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Magnetic susceptibility (MS) records of loess-paleosol sequences have been considered a measure of the
degree of pedogenic activity and are considered to be excellent proxies for terrestrial climatic fluctua-
tions. However, the MS of single (vertical) path variations occasionally represents site-specific influences

Accepted 30 March 2016 rather than monsoonal changes (depending on the position of the path). Few studies have used remote

sensing techniques to map the surface MS information of loess-paleosol sections. Hyperspectral tech-

fley words: ral niques provide an efficient, economical and quantitative alternative. In this study, stepwise regression

yperspectral was used to build MS estimation models based on spectral features. Six MS models based on spectral
Magnetic susceptibility . o ..

UHD 185 features were established. Test datasets indicated that our models are very successful, all resulting in

R?>0.92 and RMSEs ranging from 4.5736 to 6.80475. The slope change between 810 nm and 880 nm
(b880/b810) observed in all models played an important role in MS estimation. Models 5 and 6 have
higher RMSEs and relatively lower SAM values, although the R? values are both above 0.95. The RMSEs
of the first four models are similar. Therefore, the first four models were thought to be more stable and
useful.

UHD 185, a new generation of commercial hyperspectral imaging sensor, was used for surface MS
mapping of a loess-paleosol section by model 1 and model 2. The MS map corresponded well to the
loess sequences. The MS values obtained from the UHD 185 data are convincing and consistent with the
measured data (R? >0.85). The trend in changing MS values is clear, suggesting that model 1 and model 2
could produce reasonable loess-paleosol section surface maps from the UHD 185 image, although there
is a linear offset between the estimated MS and the measured MS. The methodology proposed here can
be used to map MS on a much larger scale. Because of the limit of the spectral range, the performances of
model 3 and model 4 with the image were not discussed. However, they have been shown to be successful
according to the laboratory test data.

© 2016 Published by Elsevier B.V.

1. Introduction

Magnetic susceptibility (MS) records of loess-paleosol
sequences have been studied in the past and are considered
to be an effective measure of the degree of pedogenic activity and
excellent proxies for terrestrial climatic fluctuations (Liu, 1985; An
et al.,, 1991; Verosub et al., 1993; Heller and Liu, 1982, 1984, 1986;
Heller and Evans, 1995; Porter et al., 2001; Kohfeld and Harrison,
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2003; Maher et al., 2003; Stevens and Lu, 2009; Smith et al., 2011).
Usually, low susceptibility implies periods in which the summer
monsoon was weak and cold, with reduced pedogenic activity.
Conversely, high susceptibility values usually imply periods when
the summer monsoon was warm and moist, with strong pedogenic
activity (An et al.,, 1991). MS is an important physical parameter
of soils and sediments (Tompson and Oldfield, 1986; Heller and
Evans, 1995; Jin et al., 2003). Traditional methods to generate a
susceptibility profile for a several-meter-thick sediment section
would take an hour or more, while MS profiles are commonly
taken along a single (vertical) path. However, typically, the internal
consistency of the vertical line MS data is not tested by replicating
values along other parallel profiles (Porter et al., 2001).
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Fig. 1. Location of the study area.

Image source: Digital Globe

The image of the loess-paleosol section could enlarge the
datasets covering variation over a wide vertical and lateral range.
Grayscale intensity and whiteness data for sections in a range of cli-
matic and latitudinal settings display a high degree of correlation
with magnetic susceptibility data (Porter et al., 2001; Chen et al.,
2002).Indeed, Jietal.(2004a,b) first used TM images to estimate the
MS of surface soil on the Loess Plateau at a large scale, obtaining
good results. Previous laboratory studies focused on correlations
between reflectance spectroscopy and MS show the potential of MS
mapping with hyperspectral images (Jin et al., 2003; Smith et al.,
2011). These works are all based on the premise that reflectance
is related to the composition and structure of constituent miner-
als. However, few studies have used remote sensing techniques to
map the surface MS information of loess-paleosol sections, which
is useful for rapidly characterizing multiple loess sequences and
linking the stratigraphic changes to monsoonal processes (Smith
et al., 2011). Further, local and post-depositional effects can cause
variation in the response of magnetic susceptibility. Smith et al.
(2011) obtained an image of a loess-paleosol profile using a Nikon
D80 and first processed the image to a single RGB and NIR file. Their
work suggests that the bands used by cameras are too broad for MS
estimation.

