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Abstract: The paper assesses spatimporal patterns of land surface temperature (LST)
and fire severity in the Las Hurdes wildfire®ihuspinasterforest, whichoccurred in July

2009 in Extremadura (Spain), from a time series of fifteen Landsat 5 TM images
corresponding to 27 pefite months. The differencadormalized Burn RatigdNBR) was

used to evaluate burn severity. Tinenowindow algorithm was applied testimate LST

from the Landsat thermal banthe burned zones underwent a significant increase in LST
after fire. Statistically significant differences have been detected between the LST within
regions of burn severity categories. More substantial cham@&sI are observed in zones of
greater fire severity, which can be explained by the lower emissivity of combustion products
found in the burned area and changeb@energy balance related to vegetation removal. As
time progresses over the 27 montherafire, LST differences decrease due to vegetation
regenerationThe differences in LST andormalized Difference Vegetation Ind€XIDVI)

values between burn severity categories in each image are highly colfreta@e84). Spatial
patterns of severitgnd posfiire LST obtained from Landsat time series enable an evaluation
of the relationship between these variables to préuwketatural dynamics of burned areas
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1. Introduction

Land surface temperatur@.ST) is one of the most important factors controlling physical processes
responsible for the land surface balance of water, energy anfd G In the context of wildfire stues,
fire-induced environmental changes cause variations in the spatial distribution of LST, mainly due to
a decrease in transpiration and an increase in the Bowenfratisgnsibleheatinglatentheating)[4].

The hgher postfire LST of the burned areas was observed in field &8 and remotelsensed
imageq7,8]. Moreover, according to Beringet al.[9], there is a relationship between fire intensity and

an inagease in the Bowen ratio, as far as fire intensity determines the likely impact on energy and carbon
fluxes. Consequently, burn severity, defined for the current stutheasnount of change in a burned

area with respect to the pfiee conditiong[10i 12], is very dependent on fire intensjt§3] and can be
considered a key variable in understandimgspatial distribution of LST in the immediate pdise
environmen{8]. The regrowth of vegetation is also one of the most important factors controlliiglLS

the years followingfire, as vegetation cover and bare ground have different emissivity, defined as the
ratio between the object emitting capacity and that of a blackbody at the same temperature. That is why
spatietemporal patterns of LST can hetponitor the processes that structure ecosystem development
and may assist in developing appropriate management strategies following forest fires.

Satellite sensors have long been used in wildfire res¢aich4]to assess variables related to burn
severiyy and vegetation recovery in a cestective and timeefficient way (among othefd5,16] On
the medium spatial scale, Landsat has provided global coverage since 1984, with Landsat 8 launched ¢
the beginning of 201,&nsuring the continuity of data redd17].However, compared to optical bands,
the use of Landsat thermal data presents additional challgni8k

Radiance levels in the thermal region of the spectrum depend not only on the amount of solar
radiation received, but also on the ability loé tsurface to emit energy, expressed by its emissivity and
atmospheric conditions (water vapor and temperature). At present, several physisatlymethods
have been suggested for LST estimation based on thermal infrared data from satetlitessthe
Moderate Resolution Imaging Spectroradiometer (MODIS) and Lahti8htin the specific case of
Landsatb TM, with only one thermal infrared band available, atmospheric profiles of temperature and
water vapor content must be known for the exact time aferacquisition, as well #seknowledge of
surface emissivity for each pixel. There are several LST algorithms applicable to Landsat 5/7, including
moncwindow [20], single channel21,22] and the ofline Atmospheric Correction Parameters
Calculator (ACR) [23,24]. All of the procedures report similar estimation errorsi@ K.

