing to the push in the opposite direction, images at

± 36� were reversed from north–south compared with the

first image. Prior to geometric correction, the image was

rotated using ENVI and then saved in the band-interleaved-

by-pixel (BIL) format as required by the Fast Line-of-sight

Atmospheric Analysis of Spectral Hypercubes (FLAASH)

atmospheric correction module. CHRIS operated in ‘push-

broom’ mode, and stripe noise occurred for two reasons.

The different CCD response functions were caused by

differences in the optical properties and the arrangement of

CCD units. The stripe noise can be considered constant.

Minor differences in the response functions of the CCD

optical element, caused by the influence of heat distur-

bances, mean that the vertical banding noise is not always

constant (Dong et al. 2006). The official processing soft-

ware provided by ESA, HDFclean, was used to repair bad

lines and reduce stripe noise (Cutter 2006).

Geometric Processing

Owing to the attitude, altitude and velocity of the sensor

platform, the earth’s rotation and the terrain relief, there

were geometric distortions, such as extrusions, twists,

stretches and migrations of pixels in the image and the

ground target. The proposed geometric orthorectification

relies on a parametric approach that accounts for the

viewing geometry and geometric distortion caused by the

sensor, platform and topography, including ground-control

points and camera-image modules. This method potentially

provides high accuracy, robustness and consistent

orthorectification.

The physical geometric model represents the path of

light rays from a ground object to the sensor using sensor

and platform data and accurately simulates the imaging

geometry relationship. However, the solution process is

complex and some core parameters of the orbit and sensor

cannot be obtained, limiting the application of the model.

Thus, the rational polynomial coefficients (RPC) model is

widely used to model the sensor geometry using a poly-

nomial approximation to model light rays from a ground

location to the focal plane of the sensor (Wang, Liu and

Table 1 Information of image data in two study areas

CHRIS image name Fly-by time Zenith angle(�) Azimuth angle(�) Along-track angle(�) Across-track angle(�)

CHRIS for Da Ye Kou

CHRIS_HF_040613_421D_41 16:11:03 12.25 224.99 - 8.73 - 8.73

CHRIS_HF_040613_421E_41 16:10:14 28.81 351.92 28.57 - 4.42

CHRIS_HF_040613_421F_41 16:11:52 33.85 208.61 - 30.49 - 17.81

CHRIS_HF_040613_4220_41 16:09:25 48.85 3.17 48.81 3.62

CHRIS_HF_040613_4221_41 16:12:42 52.25 202.65 - 50 - 26.44

CHRIS for Liang Shui

CHRIS_EI_120519_E2B3_41 23:18:13 21.45 136.84 - 15.99 15.04

CHRIS_EI_120519_E2B5_41 23:19:02 38.87 163.25 - 37.66 13.08

CHRIS_EI_120519_E2B6_41 23:16:36 53.76 25.88 50.83 30.77
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Luo 2010; Liu, Zhang and Wang 2006). The model is

represented by the following equation:

S ¼ NumS X; Y ; Zð Þ
DenS X; Y; Zð Þ L ¼ NumL X; Y ; Zð Þ

DenL X; Y; Zð Þ ð1Þ

where NumS X; Y ; Zð Þ, DenS X; Y; Zð Þ, NumL X; Y ; Zð Þ and

DenL X; Y ; Zð Þ can be expressed as follows:

F X; Y; Zð Þ ¼ a1 þ a2X þ a3Y þ a4Z þ a5XY þ a6XZ

þ a7YZ þ a8X
2 þ a9Y

2 þ a10Z
2

þ a11XYZ þ a12X
3 þ a13X

2Y þ a14Y
3

þ a15Y
2X þ a16Z

3 þ a17Z
2X

þ a18X
2Z þ a19Y

2Z þ a20Z
2Y

ð2Þ

where (X, Y, Z) is the space coordinates of ground-control

point and X is latitude, Y is longitude, and Z is altitude. (S,

L) is the normalized image pixel coordinates. Thus, the

object and image coordinates are generally normalized to

the range of – 1–1, and the first term of the polynomial

represents projection distortions from the optical system.