Hyperspectral remote sensing refers to the use of a very nar-
row, continuous spectrum of remote sensing image that features
continuous channel technology. The abundant spectral information
of the hyperspectral image could provide the ability to establish a
link between reflectance and MS. The objectives of this study are
to define a new model based on spectral features to mapping MS
of a loess-paleosol section and to apply this model to a sensor with
limited spectral range to see how well it performs.

2. Materials and methods

We aimed to determine the correlation between magnetic sus-
ceptibility and reflectance spectra. This required understanding the
spectral features of the soils and then choosing those parameters
that correlated with MS, allowing us to construct a model for MS
estimation.

2.1. Site description and sample collection

The Emaokou section is located to the northwest of the town of
Huairen, in Shanxi Province (Fig. 1), centered at longitude 113° 1/
13.10”E and latitude 39° 51’ 33.04”N. The main landforms in the
study area are loess platforms. The cross section shown in Fig. 2
includes Malan Loess (L), the Holocene Black Loam paleosol (Sy),
a distinct loess layer (Ly) and a gravel layer. For this study, we sam-
pled only the loess-paleosol sequence (between the two dashed
yellow lines in Fig. 2), excluding the bottom gravel layer and the
top loess layer (Lg). We collected samples from Sy and L; along
model line 1, model line 2 and the test line for laboratory analysis
(model line 1, 2 and the test line are shown in Fig. 2). The sam-
pling interval was 10 cm from the top to the bottom. Samples from
model line 1 (37 samples) and model line 2 (35 samples) were used
to build the model. Samples from the test line (55 samples) were
used for model testing.

2.2. Magnetic susceptibility measurement

The low-frequency magnetic susceptibility of the samples was
measured at 976 Hz using a MFK1-FA Multi-Function Kappabridge
magnetic susceptibility meter (Pokorny et al., 2006), a product of
the Advanced Geoscience Instruments Company (AGICO) of the
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Fig. 2. Photograph of the studied section with the profiles labeled. The points were used for hyperspectral reflectance assessment.(For interpretation of the references to

colour in the text, the reader is referred to the web version of this article.)

United States. This instrument can measure magnetic suscepti-
bility at three operating frequencies: 976, 3904 and 15,616 Hz. In
this study, we used the low-frequency magnetic susceptibility pre-
sented as mass susceptibility. Xu’s work showed that loess-paleosol
samples could be detected at a low frequency (976 Hz) (Xu et al.,
2012). The SI unit of mass susceptibility is m3 kg~1.

2.3. Hyperspectral image acquisition

Hyperspectral image data were collected using a UHD 185 sen-
sor from the Cubert GmbH Company, the data acquisition sketches
of which are shown in Fig. 3. The Cubert UHD 185 sensor was fit-
ted with fiber optics with a 27° field of view and operated in the
450-950 nm spectral region at a sampling interval of 4 nm, with
125 channels. The spectral throughput is 2500 spectra for one cube.
Surface measurements were conducted on May 20, 2015, under
cloudless conditions between 10:30 and 14:30. Measurements
were taken at a distance of 9 m from the vertically oriented loess
surface, and hyperspectral images were acquired at a spatial res-
olution of 4.22 cm. The image was sampled to 5cm x 5 cm for one
pixel. Reference measurements on a white board were made prior
to each measurement, with the board oriented vertically to better
represent the loess surface. We used Spectralon as the whiteboard,
which is manufactured from a sintered polytetrafluoroethylene-
based material (PTFE). Then, the dark current measurements were
made. Dark measurements were taken by placing the black plas-
tic lens cap over the lens so that no light could pass through.
This solution is ideal for non-laboratory environments. To obtain
reflectance measurements, the dark measurement was subtracted
from the actual measured values and the reference values and then

Fig. 3. Overview of equipment setup.

divided by this reference. This common technique guarantees clean
and accurate results. The average calculation of the dark image
is highly recommended to have stable values by not subtracting
some momentary high noise peaks, which do not exist in the other
measurements.

