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ABSTRACT

The degree of humification of the exposed uplarat pethe Southern Pennines, UK, affects the
colour of the water and the ease with which heaetafs, trapped from air pollution, are released int
adjacent reservoirs used for drinking water supplbhis paper reports on progress towards using
HyMap data at 3m spatial resolution and laboraspgctroradiometry to estimate physico-chemical
properties of exposed peat, notably the degreemiffcation.

Transmission, which is inversely related to hunaifion, was measured colorimetrically for 33
peat samples. A strong relationship was obserebdden transmission and spectral indices calculated
from HyMap reflectance for the sampling sites. v8reetric moisture content of the samples showed
no significant correlation with HyMap reflectancedaa significant correlation with only one of the
spectral indices, the depth of the band 52 abswor¢iature.

Whilst the transmission relationship provides asfils basis for estimating peat humification
across extended areas, the confounding effect aftume content cannot be ignored. To investigate
this, contact probe spectra were acquired for égt gamples in the laboratory using an ASD spectro-
radiometer. Preliminary results show that a hwatfon signal remains at ASD scale, even in dry.pea
The indices having strong correlations with trarssian for both in situ HyMap (wet) spectra and ASD
dry contact probe spectra were: the gradient oNteslope between bands 62 and 31 (1337-873 nm);
the gradient of the shoulders of the broad watdhllose, lignin band 52 (1200 nm) at 1123-1281 nm;
the depth of the band 52 absorption (negative fprsgdectra); and the depth of the cellulose abaorpt
index at band 103 (2100 nm).
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1INTRODUCTION

Severe erosion of upland peat bog in the SouthemiRes, UK, is a significant environmental
problem that requires mapping and monitoring aulagintervals. Around 8% of the total peat-
covered area is now bare [1]. In addition to thatigp extent of erosion, the physico-chemical
properties of the exposed peat are important, edpjethe degree of humification and moisture
content. During the latter stages of decompositiignin down to humic acids, which are capable of
discolouring the drinking water supply and relegsireavy metals into the ground water [2]. An
estimate the degree of peat humification wouldefoee express the relative potential for the redezs
heavy metals into reservoirs.

At present, humification is determined by costlydaime consuming point sampling and wet
chemistry. Near infrared (NIR) reflectance spestopy offers an alternative method [3]. Previous
work has shown that laboratory NIR-SWIR spectrogcopan be used to predict the stage of
decomposition of dry, milled leaf litter [4, 5], d@mposing grape and cattle manure [6] and drietl pea
from a stratigraphic core [7].

Decomposition involves biochemical changes, debéethy decreases in the depth of absorption
features in the NIR and SWIR. The ratio of carbmnitrogen decreases as organic mater decomposes.
Soluble components are lost first, and then calkildegrades, followed by lignins [8], so that tbptd
of cellulose and lignin absorption features redweigs humification [5]. Spectral indices such het
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cellulose absorption index (CAl) [9] and ligno-catise index [10] express the depth of absorption at
2100 nm relative to the shoulders at 2020 and 2280 (HyMap bands 103, 99 and 110). Other
significant cellulose or lignin absorptions occur1ld420 nm [11]. 1203 nm, [6], and 2280 nm [10].
Broad band sensors can map the distribution of peag but hyperspectral sensors such as HyMap are
required to detect these narrow spectral absomption

2METHOD
2.1 L aboratory analysis of physico-chemical properties

Peat samples, chosen for their within-site homogeraad between-site variability, were collected
concurrent with HyMap data for 16 peat sites antbspectively for a further 17. Two sites which
exhibited a burnt crust were excluded from the ysiglreported here. Four physical properties were
measured on the samples collected concurrent \ghfltght; particle size, gravimetric moisture
content, percent organic matter (total and per §eetion) and percent transmission [12]. Moisture
content is temporally dynamic so was not measwethg retrospective samples.

Percent transmission is commonly used as a praxpdat humification and relative biochemical
composition [13]. It is the optical density of alkextracted humic acids measured with a colorémet
and is inversely related to the degree of peat ficettion. A Jencons spectrophotometer was used to
measure transmission of light at 540 nm througllatien containing a mechanically homogenised
peat sample digested in NaOH solution. Well hedifsamples have more humic acid and, therefore,
lower transmission. Transmission was also measaredurther samples collected for laboratory
drying experiments with ASD, but using a Hach DR@Gpectrophotometer at 540 nm, calibrated to
the Jencons machine.