Burn severity can be assessed throtlghcalculation of spectral indicesvhich are focused on
reflectance changes in burned areas mainly related to vegetation removal, ssilrexpbanges in
water content andhe deposition of carbon and agR5]. Although the Normalized Difference
Vegetation IndeXNDVI) [26] yields good results for burn severity assessif#h28], theNormalized
Burn Ratioapplied in a twedate approach, #delta Normalized Burn Rati@NBR) [12], outperforms
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the other indiceq429i 33]. dNBR can be considered a consistent method for burn severity assessment
due to its proven relationship with field severity metrics. Empirical models have shown strong
relationships (* > 0.6 0.7) between dNBR and specific parameters of burn severity, such as ash cover
percentage, tree mortaljityr twig diametef30,34' 37], or field indices suchas the Composite Burn Index
(CBI) [31,38 42]. Moreover, the btemporal approachwhere values of the poefite image are
subtracted from values of the giee image, is considered the best approach to detect change caused by
fire. Spectral vegetation indices have been praxseful in monitoring seasonal variations in vegetation
devdopment (phenological cyde[43,44] as well as podire plant regeneratio45,46} strong
correlations were observed between the NDVI and various biophysical vegetation parameters, such a
Leaf Area Index (LAIl),the fraction of photosynthetically activeadiation (fPAR) or vegetation
abundanc@47].

Although relationships between burn severity, NDVI and LST values seem quite clear, few studies
have explored theg8,48,49] There are indications thtteinclusion of thermal information in spectral
indices for severity mapping improves their performarid8,49] The pstfire LST-severity
relationship was assessed by Veraverbakal. [8] using MODIS images for a twgear period after
fire, detectinganincrease in podire LST up to 8.4°C for a conifer forest. However, Landsat images
can be especially suitable, because timtiseverity and LST of burned areas can be estimatathore
detailed spatial resolution.Therefore, the objectives of this study ate:g¢aluate changes in LST for
several inages over a twgear period after fire; (2) to analyze the relationship between LST and burn
severity estimated using the dNBR index; and (3) to study the relationship between vegetation regrowth
measured by NDVI and changes in LST. The working hypothesisd in this study is that the spatial
distribution of LST in the burned areas depends on burn severity and that the LST range in each image i
related to the phenological cycle ahétime elapsed sinddefire. From a methodological perspective,
thisstudy relies on the potential of remotalgnsed data and, more specifically, Landsat data to estimate
LST, burn severity and vegetation regrowth.

2. Study Area and Data
2.1. Study Area

The study area of the Las Hurdes 2009 wildfire is located in Extrenaad the province of &eres,
Spain 40°194 40°24dN, 6°104 6°150V) (Figure 1). It is a hilly area with elevation ranging from 390 to
1280 m above the sea level. The typical acid-fendured soils are mainly umbtieptosols and
humicCambisoldormedover metamorphic bedro¢k0]. The Mediterranean climate (Csa according to
theKoppen classificationcharacterized by an annual average temperature of 16€C and approximately
550 mmof precipitation has a fowmonth hot, dry period from June to Septenib4].

The Las Hurdes fire analyzed in this study burned more than 3000 ha ofi #® y&€arold pine
forest Pinuspinasterin four days 25 28 July 2009). According to the Spanish Third National Forest
Inventory[50] (sample points shown as points in Fgl) the average tree coverage is around 40%;
besidesPinuspinasterothespecies, notabArbutus unedandQuercus ilexare also present. In Spain,
Pinuspinasteroccupies more than 1 million ha aisdhighly important to Spanish fores{g2]. It is also
the species most affected by wildfires (27.96%heburned aregdb0]. Growth usually occurs in spring
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(early April to midJune)and autumn(late August to early Octobefb3]. The seed production is
generally related to the fire regime. Stands sufter@current, highntensity fires show more serotinous
cones and a large aerial seed bank compared to stands where crown fires are nofSgquent

Figure 1. Map of the fire site. Points indicatke location of the Spanish National Forest
Inventory parels[50].
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2.2. Data

Data from recently calibrated Land€afTM archive[55] were used in this study. Land€afTM
images are composed of six optical and one thermal (bandwidthoi1p.4 5 e m) spectr al
resolution is 30 m for optical bands and 120 m for the thermal band.

Fifteen clear sky images, path 202/row 32yering the period from Jul2009to Septemhe2011,
downloaded from the NASA websi{&6], are listed in Table 1 along with the information the
observation geontiy and atmospheric conditions (neanface air temperatuiig; and relative humidity
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RH) obtained from the Hurde&zabal meteorological statiofp7]. The station is part of the Spanish
AgroclimaticInformation System for Irrigation (SIARD8] and is about 10 km from the study site.