2.4. Reflectance measurement

The reflectance spectra of the samples were measured using
an ASD Field Spec 3 spectrometer (Analytical Spectral Devices,
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Boulder, USA, produced in 2008). We analyzed samples in the used, and the samples were rotated by approximately 90°. For mea-

350-2500 nm spectral region at sampling intervals of 1 nm. An ASD surements, the contact probe was kept stationary, and an average
contact probe attachment with an integral illumination source was of 30 consecutively acquired spectra were recorded to reduce the
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Fig. 5. Spectral features of samples versus their MS values.

noise level. For measurement of the field reflectance spectra, we
first ensured that the surface was uniform and that the area was
greater than or equal to 5cm x 5 cm. Surface reflectance measure-
ments were taken at five sites within each point. The average of
the five measurements was used as the reflectance of the point. For
the laboratory reflectance spectroscopy measurements, the sam-
ples were ground to <0.6mm with a mortar (30 mesh) to reduce the
effect of grain size variations on sample brightness. All reflectance
spectra were post-processed using the ViewSpec™ Pro 6.0 soft-
ware (ASD Inc, 2008), mainly in the form of spectral averaging and
splice correction. For the splice correction, a bias value was calcu-
lated for the VNIR and SWIR2 regions, which are offset to match the
SWIR 1 regions at the splice point. This is usually performed only
for presentations and documentation or when using data to match
against a spectral library rather than to correct the data (ASD Inc,
2008). In total, four field points were measured for image calibra-
tion (green in Fig. 2), 72 samples (from model line 1 and model line
2, described in chapter 2.1) were measured in the laboratory for
modeling, and 55 samples (from test line, described in chapter 2.1)
were measured in the laboratory to verify the modeling results.

2.5. Continuum removal

A continuum removal (CR) process was used for spectral fea-
ture analysis. The CR process isolates spectral features and allows
them to be compared more efficiently. CR was applied to the sam-
ple spectra to reduce the effect of optical constants and to highlight
each spectrum’s absorption features for ease of comparison (Clark,
1999). Scattering and Beer’s Law make the effects non-linearly mul-
tiplicative (Clark and Roush, 1984). Thus, the continuum should

be removed by division. In this study, the continuum is removed
by dividing the reflectance value for each point in the absorption
feature by the reflectance level of the continuum line at the corre-
sponding wavelength (Zhi et al., 2004).

2.6. Linear regression

Linear regression estimates the coefficients of the linear equa-
tion, involving one or more independent variables that best predict
the value of the dependent variable. Stepwise regression was used
to determine the relationship between MS and spectral features
(Smithetal., 2011). Stepwise is one of the linear regression variable
selection methods. At each step, the independent variable not in
the equation that has the smallest probability of F is entered if that
probability is sufficiently small. Variables already in the regression
equation are removed if their probability of F becomes sufficiently
large. The method terminates when no more variables are eligi-
ble for inclusion or removal (IBM SPSS, 2010), where F means the F
statistics (Furundzic, 1998). Following the stepwise regression pro-
cedure, the regression model could be defined. The model was then
applied to the spectra for the testing data set to estimate the MS
value. The accuracy of this estimation was reported both in terms of
the coefficient of determination (R?) between estimated and mea-
sured MS values and the root mean square error (RMSE) of these
estimations. In this study, some parameters based on the spectral
features were used as independent variables, while the measured
MS values were used as dependent variables in the stepwise regres-
sion. IBM SPSS statistics Base 19 software was used for stepwise
regression, and the probability of F was used as the stepping method
criteria (IBM SPSS, 2010). For the stepping method criteria, a