2.2 HyMap spectra

A HyMap image with a spatial resolution of 3.2 mswacquired on 18 June 2000 for the SAR and
Hyperspectral Airborne Campaign (SHAC). HyMap smecover 126 bands of 15-20nm wide from
the visible to the SWIR (450 to 2500 nm). Dataevsupplied with an ATREM atmospheric correction
[14] and an ephemeris geometric correction, butired further correction with GPS-derived control
points. Bands 1-3, 63-64, 95 and 120-126 wereueed from further analysis after examination of
signal to noise ratios. HyMap reflectance speatee extracted for the 33 sample sites and imported
into Excel and SPSS. The spectra were visuallypeoed with physico-chemical properties.

Various spectral indices were developed to expresseatures observed in the reflectance spectra
and the first derivative of reflectance (R'), sachthe gradient of the right shoulder of the 1460 n
water absorption, from band 68 to 82 (1477- 1660).nmPublished indices for plant litter
decomposition, such as CAI [9] which characterfse depth of absorption features due to cellulose,
lignin, nitrogen and water below their continuumrevalso used. A simplified continuum removal
method was used to measure the depth of othermlsofeatures:

d = (0.5*(L ref + Rref)) — F ref ()

where d is depth below continuum, L ref is theaetthnce of the left shoulder, R ref is the reflecea

of the right shoulder and F ref is the reflectantaimum of the absorption feature. The typical

position of the shoulders and reflectance minimuenenidentified using R' and applied to all spectra.
Where the reflectance minimum (absorption maximwa3 not at the midpoint between the shoulders,
an adjusted constant was applied to replace Gguation 1.

A difference index, normalised difference index andimple ratio were also calculated for each
pair of shoulders and for major observed variationgradient elsewhere in the spectrum. Difference
indices and ratios are similar to, Rut express the reflectance gradient calculated a lag of several
bands instead of at a single point. For instarkg, 25 represents the red edge, the gradient betwee
bands 17 and 25 (677 to 799 nm). In total, 49cesliwere calculated and correlated against physico-
chemical properties [15]. In this paper we reporthe correlation of transmission at 540 nm witren
of the most significant spectral indices (Table 1).

2.3 ASD spectra

To test the confounding effect of moisture contampeats of different humification, laboratory spac

were acquired for further peat samples collecterhffield sites in the two years following the HyMap
flight. Some sites were those used for HyMap, thiet range of humification matched that for the
HyMap samples. The samples were not ground in ékpgeriment to better match in situ surfaces
recorded by HyMap. Measured amounts of water veelded to an optically thick sub-sample of



0.5cm deep until saturation was achieved (appraelyp®0% water by mass). The wet samples were
oven dried in stages at ZD. Every hour, the reflectance was measured goifts over the sample
using a FieldSpec-Pro Analytical Spectral Devic&R) in contact probe mode, with an integral light
source and a 2 cm field of view. In this paperamalyse spectra from the driest stage in an attemnpt
decouple moisture and humification effects.

Mean ASD spectra were calculated for each samplesemulated to HyMap using a filter based
on the spectral band passes for HyMap during th&CSHurope flights. At this stage, no atmospheric
noise has been added. The same 49 indices ddovddyMap were calculated for the simulated
spectra.

The features of the HyMap (wet) situ spectra were compared against dry, unground ASBtiEp
to gain an insight into the effect of moisture. eT$trength and direction of correlation coefficgefdr
transmission against HyMap and ASD spectral indieas compared.

Table 1: Selected spectral indices and a compadoarrelation with transmission for HyMap and dry
simulated HyMap spectra