Table 1. Landsat5 TM images and meteorological data on tietes involvediH,
relativehumidity.

Months Sun Azimuth Sun Elevation

Date PostFire (Degrees) (Degrees) Tar (Mean, °C) - RH (Mean, %)
13 July 2009 0 (Prefire) 125.0 62.4 25.3 41.6
29 July 2009 1 129.0 59.9 24.3 32.8
30 August2009 2 141.1 52.6 28.7 23.7
15 Sepember2009 3 147.3 47.9 17.9 38.6
17 October2009 4 156.5 37.4 11.7 40.7
10March 2010 9 146.9 40.1 5.9 39.6
11 April 2010 10 141.8 52.9 134 58.0
30Jure 2010 12 124.3 64.0 25.8 47.0
16 July 2010 13 126.1 62.3 24.5 41.3
1 August2010 14 130.3 59.6 25.8 352
5 November2010 17 159.2 314 12.8 81.9
16 May2011 23 132.5 61.8 18.7 56.2
1Jure 2011 24 127.9 63.9 17.7 40.1
4 August2011 26 130.7 58.9 25.8 45.8
5 Sepgember2011 27 142.9 50.9 20.2 47.3

We used preprocessed level L1andsatlata. The downloaded imagé€&eoTiff format) were
available inthe UTM projection (datum: WGS84). The digital elevation model with2%esolution in
the UTM projection was downloaded from the online archive of the National Center for Geographic
Information (Spain)59]. It was procesed using ArcGIS softwai@0] to obtain information orthe
surface slope and aspect.

3. Methodology
3.1. Atmospheri€orrectionof theOptical Bands

An opensource Landsat Ecosystem Disturbance Adaptive Processing System (LEDAPS) from
NASA Goddard Spacklight Center (GSF()p1] was used fotheatmospheric correction of the optical
bands. It obtains parameters required for atmospheric correction from the National Centers for
Environmental Prediction (NCERganalysidata provided by the NOAA/OAR/ESRL PSBoulder,
Colorado, USAon-line [62](atmospheric pressure and water vapatr5° spatial resolution anthe
Earth Probe Total Ozone Mapping Spectrometer (EP TOMS) (ozongypatlal resolutionavailable
from [63]. The obtained values are resaetpto the same spatial resolution of 1.2 km and each image is
processed and corrected independently. One of the advantages of the system compared to other simil;
tools, is that it takes the original Landsat data (DN values) as inputs and provides ativalgphe
corrected reflectance values for each of the optical bands as outputs ,without the need for previous dat
transformation or scaling by the user.
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3.2. MonitoringVegetation Recovery

Monitoring of vegetation recovery was performed through NDVIuated for each available image.

The NDVI is based on the difference between the maximum reflection of radiation in thefreeed
spectral bands(0.7810 . 9 0 aradrthe maximum absorption of radiation in the red spectral band
(0.630 . 6 9. Therdifference of the reflectances is normalized by their sum, reducing the effect of
shadowsresulting in NDVI = NIR T VIS)/(NIR + VIS).

Values of the NDVI rangbetweeni 1.0 and +1.0The wide use of NDVI for vegetation monitoring
arises because of its positive correlation with characteristics of plant status and abundance. NDVI frequently
serves as a proxy for biomass, although the relationship between thm rroalinear[26,44]and NDVI
shows saturation before biomass reaches its maximum levels. In spite of the limitations, NDVI is
commonly used in assessing vegetation recovery after fire (among [@H&.27,64). It is sometimes
used as a metric of buseverity[8,48,65,66)

3.3. LSTEstimation

LST was calculated using tineonowindow (Mw) method[20]. Prior to the LST estimation, band 6
original data were transformed first into radiance, with the help of the data from the header files, and
next into he atsensor brightness temperature. TUhe algorithm [20] requires threa priori known
par ameter s: at mospheric transmissivity (U0) ca
atmospheric temperaturé,f and surface emissivity Theformulaused to calculate LSTT§) is the
approximation of theadiative transfeformulaand includes two empirical coefficierdsandb:

Ts={a(l- C- D)+[b{l- C- D)+C +D|3 Tsensor DTa}/C )
wherea =167.355351 ant = 0.458606 are constanis,.s.IS the atsensor brightnesemperature and
c=U (2a)
D=(1-0g (& YU (2b)
Formulas forthe estimation of the atmospheric correction parameters were developed by Qin and
Karnielif20] usi ng LOWTRAN 7 simul ati ons. The s, mul

dependng on water vapor contentielded Equation (3ab) for a low temperature profile (£&) and
Equation 8c,d) for ahigh temperature profile (3€) [20]:

U= 0.974290° 0.0800% (0.4g-cm?<w< 1.6 gcm ?) (3a)
U=1.031417 0.11536v(1.6g-cm ><w< 3.0 gcm ?) (3b)
U= 0.982007 0.09611v (0.4g-cn?<w< 1.6 gcm ?) (30
U= 1.0537107 0.14142v (1.6g-cm 2<w< 3.0 gcni ?) (3d)

The effective mean temperaturB, is computed for specific atmospheric conditions using
Formulas 44 c based on the ratio of water vapor content at a particular altitude to total atmospheric water
vapor content and neaurface local air temperatufg [20]:

T.=19.2704 + 0.91118 (mid-latitude winter) (49
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T.=19.2704 + 0.91118 (mid-latitude summer) (4b)
To=17.9769 + 0.91771K (tropical atmosphere) (4c)

The empiricaformula(Equation(5)) developed by Butlg67] based on Boltof68] and adjusted for
central Spain by De Vicente and Puli@®] was used to estimate atmospheric water vapor content:

Xp(L7.67T,/(2435+T,))
T+27315

w=0013227

RH*135 )

wherew is the water vapor content-¢gn %), Ty is thenearsurface air temperature € andRH is the
relative humidity (%).

When working with Landsat thermal data, surface emissivity estimation required for calculating LST

is a challenge, becauselprone thermal band is available. To solve the problem, the Niaged
methods, which rely on the information from the image used for the LST retrieval, were successfully
applied[70]. One of these, the NDVI thresholds method (NBY) [71,72], based on t& findings of
Valor and Casellelg3], was used to calculate surface emissivity in this study. The emissivity for different
NDVI ranges was estimateding different functiong~or water and fully vegetated pixels, the emissivity
valuesof 0.985 and 0.99,espectivelywere assigned following the suggestion of Sobenal. [74].
The soil emissivity value of 0.984 is a result of the field measurements using the box jvig}taod is
similar to values reported by previous resedith76] As for the pixe$ with the mixed coveof
vegetation and so{l0.1 ONDVI 00.7), emissivity Uis calculated usingormula(6) [72i 74], which
involvesvegetation fractiorPy estimated from a scaled NDVI, according to Choudtairgl. [77] and
Gutman and Ignato 8] (Equation(7)):

e=0.99R, +098¢1R) @RI R) (6)
NDVI ... - NDVis

PV =DV (7)
NDVIv - NDVIs

whereNDVl,ixe is theNDVI value of a pixel.
NDVI thresholds for the mixed pixels range are based on image histogram analysis.

3.4. BurnSeverity Estimation

In this research, dNBR was the spectral index applied for burn severity evaluation due to thengery stro
association observed between dNBR and field burn severity measurements in conifej3tr&a9]
and more specifically, in Mediterranean ard&9,81] Likewise, as LST values were obtained from
Landsat data, it was considered appropriate to usduhe severity index especially designed for
Landsat spatial and spectral specificati¢h®]. The methodology followed for dNBR calculation
was[82]: (1) pre and posffire images were transformed to reflectance R and atmospherically corrected,;
(2) an NBR image was generated for both dates using the formyliaR/(R4 + R;), where subscripts
correspond to the band numbers; (3) dNBR was calculated as NBRRgreNBRpostfire; and(4) the
polygon encompassing fh&ffected pixels (ANBR> 100) plus a 350n buffer was defined for the
purposes of analysis.

dNBR values are sometimes grouped into discrete classes of burn severity (e.g., low, moderate
and high)[12]. Original thresholds for these intervals were not thought to be used as fixed values, valid
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worldwide. Several studies have used the relationship betwl®lBR and CBI to calculate dNBR
thresholds representing breaks between burn severity clf33gH,83] sometimes with fairly
insignificant differences from the initially suggested val[84. However, there are also studies that
have adopted them ircesystems quite different from the oioe which they were createf80,31,34]
For simplicity and objectivitythedNBR values suggested by Key and Benfb2] were used for
creating the burn severity categories as followsourned UB) (from 1 100 to 99)Jow severity (S)
(from 100 to 269)moderatdow severity MLS) (from 270 to 439)moderatehigh severity MHS)
(from 440 to 659) andigh severity S) (from 660 to 1300).