164

J. Cui et al. / International Journal of Applied Earth Observation and Geoinformation 50 (2016) 159-169

_150{V=B13.67617x4979.37319 | 5, | y=448.00425x-432.65467 150 ¥=901.43241x-838.37929 150 |=1707.02532x-3557.03574
Ty | R=0.553 5 | R*=0.964 ~ | R=0976 < [R'=0468
&5 RMSE=21.20575 o< RMSE=6.05561 2 RMSE=4.91601 |2  |RMSE=23.14238
°?E T wE .:- E : E -:
o ", o H ® 4 *? ]
- ' - ) © - e LI
- R - < i = 4
£100 o Z ol = s oar. { Z100] X
3 AL S100 . £100- = 2
- - =3 = Q ] = C
Q. = =% --'- = O ] | -
3 . 3 2 @ A
@ - 0 - o . {1 o '
3 . >3 . I n £
® a \= (7] g 3 . (7] 0e
(2] ", (1} te (2 e -
% 50+ . 5‘ = i . © o/n L y
" 2 ) b 18 50 N
& W 5 50 -'r..;l";- g6y & £ 3
- ('] - Ll
= = ‘.’ & g é = -,
13 14 15 16 17 1.0 11 1.2 13 095 1.00 105 110 205 210 215 220
b600/b500 (X1) b750/b650 (X2) b880/b810 (X3) (b1347+b1560)/b1414 (X4)
150 yf303.4543x-653.08237 150 y=573.23594x-1159.3289 150‘y=42926.28204x-4308!°),034.47 150 | y=-5617.50665x+11477.58314
. |R=0.606 ~ | R=0.008 ~  |R*=0577 ~ |R'=0.872
‘g, RMSE=20.02781 . }2’ RMSE=31.59942 ng RMSE=20.64839 g RMSE=1 1 .33059
E .- e . . - .- - | E X
) as © . "o : “ie et A W\?- .".-
= - s S = ™. - = air ol | T e,
2100 e 2100 O 2100+ . . 2100 =\
§' L] g. . % & o % % £
o - o ’. o y . @ .
@ ] @ RS 3 .
3 - . 3 - = .
7 i 7] = 7 s 7 k
o [ ] . L 504 [ o 50 )
N A P oo | ¥4
: b T B T e (B L A £ A
& " g I s 7z " s
= * = = =
21 22 23 24 25 26  2.1302.1352.140 2.145 2.150 2.155 1.004 1.005 1.006 1.007 201 202 203 204 205
(b1860+b2135)/b1919 (X5) (b2145+b2280)/b2210 (X6) b2250/b2240 (X7) (b2310+b2375)/b2350 (X8)

Fig. 6. Linear regression between band ratios and MS.

variable is entered into the model if the significance level of its
F value is less than 0.05 and is removed if the significance level is
greater than the 0.1 (IBM SPSS, 2010; Furundzic, 1998; Smith et al.,
2011).

2.7. Spectral analysis

In this study, the spectral analyst tools of the ENVI 5.1 clas-
sic software was used for assessment of the MS estimation model
and the image spectra. For spectral analysis ENVI's Spectral Ana-
lyst was used to assist with mineral identification with the image
spectra being compared to that extract from ASD. This tool uses
processes such as Binary Encoding, Spectral Angle Mapper, and
Spectral Feature Fitting to rank the match of an unknown spec-
trum to the material in a spectral library. In this case Spectral Angle
Mapper was used because Spectral Feature Fitting is suitable for
wavelength range of specific absorption feature rather than whole
spectral shape and Binary Encoding has lower match accuracy than
Spectral Angle Mapper. The measurements of MS and soil spectral
were used as the input spectral library.