The second item represents distortions caused by the

earth’s curvature, atmospheric refractions and lens distor-

tion errors. There are also unknown errors (e.g., camera

shaking), as represented by the third item (Liu, Wang and

Miao 2004; Zhang and Liu 2004).

Given that the test site is situated in high, mountainous

and rugged terrain, an RPC model for orthorectification of

the five viewing angles was applied. The RPC model

provides a precision orthorectification solution for multi-

source sensors and can be implemented using commer-

cially available image processing tools such as ENVI/

Orthorectification (Ikonos 2001). The RPC model can

mathematically describe all distortions in the platform (i.e.,

position, velocity and orientation), sensor (i.e., viewing

angles, instantaneous field-of-view and panoramic effects),

earth (i.e., ellipsoid and relief) and cartographic projection.

RPCs are computed via a digital photogrammetry tech-

nique that uses a collinearity equation to construct the

sensor geometry, where the object point, perspective center

and image point are all on the same line in space. Such a

model requires typical orbit and sensor information

required for the sensor type, focal length, principal points

(x0 and y0), X and Y pixel size of the CCD, geoid offset

and across- and along-track incidence angle. Information

on the viewing geometries of the CHRIS images is pre-

sented in Table 2.

RPC orthorectification requires the height above the

ellipsoid. For DEMs referenced to the mean sea level,

accurate orthorectification requires a single geoid offset for

the geographic area covered by the image. A geoid height

calculator is normally used. The along-/across-track inci-

dence angles shown in Table 1 are the most important

Fig. 2 Polar plot of CHRIS

image acquisition and

illumination geometry, June

13th, 2004 for Da Ye Kou (Left)

and May 19th, 2012 for Liang

Shui(Right)

Fig. 3 Technical flowchart of the methods
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parameters to determine accuracy of orthorectification and

were calculated using the formula of Equ. 3, which was

deduced according to Fig. 4. When viewed from the

ground point corresponding to the scene center, the along-

track incidence angle has a positive value if the viewing

direction is northward. The across-track incidence angle

has a positive value if the viewing direction is eastward.

90� [AzimuthAngle[ 0�

AcrossTrackAngle ¼ arctg tg ZenithAngleð Þ sin AzimuthAngleð Þð Þ
AlongTrackAngle ¼ arctg tg ZenithAngleð Þð Þ cos AzimuthAngleð Þð Þ
180�[AzimuthAngle[ 90�

AcrossTrackAngle ¼ arctg tg ZenithAngleð Þð Þ sin AzimuthAngleð Þð Þ
AlongTrackAngle ¼ arctg tg ZenithAngleð Þð Þ � cos AzimuthAngleð Þð Þ
270�[AzimuthAngle[ 180�

AcrossTrackAngle ¼ arctg tg ZenithAngleð Þð Þ � sin AzimuthAngleð Þð Þ
AlongTrackAngle ¼ arctg tg ZenithAngleð Þð Þ � cos AzimuthAngleð Þð Þ
360�[AzimuthAngle[ 270�

AcrossTrackAngle ¼ arctg tg ZenithAngleð Þð Þ � sin AzimuthAngleð Þð Þ
AlongTrackAngle ¼ arctg tg ZenithAngleð Þ cos AzimuthAngleð Þð Þ

ð3Þ

In this study, the multispectral and panchromatic bands

of ETM ? geocorrected images are fused to get the 15 m

resolution images, and combining with 1 m resolution

DEM to collect about 40 ground-control points to compute

the RPCs for two study areas. This process required a series

of transformations involving the pixel, camera, image-

space and ground coordinate systems. CHRIS was

orthorectified using universal transverse Mercator projec-

tion, zones 52 N and a WGS84 ellipsoid. If the error was

greater than 1 pixel, automatic registration was used to

perform the second registration to make the X, Y direction

error smaller than 1 pixel. The root-mean-square error

(RMSE) for the CHRIS orthorectification images using

Table 2 Parameters required by the RPC model

Sensor

type

Focal length

(mm)

Principal point x0 and y0

(mm)

X and Y pixel size

(mm)

Geoid offset Along-track angle

(�)
Across-track

angle(�)