Spectral feature HyMap Index and formula Correlation with
(wavelength, nm) band transmission at 540 nm
HyMap | Dry
simulated
Absorption feature at 2137105 Ab_105, 0.5(Hy98+Hy110)-Hy105 -0.908 0.629
nm
Cellulose absorption at {103 Cai_nagl Cellulose Absorption Index,| 0.562 0.765
2100 nm CAIl. Depth of absorption at Hy103
0.5 (Hy99 + Hy110) — Hy103
Absorption feature at 2083 Ab-102, 0.5(Hy98+Hy110)-Hy102 0.522 0.750
nm
Gradient between 110to N110 99 Normalised difference index] 0.907 -0.132
shoulders of 2100 nm |99 (Hy110 — Hy99)/(Hy110 + Hy99)
cellulose absorption
Lignin and water 66, 63, Gradient of right limb of water 0.899 0.180
absorption at 1450 nm; |63 absor ption:
Lignin at 1420 nm; Water N82_68 Normalised difference index,
at 1400 nm (Hy82 — Hy68)/(Hy82 + Hy68).
Water, cellulose and lignirb2 Ab2 52 0.5 (Hy46 + Hy58) — Hy52 | 0.638 0.746
absorption at 1200 nm
Gradient between 47 to 58 | R58_47 Ratio: Hy58/Hy47 -0.759 | -0.809
shoulders of absorption gt N58_47 Normalised difference index | -0.763 | -0/813
1200 nm (NIR shelf) (Hy58-hy47)?(Hy58+Hy47)

Gradient of NIR slope 31 to 62 N62_31 Normalised difference index, | -0.818 -0.640
(Hy62 — Hy31)/(Hy62 + Hy31).
Red edge gradient, 677 tol7 to 25 | R25_17 Ratio, H25/Hy17 -0.501 0.384
799 nm

3 ANALYSISOF HYMAP AND DRY SIMULATED HYMAP REFLECTANCE

3.1 VISNIR region

Both HyMap and dry simulated HyMap peat spectrgufé 1) were more similar to plant litter than to

soil spectra published in Ref 9. Spectra in theblé and near infrared (VNIR) were not concave

between bands 5 and 60 (500 and 1300 nm), as expfert organic rich soils [16], even though the

organic content was over 80%. They were sigmoidlih a steep red edge from band 17 to 25 (677 to
800 nm), then a gentler, linear NIR shelf to ba®d(#108 nm) followed by a variable flat to steep

gradient between bands 46 and 62 (1108-1337 nigliféil).
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Figure 1: Selecteth situHyMap and dry simulated peat spectra (transmissidmackets)

3.2 1200, 1400 and 1900 water absorption regions

The most prominent absorption features of the HyMppctra were the 1400 and 1940 nm water
absorptions at bands 63 and 94, as expected fomveitu peat. Although moisture content showed
expected negative correlations with single band Bigveflectance at major water absorption features,
for instance band 65 (r -0.41), band 94 (r -0.32) and band (t19.42) (1434, 1806 and 2376 nm,
respectively), these correlations were not statili significant [12].

There was a significant positive correlation betweeoisture content and only one index, the
depth of the band 52 absorption feature, ab2_526@4, p 0.030). The lack of further significant
correlations between moisture itself and indicepressing the depth of water absorptions may be
explained by the small sample size, as only mastiata concurrent with the flight were used, ared th
fact that samples unavoidably included some peat fielow the outer surface skin seen by the sensor.
Particle size and percent organic matter were also significantly correlated with single band
reflectance. This broad band 52 absorption feature in the top giahe NIR slope between bands 46
and 58 could be due to a combined water, celldosElignin absorption features at band 52 (1200 nm)
and a lignin absorption at band 47 (1120 nm). Harethe significant correlation with moisture, and
the fact that it disappears to become a localctftece peak with a negative value in the dry sitedla
spectra, suggests that water was the dominant.cause

One of the highest correlations of HyMap indiceshwiransmission was n110_98 (r=0.907, p O,
000), the normalised difference index of bands drid 99 (2225 and 2008 nm) (Table 1). It expresses
the gradient of the right shoulder of water absorptThere were other strong correlations with the
gradient of the right limb of the band 65 absonmptfeature; for instance, n82_68, the normalised
difference index of reflectance at 1660 and 1477(n@899, p 0.000). One of the problems is that
other biochemicals have absorptions at these twervieatures, including lignin at band 64 (1420 nm)
and cellulose at and bands 69 and 94 (1490 and A890 However, neither of these gradients had
significant correlations for the dry simulated gpe@nd n110_99 actually had an opposite sign (r -
0.132), suggesting that water, not transmissiois, tva primary cause for the correlation in the HgpMa
spectra. Water absorptions were still presenbatth much shallower in the dry simulated spectra.
This reinforces the idea that O-H bonds in othesngicals in addition to water were responsible for
absorptions in the 1400 and 1900 nm regions.