3. Results and discussion
3.1. Characterization of the spectra

The spectra of field samples from model line 1 and model line
2 are shown in Fig. 4 (model lines 1 and 2 are described in Section
2.1). The black dashed line indicates spectra from Sg, and the red
solid line indicates spectra from Ly. Fig. 4 (a-b) shows the original
spectra of these samples while Fig. 4(c-f) shows the continuum-
removed spectra of these samples. Six absorption features are found
near 450 nm, 900 nm, 1414nm, 1919nm, 2210 nm and 2350 nm

(Fig. 4). There is a subtle shoulder at 2250 nm between 2210 nm
and 2280 nm. The absorption features near 500 and 900 nm are
typical of Fe3* and Fe2* (Deaton and Balsam, 1991; Palacios-Orueta
and Ustion, 1998; Clark, 1999). Narrow absorption features close
to 1414 nm and 1919 nm indicate the occurrence of water bound
in the interlayer lattices (Bishop et al., 1994). An absorption peak
centered at 2210 nm is typical of AI-OH minerals, such as illite and
muscovite, whereas Mg-OH minerals have absorption features at
2250 and 2350 nm (e.g., epidote and chlorite). Finally, carbonate
minerals such as calcite have an absorption feature at 2355 nm
(Clark, 1999; Cui et al., 2014; Smith et al., 2011).

The spectra of Sg and L; differ from 500 to 900 nm and from
2150 to 2350 nm. Four slope changes and two absorption depths
classify the two soil types (Fig. 4). These slope changes occur
between 500 and 600 nm, between 650 and 750 nm, between
800 and 900 nm and between 2240 and 2250 nm with absorp-
tion depths of 2210nm and 2350 nm. Thus, from an empirical
perspective, these regions offer possible explanatory power as
ratios. The band ratio has been shown to have a close correlation
with MS (Smith et al., 2011). Thus, band ratio analysis was used to
represent the slope change and the absorption features. Specific
bands were chosen depending on spectral transition (shown in
Fig. 4) and personal experience. For example, the slope change
between 500 and 600nm was replaced by b600/b500, where
the b600 indicates a reflectance value at 600 nm, which is the
same as the other parameters (i.e. b500, b2210, etc.). The absorp-
tion depth at 2210nm was replaced by (b2145+b2280)/b2210,
where b2145 and b2280 indicate the shoulder is near b2210.
Thus, the four slope changes were shown as b600/b500,
b750/b650, b880/b810 and b2250/b2240. The two absorption
depth features were shown as (b2145+b2280)/b2210 and
(b2310+b2375)/b2350. Additionally, the absorption features close
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Table 1
Regression analysis results for the combination of bands.
Model Band combination Regression equation R? RMSE
Model 1 X3 y=901.43241x3 — 838.7929 0.976 4.66195
Model 2 X2, X3 y=156.031x, +611.195x3 — 720.95778 0.984 3.87509
Model 3 X2, X3, Xg y=167.425x, + 451.607x3 — 944.318xg + 1344.654 0.989 3.25924
Model 4 X1, X2, X3, X8 =-44.063x; +182.938x 5 +409.996x3 — 725.959xg +991.077 0.990 3.14034
Model 5 X1, X2, X3, X6, X8 y=-57.052x; +215.623x; +311.006x3 +263.395%¢ — 886.621xs +835.006 0.991 1.97576
Model 6 X1, X2, X3, X6, X7, X8 y=-68.190x; +270.756x, + 234.731x3 + 411.008x g — 3336.674x7 — 823.919xg + 3777.453 0.992 2.87888
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Fig. 7. Comparison of the instrumentally measured and spectrally estimated MS of the test data.

to 1414nm and 1919 nm were shown as (b1347 +b1560)/b1414
and (b1860+b2135)/b1919. For ease of expression,
b600/b500, b750/b650, b880/b810, (b1347+b1560)/b1414,
(b1860+b2135)/b1919, (b2145 +b2280)/b2210, b2250/b2240 and
(b2310+b2375)/b2350 were named X1, X3, X3, X4, X5, Xg, X7 and
Xg, respectively. Fig. 2 shows the two soil types corresponding to
the different MS values. We want to determine the relationship
between these spectral features and MS.