Push-

room

746 0.0 9 0.0 0.025 9 0.025 - 48.57/- 25.69 Table 1 Table 1

Fig. 4 CHRIS imaging

geometry

Table 3 The RMSE of the CHRIS orthorectification image for Da Ye

Kou study area using RPC model with accurate along- and across-

track angles

RMSE [pixels] ? 55� ? 36� 0� - 36� - 55�

Total-RMSE 1.02 0.80 0.69 0.76 1.11

X-RMSE

0.93

0.79 0.57 0.75 0.90

Y-RMSE

1.14

0.82 0.71 0.81 1.22
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RPC model is shown in Tables 3 and 5. In order to high-

light the advantages of the orthorectification process

designed in this paper, polynomial geometric correction

method was used to correct the CHRIS images of Da Ky

Kou study area using the same 40 ground-control points,

and the root-mean-square error (RMSE) for the CHRIS

rectification images is shown in Table 4.

Comparing Table 3 with Table 4, the results showed that

total-RMSE of CHRIS orthorectification image using RPC

model for five angles is 1.02, 0.8, 0.67, 0.71, 1.11, and they

are less than that of CHRIS rectification image using

polynomial geometric correction. The same results could

be gotten from Tables 5 and 6. Moreover, the RMSE of

CHRIS orthorectification image using RPC model

for ? 36�, 0�,- 36� is less than one pixel and RMSE

for ? 55�,- 55� is near the value of one pixel, while only

the RMSE of CHRIS orthorectification image using poly-

nomial geometric correction for 0� is less than one pixel.

The result also showed that total-RMSE, X-RMSE and

Y-RMSE of CHRIS orthorectification image using RPC

model are all less than those of CHRIS rectification image

using polynomial geometric correction for five angles

especially when the zenith angle is larger. However,

X-RMSE for RPC model and polynomial geometric cor-

rection are less than Y-RMSE for both of the two models,

which showed that the geometric deformation in Y direc-

tion is larger than in X direction for CHRIS. Because of the

large topographic relief in a high mountain area, and

considering the multiangular imaging characteristics, the

deformation of CHRIS images in study area is very large.

However, the polynomial geometric correction only uses

the simple polynomial to simulate the image deformation

and did not consider the deformation factors of multian-

gular imaging under the complex terrain condition, which

lead to bigger image distortion. In the paper, the

orthorectification process based on the precise along-track

and across-track angle can improve the accuracy of CHRIS

images comparing with traditional polynomial geometric

correction.

Atmospheric Processing

The atmospheric effect of the sensor radiance was cor-

rected by mathematically modeling the physical behavior

of the radiation as it passed through the atmosphere

(Freemantle, Pu and Miller 1992; Stancalie and Gastellu–

Etchegorry 1994). Atmospheric correction of the CHRIS

radiance data was performed using ENVI/FLAASH, which

is based on the MODTRAN-4 model (Matthew, Adler–

Golden, Berk, Richtsmeier et al. 2000; Berk, Bernstein,

Anderson, et al. 1998). FLAASH was recently adapted to

include an option to process non-nadir sensors. The point

on the ground lying vertically beneath the perspective

center of the aerial camera lens or the satellite sensor

viewing geometry is located by accounting for varying path

lengths through the atmosphere and varying transmittances

according to the multipole observation angles (see

Table 1). FLAASH is generally used to correct atmospheric

data from optical spaceborne sensors assuming flat terrain

conditions. Before FLAASH can perform these corrections,

a c-correction program based on IDL must be used to

account for terrain effects by incorporating DEM data and

their derivatives, such as the slope and aspect (Richter

1998; Richter and Scalper 2002). In the present study, this

process combined the FLAASH and c-correction program,

which makes it suitable for correcting atmospheric sensor

data acquired over a rugged terrain (Wang 2017).