3.5. StatisticaProcedures

The comparison of preand posffire images suffex from problems related to interannual
phenological differences and time since fii2,45,85,86] the overall regeneration trend may vary
significantly from one year to another due to climatic differences. To solve this prdblarDelgado
and Pon$45] compared burned and unburned plots within the same image, Wdrdeerbekest al.[86]
useda control plot selection procedure based on Lherreital. [87], which exploitsthe similarity
between the temporal evolution of the burned and unburned pixelkislrcdntext, two different
approaches to the temporal studyttee LST-severity relationship were applied in this reseaFairst,
variations in LST and NDVI differences throughout the 27 months after the fire were identified by
comparing the images capégrat similar moments of the annual phenological cycle in differenfipest
years. Thisanalysis was applied to images satisfying the following critétippostfire images from
different years can be compared only if the acquisition day correspmiitls $ame phenologicsiiage
of Pinuspinaster(all of the images used for comparison in this study are acquired within the period
between two active growth phenological stages betweerJumd and late Augu$b3]);and (2)the
difference in atmospheric igerature between compared dates has to be knaerl.5C (Table 1).
Thus, the following raster arithmetic calculations were pled: (1) dLST: subtraction of the
post andprefire LST,i.e,, LSTag9uy2000T LSTure (2) dNDVI: subtraction of the prend postfire NDVI
for three datesi,e., dNDV|zoog: NDVI preT NDVI g July2009 dNDV|201o: NDV|pre T NDVI 16 July 2010 and
dNDV|2011: NDVIpreT NDV|4August201l-

Second, statistical differences were studied between the LST and NDVI values obsemedulimt
severity categories. To reduttee spatial autecorrelation effects, a random sample of 10% pixels by
severity category, including the UB category for reference, was extracted from the pixels inside the
study site perimetern(= 4230). Sample poistwere analyzed independently for each damg
ANOVA analysis andTamhanésT?2 post hoctest algorithms. Moreover, for further study die
temporaldifferences between burn severity categoties,variablesifire severity differences in LST
(fsdLST) and fifire severity differences in the NDWfsdNDVI) were analyzedisdLST specifically
refers to the LST differences between areas within burn severity categories: UB, LS, MLS, MHS and
HS. It was accomplished yormula(8):

date

fsdLST=|LST - LST,

(8
where LST is the mean vak of theLSTvariable and, j are a pair of burn severity categories.
A similar procedureEquation(9)) was applied to calculatsdNDV!
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date

fsdNDVI=|NDVI, - NDVIj‘ 9)

where NDVI is the mean value of tie¢DVI variable and, j are a pair of burn severity categories.
4. Results anl Discussion
4.1. SpatiaPatternof dNBR

The RGB 74-3 band combination (Figure 1) depith® Las Hurdes fire perimeter in shades of red
associated with the low reflectance in the NIR band, a characteristic of zones of scarce vegetation, an
high reflecance at 2.um in the SWIR spectral regiptypical of areas with a low moisture content. This
is the typical spectral response of burned df&lgFigure 2). Different exposure time and different fire
intensity result inthe great spatial variability oburn severity in the affected ecosysterhe patial
distribution of burn severity, classified from the original dNBR threshold values, can be seen in Figure 2.
Within the Las Hurdes fire, 32.9% of the burned surface presents HS, 37.4% MHS, 18% MLS and
11.7% LS. On the whole, Las Hurdes was a high severity fire, since more than 70% of the area falls
within the MHS and HS categories. However, within the fire perimdteo wide diagonals of low
severity pixels divide the burned area in the north and sbighre 2), defining four sectors: two in the
north with a large number of higgeverity nuclei, a very large one in the center and one of
predominantly moderati®ew severity in the south. The predominance of the highest burn severity
intervals is also retad to the initial approach applied to the burn severity assessment, by using an
immediate posfire image and not giving time for the ecosystem to show additional responses
to fire[12].