Fig. 5 shows the reflectance spectra of samples with different
MS values. It shows that the x; and xg values gradually decrease as
the MS value increases. In contrast, X, and X3 gradually increase as
the MS value increases. There was no regular change in x4, X5, Xg
and x; with an increase in MS values. The scatter plots (Fig. 6) for
the band ratios (x1, X2, X3, X4, X5, Xg, X7 and Xg) against MS further
confirm that x,, X3 and Xg show a strong linear relationship with
MS, with R? values all above 0.85 (Fig. 6).

Table 2
XRD results of sample.

3.2. Model construction

Our objective is to develop regression models for MS estimation
based on the spectral features. The above analysis indicated that
some band ratios have a close correlation with MS (Fig. 6). How-
ever, we still want to understand which of the above eight band
ratios should be included in a regression model. As a result, a step-
wise regression was used for the model construction in this study.
The stepwise regression has been described in chapter 2.6. The
above eight parameters (X1, X2, X3, X4, X5, Xg, X7 and Xxg) were used
as independent variables, and the measured MS values were used
as dependent variables in the stepwise regression. After the step-
wise regression procedure, six regression models were obtained
(Table 1). The R? values of the six models are all above 0.97, and x3
was present in all six models. This suggests that x3 plays an impor-
tant role in MS estimation. In addition, x, also plays an important

Samples Compositions

1(Ly) Quartz(34%) + Albite(27%) + Microcline(12%) + Calcite(12%) + Chlorite(5%) + Muscovite(3%) + Amphibole(3%) + Dolomite(3%)

2 (L) Quartz(38%) + Albite(22%) + Microcline(10%) + Calcite(13%) + Clinochlore(5%) + Muscovite(3) + Amphibole(3%) + Dolomite(3%)
3 (L) Quartz(35%) + Albite(25%) + Microcline(9%) + Calcite(14%) + Clinochlore(4%) + Muscovite(2%) + Amphibole(1%) + Dolomite(10%)
4(Ly) Quartz(44%) + Albite(19%) + Microcline(10%) + Calcite(14%) + Clinochlore(5%) + Muscovite(3%) + Amphibole(4%)

5(So) Quartz(42%)+ Albite(26%) + Microcline(7%) + Calcite(9%) + Clinochlore(5%) + Muscovite(2%) + Dolomite(8%) + Hematite(1%)
6(So) Quartz(49%) + Albite(27%) + Microcline(5%) + Calcite(6%) + Clinochlore(5%) + Muscovite(3%) + Amphibole(3%)+ Hematite(1%)

7 (So) Quartz(45%) + Albite(29%) + Microcline(10%) + Calcite(8%) + Clinochlore(4%) + Muscovite(3%) + Amphibole(1%)+ Hematite(1%)
8 (So) Quartz(50%) + Albite(24%) + Microcline(7%) + Calcite(10%) + Clinochlore(4%) + Muscovite(2%)+ Hematite(2%)
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Fig. 8. Reflectance spectra from the UHD 185 image and field reflectance spectra.

role and is present in five models. One explanation for this out-
come could be that absorption of these wavelengths by the samples
may be influenced by Fe3* and Fe%*. Hematite and geotite have
spectral features near 650 nm and 880 nm. X-ray diffraction (XRD)
analyses were conducted for eight samples from the section. Four
samples were from Sy, and four samples were from L. The XRD
results (Table 2)indicate that hematite was the dominant iron oxide
contained in Sy. Previous work has shown that hematite exhibits
a positive correlation with MS (Ji et al., 2001). However, we can-
not conclude that hematite is the only dominant mineral control
of MS in these sample soils. Indeed, the real world (and, for that
matter, the universe) is a complex mixture of materials at almost
any scale. Diffuse reflectance spectrophotometry has a detection
limit for iron oxides that is at least an order of magnitude lower
than XRD (Deaton and Balsam, 1991). Additionally, fine-grained
citrate-bicarbonate-dithionite-extractable iron oxide minerals are
the dominant factor controlling reflectance changes and MS of loess
and paleosol samples (Ji et al., 2004b). Therefore, changes in x;
and x3 could be the result of a concentration of various magnetic
minerals.