3.3 NIR slope

The most promising indices of humification weresgh@xpressing the gradient of various parts of the
NIR slope. The upper part coincides with shouldérhie band 52 feature and was shallower for well
humified samples in both sets of spectra. Thisligra between 1123 and 1281 nm,, expressed as
r47_58, the ratio of bands 47 and 58, was the indggh was strongly correlated with transmission fo
both sets of spectra (r 0.768, p 0.000, HyMap;8d.6, p 0.000, dry simulated spectra). Indeed, the
whole of the NIR slope is very diagnostic of huafion; the normalised difference index expressing
the gradient between 873 and 1337 nm, n62_31, madaue of -0.818 for HyMap and -0.640 for the
dry simulated spectra. Ref. 17 found the slightiprter wavelength region from 900 to 1220 nm good
for estimating soil organic matter. The reasamaisclear, but it appears that, as humificatiorceeals,
either reflectance increases around band 47, absorption feature develops at or beyond band 58.

3.4 SWIR features

Both sets of spectra showed that peats were bestated at longer wavelengths, especially the SWIR.
Strong positive correlations were found between HgMingle band SWIR reflectance and percent
transmission; for instance, band 96 (1971 nm) madad -0.75 (p <0.01) [12].

Small absorption features were superimposed on HhRlap spectra, but were especially
prominent on the dry simulated spectra, as theyewer longer masked by water. The simulated
spectra had more pronounced absorption featurbe IBWIR beyond band 97 (1990 nm) at bands 102,
104 to 105, 115 and 118 (2083, 2119-2137, 2310 2860 nm, respectively). For instance, the
cellulose absorption at band 103 (2100 nm), exptess the cellulose absorption index, cai_nagl [9],
had a significant positive correlation with transsion for both sets of spectra (r 0.562, p 0.001,
HyMap; r 0.765, p 0.000, simulated). As expectad, absorption at 2100 nm is shallower for more
humified peat with less remaining cellulose.

Other relationships are less easy to explain. déh of the feature at band 105 (2137 nm),
ab_105, has a very significant negative correlatiansmission for HyMap spectra (r -0.908, p 0.000)
yet an equally significant positive correlation &y simulated spectra (r 0.629, p 0.000).

4 CONCLUSIONS

The strong relationship of HyMap SWIR reflectanoe aerived indices with transmission provides a
possible basis for estimating peat humificationoasrextended areas, but the confounding effect of
moisture content cannot be ignored. It is possibi higher moisture content was reinforcing the
lower SWIR reflectance observed in poorly humifieghts, especially as poorly humified peats in the
study area tend to be associated with wetter sifBse of the albedo differences between HyMap
spectra may also be partly due to surface texffrets, such as smooth surfaces for peat re-dembsit
in pools compared to roughén, situ peat. However, any such albedo effects are redogehe use of
normalised difference indices.

Preliminary work at the ASD scale does suggest ahatmification signal remains even in dry
peat. The best indices of humification withotdbnfounding effect of water should be those whigh a
strongly correlated to transmission for both wat,situ HyMap spectra and dry simulated spectra
obtained with the ASD. This is true of two indicdee r47_58, the index, which expresses the
shallowing gradient of the NIR slope between 1188 8281 nm; n62_31, the normalised difference
index covering the whole of the NIR slope. A thitlde ab2_52 inde,x is also valuable even though it
is negative for dry peat; it expresses the chamgm fabsorption to reflectance in dry peats of
increasing humification.

5 FURTHER WORK

To better characterise the shape of the absorfgatares, other indices are being calculated based
the shape of the absorption feature and the chgmmsition of its reflectance minimum and shoulders
They are being applied to all drying stages forr R@0 samples, so that the effect of moisture en th
identical samples can be directly compared [18}Mbjp spectra will also be extracted for the ASD
sampling sites and compared against mean ASD dqmiatze spectra to examine scaling effects.

Transmission has been recorded at 624 and 651 wmhthangreater range of values at these
wavelengths appears to provide a more sensitivariowtric index of humification. Lignin-cellulose
ratio and carbon-nitrogen ratio are also availablg will be used as an alternative to transmission.

The confounding relationship between indices, higation and moisture is being further
investigated using approaches such as multipleessgm modelling and artificial neural networks to



account for noise. As an alternative to predictibsingle physico-chemical variables, a classifara
approach with combined broad humification-moistlesses is also being explored .
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