The input image for FLAASH must be radiometrically

calibrated radiance image in the band-interleaved-by-line

(BIL) format. FLAASH requires the viewing and solar

angles and the mean surface elevation of the measurement,

Table 4 The RMSE of the CHRIS rectification image for Da Ye Kou

study area using polynomial geometric correction

RMSE [pixels] ? 55� ? 36� 0� - 36� -55�

Total-RMSE 2.11 1.54 0.91 1.48 2.26

X-RMSE 1.85 1.37 0.79 1.26 1.96

Y-RMSE 2.36 1.75 0.98 1.67 2.57

Table 5 The RMSE of the CHRIS orthorectification image for Liang

Shui study area using RPC model with accurate along- and across-

track angles

RMSE [pixels] ? 55� 0� - 36�

Total-RMSE 1.12 0.61 0.74

X-RMSE

0.97

0.55 0.72

Y-RMSE

1.14

0.69 0.80

Table 6 The RMSE of the CHRIS rectification image for Liang Shui

study area using polynomial geometric correction

RMSE [pixels] ? 55� 0� - 36�

Total-RMSE 1.91 0.92 1.48

X-RMSE 1.74 0.79 1.26

Y-RMSE 1.86 0.98 1.67

Journal of the Indian Society of Remote Sensing (July 2021) 49(7):1581–1591 1587

123



and it assumes a certain model atmosphere, aerosol type

and visible range. The water–vapor column amount, which

is important for FLAASH, was retrieved from selected

wavelength channels of the CHRIS image. However, the

multi-angle sensor CHRIS is not supported by FLAASH.

Thus, the wavelengths and full-width at half-maximum

values were used to retrieve water vapor. Then, the multi-

angle sensor CHRIS was defined in FLAASH. The wave-

length information and full-width at half maximum of

CHRIS mode 3 are presented in Tables 7 and 8 (Milton

2006). FLAASH can correct images collected in either

vertical (nadir) or slant-viewing geometry.

Discussion

The processing of remote-sensing images is indispensable

for quantitative inversion and classification, and the pro-

cessing results directly affect the accuracy. Image pro-

cessing is required especially for multi-angle hyperspectral

imagery. Varying observation angles caused varying

transmittance paths. Images with large observations were

significantly influenced by the noise and atmosphere,

leading to significant differences in the radiance values

among the images. Additionally, the geometric distortion

increased with the observation angle, and processing was

needed to reduce the geometry and radiation errors for

improving the image data quality.

Tables 3,4,5 and 6 indicate that the orthorectification

result using the RPC model with the accurate along-/

across-track incidence angles can effectively eliminate

geometry deformation caused by different observation

angles and rugged terrain. We compared the five angle

images with the reference image, and the RMSE for the X

and Y of each angle image was less than 1 pixel or nearby

1 pixel. This is crucial for the BRDF inversion application,

because pixels of the same surface object from different

angles must be corrected to correspond each other. The

registration errors increased with the observation angle,

indicating that the geometric deformation increased with

the viewing angle. The registration errors from the X

direction were larger than those from the Y direction,

suggesting that the geometry deformation from the along-

track direction caused by viewing angle was larger than

that from the across-track direction. The along-/across-

track angles in Table 1 indicate that the deformation from

the Y direction was larger. The orthorectification method in

the paper based on the precise along-track and across-track

angle can improve the accuracy of CHRIS images com-

paring with traditional polynomial geometric correction.

The previous orthorectification for CHRIS data did not

show the exact a formula for calculating the along-/across-

track incidence angles according to in-orbit geometric

imaging relationship (Mathias Kneubühler 2005).

The atmospheric correction was processed for the

CHRIS based on the terrain correction. Figure 5 shows that

comparison of atmospherically corrected CHRIS data of

five viewing angles and field measured spectral data for

forest, background and grass. For the forest, the field

measured spectral curve is close to the spectral

curve(FZA = ? 55�) within optical wavelength and is

close to the spectral curve(FZA = 0�) within near-infrared

wavelength, and it can be concluded from the validation

that the atmospherically corrected CHRIS data fit the field

measurement data well, except for the Land Mode 3

channels 7 (661 nm). For the background and grass, the

difference between the ground measurement spectral data

and CHRIS data (FZA = 0�) is little bigger and the trend of

spectral curve is consistent. Figure 6 shows reflectance of

the five angles in the red band(661 nm) and near-infrared

band(895 nm), which showed that the reflectance

(FZA = 0�) was the largest and closest to the ‘hotspot’,

according to the relationship of the sun, sensor and position

of the target, as shown in Table 1. This indicates that there

was forestry structure information hidden in the BRDF

data. The spectral curve for five angles from Fig. 5 corre-

sponds to the CHRIS viewing geometries (see Fig. 6) and

exhibits the same trends for forward- and backward-scat-

tering angles in the red and near-infrared wavelength

regions. It can be concluded from the results that atmo-

spheric correction of the CHRIS radiance data derived in

the paper is effective and universal method, which is per-

formed using free computer program without any limits;

however, the previous atmospheric correction of the

CHRIS radiance data is performed using ATCOR-2/3

usually (Mathias Kneubühler 2005).