Models 3-6 contain the parameters xg-Xg. lllite/muscovite and
montmorillonite both have excellent potential utility as weathering
indicators (Smith et al., 2011). Calcite is the dominant carbonate
mineral in the loess (Table 2), as it is susceptible to weathering
and leaching. Weathering would deplete some of the iron oxides
and hence would influence the MS. However, the model accuracy
was not improved significantly by adding these parameters (xg-Xg).
This indicates that xg-Xg are not the dominant factors controlling
MS of the loess and paleosol samples.

We found that x4 and x5 are absent in the six models. One
explanation for this finding could be that the absorption of these
wavelengths by the samples may be influenced by water con-
tent. Absorption at 1400 nm is related to the first overtone of the
O—H stretching modes associated with water or hydrous minerals
(Clark et al., 1990; Viscarra Rossel and Chen, 2011). The difference
between these causes a slight displacement of the peak, which can
be very difficult to distinguish within the soil spectra. The 1900 nm
wavelength is a combination band involving the stretching and
bending modes of the H,O molecule and is thus specific of molec-
ular water (Clark et al., 1990). Galva™o et al. (2001) also excluded
these two wavelengths in their study of the reflectance of tropical
soils.

The above six models were applied to the testing data (55 sam-
ples) to estimate the MS (Fig. 7). SAM scores of the estimated MS
curve and measured MS curve are all above 0.8, indicating a close
match in terms of shape. There is a strong correlation (R? above
0.92, RMSE ranging from 4.5736-6.80475) between the estimated
and measured MS data of the soil samples. Models 5 and 6 have
higher RMSEs and relatively lower SAM values, although the R? is
above 0.95. The RMSE values of the first four models are similar,
suggesting that the first four models are more stable. The first four
models are capable of MS estimation.

3.3. Assessment of the image spectra
The spectral range of the UHD 185 image is 450-950 nm, so mod-

els 1 and 2 in Table 1 can be used for application. We need to assess
the accuracy of the image spectra data before applying our model
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to the hyperspectral image. The spectra from the UHD 185 image
compared favorably with the field spectral measurements, except
for the range of 900-950 nm (Fig. 8). The reflectance in the range
of 900-950 nm markedly declines, which is not consistent with the
real soil spectral shape (Figs. 4 and 8). The SAM scores are all greater
than 0.90 (except in the range of 900-950 nm), indicating a good
match between the spectral shape of the image and the field spectra
(except in the range of 900-950 nm). The R? values between UHD
185 reflectance and ASD reflectance are all above 0.995.

To further assess the above results, we used band ratios of
b750/b550 and b880/b810 to quantify relative variations in the
spectral shape of the UHD 185 reflectance data. The two band ratios
were evaluated because their combination was used for estimating
the MS (models 1 and 2 in Table 1). The band ratios of b750/b550
and b880/b810 with UHD 185 reflectance display a strong corre-
lation with the band ratios of b750/b550 and b880/b810 with ASD
measured reflectance (R? =0.98508 and R2 =0.94109, respectively;
Fig. 9).

The average ratio difference and percentage of the mean can be
calculated using the following equations:

N s s
n=1
Diff.ratio .
Percentage = W x 100%

where n is the point number and i and j are the wavelengths of UHD
185. Diff.ratio is the average ratio difference, bi/bj is compiled from
the wavelength i and wavelength j reflectance, UHD185,(bi/bj)
is the UHD 185 band ratio and ASDn(bi/bj) is the average of the
UHD 185-resampled ASD measured band ratio. The average band
ratio differences of b750/b550 and b880/b810 were calculated to
be 0.059745 and —0.00718 (i.e., 5.059% and —0.6%), respectively.