From the result from Fig. 6, the BRDF of three type

ground features after atmospheric correction using DEM

Table 7 Parameters required by FLAASH

Sensor

altitude(km)

Pixel

size(m)

Scene center

location

Ground

elevation(km)

Flight

data

Atmospheric

model

Aerosol

model

Non-nadir-looking

instruments

663 18 9 18 Lon:-72.18 0.28 2004-6-

13

Sub-arctic

summer

Rural See Table 1

Lat:42.54
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was bigger than that unusing DEM. Because of influence

from topographic relief, the shade slope gets less solar

radiation than the flat surface and the reflectance of each

angle is lower. Moreover, the hot spot effect was attenu-

ated. The result verified that the atmospheric correction

with FLASSH using DEM cloud reduces the geometrical

and radiation distortion caused by topographic relief.

Conclusion

In this study, a formula was derived for calculating the key

CHRIS parameters for the along-/across-track incidence

angles according to the in-orbit geometric imaging rela-

tionship, and other auxiliary parameters needed for

Table 8 Wavelengths and full-

width at half maximum of

CHRIS mode 3(unit: nm)

442.4/8.8 490.2/9.2 529.9/8.6 551.2/9.7 569.8/7.7 631.2/9.4

661.0/10.5 671.1/10.9 697.2/6.9 703.2/6.0 709.3/6.2 741.6/6.8

748.4/6.9 780.8/15.0 872.1/18.3 895.4/9.5 905.0/9.7 1019.0/32.9

Fig. 5 Comparison of atmospherically corrected CHRIS data for five viewing angles and field measured spectral data. a Forest b Background

c Grass

Fig. 6 Reflectance data of three typical ground features derived from

CHRIS data of the different viewing angles at shaded area. a-1 Forest

BRDF at 661 nm. a-2 Forest BRDF at 895 nm. b-1 Background

BRDF at 661 nm. a-2 Background BRDF at 895 nm. c-1 Grass BRDF

at 661 nm. c-2 Grass BRDF at 895 nm
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geometric and atmospheric processing were collected.

Then, the pre-processing flow of the CHRIS multi-angle

remote-sensing data, where the IDL secondary develop-

ment was used for processing, was designed. Thus, pre-

processing for geometric and atmospheric processing of a

CHRIS dataset was successfully applied to a full CHRIS

acquisition dataset, using five different viewing angles over

rugged terrain. The method leveraged digital elevation data

and adapted to account for tilted angle sensors (e.g.,

varying path length and transmittance). The results indicate

that the proposed image processing method can reduce the

geometric distortion caused by different observation angles

and the atmospheric influence on different angle images.

This provides strong support for quantitative inversion

using multi-angle remote-sensing image.

Furthermore, in view of the lack of a metadata file and

auxiliary schedule data for some regions, which are needed

by the CHRIS-Box module, some CHRIS multi-angle

images could not be pre-processed. However, CHRIS-

Box’s atmospheric correction function did not account for

terrain effects. Unfortunately, atmospheric correction

software with the terrain correction functionality is usually

not free. This significantly limits the popularization and

application of remote-sensing multi-angle imagery. In this

study, a formula was derived for calculating the along- and

across-track incidence angles according to in-orbit geo-

metric imaging relationships, and an effective and univer-

sal method for processing CHRIS and other multi-angle

imagery was designed. CHRIS is one of the few multi-

angle sensors with great potential, and to promote the

application of CHRIS data, automatic and accurate pre-

processing of data for inversion application using multi-

angle imagery to monitor earth resources should be further

researched.
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