3.4. Application to a hyperspectral image

After the assessment of the UHD 185 image data, we applied
models 1 and 2 to the UHD image (Fig. 10). The image can be classi-
fied into three parts by color; the upper layer (green, Fig. 10(c-d))
corresponds to the distinct loess layer (Ly), the middle layer (red,
Fig. 10(c-d)) corresponds to the Holocene Black Loam paleosol (Sy),
and the bottom layer (green, Fig. 10(c-d)) corresponds to the Malan
Loess (L1 ). Because there is a small plant in the right upper-middle
image, we mask this area, which is shown as a white patch in
Fig. 10(c-d). The boundary of the Sy and L; is more easily iden-
tified with the naked eye by the MS map than with the photograph.

The MS map corresponds well to the loess sequences, indicating
that monsoonal processes influence the stratigraphic changes in
the study area (An et al., 1991). Low susceptibility implies periods
in which the summer monsoon was weak and cold, while high sus-
ceptibility values imply periods when the summer monsoon was
warm and moist (An et al., 1991). The MS map also indicates that
using a single (vertical) path to measure the MS has some limita-
tions, as local and post-depositional effects can cause variation in
the response of magnetic susceptibility. The MS of single (verti-
cal) path variations sometimes represents site-specific influences
rather than monsoonal changes (depending on the position of the
path). For example, the MS distribution in rectangle A is different
from that of rectangle B (Fig. 10(c-d)). MS profiles taken along a
single (vertical) path in rectangle A and rectangle B would yield
different results.

To evaluate the accuracy of the surface MS distribution map, the
vertical MS values of model line 2 (35 samples, described as Section
2.1) were selected for testing. The lines of estimated MS values and
measured MS values were consistent in shape (Fig. 10(b)). There
is a linear relationship between the measured MS and the esti-
mated MS (R2 >0.85, Fig. 11). The trend in changing MS values is
clear, which suggests that models 1 and 2 could reasonably pro-
duce loess-paleosol section surface maps from the UHD 185 image,
although there is a linear offset between the estimated and mea-
sured MS, and there is a tendency towards overestimation of MS
values. This offset requires further study.

4. Conclusions

The results of our study demonstrate that absorption features of
the reflectance spectra can successfully estimate the MS of loess-
paleosol sections. Six MS models based on spectral features were
established. x3 (b880/b810) was present in all models, indicating
that it plays an important role in MS estimation. Xg, X7 and Xg,
which correspond to illite, muscovite, montmorillonite and car-
bonate minerals related to weathering, have an influence on the
MS. However, the model accuracy was not improved significantly
when Xg-xg were added. This indicates that xg—xg are not the dom-
inant factors controlling the MS of the loess and paleosol samples.
Test datasets indicated that our models are very successful, with all
models yielding R2 > 0.92 and RMSE in the range 0f 4.5736-6.80475.
Models 5 and 6 have higher RMSEs and relatively lower SAM val-
ues, although the R? values are both above 0.95. The RMSE values
of the first four models are similar, suggesting that these models
are more stable and useful.
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UHD 185, a new generation of commercial hyperspectral imag- obtained from the UHD 185 data are convincing and consistent
ing sensors, was used for the image acquisition. The accuracy of with the measured data. The estimated MS values from UHD 185
UHD 185 reflectance meets the requirements of MS estimation, display excellent correlation coefficients (i.e., >0.85). The trend in
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produce reasonable loess-paleosol section surface maps from the
UHD 185 image, although there is a linear offset between the esti-
mated MS and the measured MS (Fig. 11). Because of the limit of the
spectral range, the performances of models 3 and 4 were not dis-
cussed. However, they were demonstrated as successful according
to laboratory test data.

The MS map derived from the UHD 185 corresponds well to the
loess sequences. The MS map can overcome the limitation of a sin-
gle (vertical) path to measure the MS, which sometimes represents
site-specific influences rather than monsoonal changes (depending
on the position of the path). The methodology proposed here can
be used to map MS on a much larger scale.
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