4.2. Temporal Dynamics of LST and NDVI Values

This section presentthe temporal dynamics of LST and NDVI throughout the study period.
Descriptive statistics for LST and NDVI (Tabl2gnd3) refer to data from all of the available images:
the prefire image (3 July 2009) and 14 podire images taken between JW909 pne day after fire),
and Septembe2011 (two years after fire), while Figure 3 shows data in the form of graphics on four
different dates: 13 days before the firdd8duly 2009, and on three midsummer dates corresponding to
successive podire summer sesons 29 July 200916 July 2010, and4 August 2011). Values are
grouped by severity categories. In addition, Figure 4 shows the spatial distribution of LST and NDVI on
the same dates as Figure 3.

In the prefire image, all burn severity categories presentilar average LST values (~30D)
(Table 2). The coolest areas associated with greater biomass are those registering the highest severit
levels afer fire (Figures 3 and 4). The existence of this type of relationship betwegregr®mass and
further burn severity was previously reported by Gaidartin et al. [88], who demonstrated that
knowledge of crown biomass enables the prediction of the burn severity levels.
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Figure 2.Burn severity map.

225000 230000

Burn Severity Categories

- Enhanced Regrowth, Low

- Unburned

I:l Low Severity

I:l Moderate-low Severity
- Moderate-high Severity

- High Severity

o
o
o
n
~
| 3

4470000

‘ "l—}‘i},m’ o ',‘ 0 1 2 Kilometers
225000 230000

Table 2. The aerage LST values by fire severity categ and date (MMDD).
UB = unburned(n = 673); LS3ow severity(n = 415); MLS = moderatdow severity
(n =640); MHS= moderatehigh severity(n = 1332); HS= high severityn=1170).

LST 2009 2010 2011
Severity Date Mean SD Min Max Date Mean SD Min Max Date Mean SD Min Max
uUB 0713 30.84 4.30 21.34 42.80 0310 9.84 4.1 0.54 18.55 0516 25.99 3.60 17.82 35.89
LS 0713 31.04 3.23 21.39 38.09 0310 11.93 3.93 0.86 21.08 0516 28.26 3.55 18.13 38.20
MLS 0713 30.10 2.74 20.75 37.47 0310 13.7 4.26 0.45 22.4 0516 30.29 3.50 18.01 39.69
MHS 0713 29.23 2.42 20.70 36.96 0310 14.38 4.87 0.89 23.18 0516 31.34 3.80 18.56 39.26
HS 0713 27.70 2.05 21.33 36.50 0310 14.82 5.96 1.15 23.88 0516 32.32 4.37 21.12 40.26
uB 0729 36.61 5.56 25.32 49.37 0411 24.34 4.12 14.78 35.17 0601 23.12 3.05 15.97 30.06
LS 0729 40.59 5.06 24.62 50.85 0411 27.8 4.3 15.1 40.09 0601 24.87 2.65 16.46 30.18
MLS 0729 43.23 4.91 25.08 53.74 0411 31.06 4.32 15.31 41.53 0601 26.28 2.40 16.75 33.98
MHS 0729 45.87 4.93 26.52 55.41 0411 32.79 4.85 1648 42.01 0601 26.87 2.61 16.72 33.87
HS 0729 47.29 4.94 29.69 56.58 0411 34.36 5.83 19.15 44.55 0601 27.54 2.96 19.32 33.89
UB 0830 37.18 4.90 26.12 47.06 0630 32.59 4.72 19.44 45.12 0804 26.57 5.41 8.55 39.43
LS 0830 40.17 4.42 26.85 48.66 0630 35.75 4.58 18.72 47.39 0804 28.46 5.25 2.28 37.12
MLS 0830 42.19 4.59 26.91 52.41 0630 39.06 3.98 24.22 47.41 0804 30.12 4.91 11.91 39.76
MHS 0830 44.22 4.84 27.07 53.65 0630 40.45 3.91 25.17 49.21 0804 30.40 4.78 5.72 40.64
HS 0830 45.02 5.14 29.60 53.79 0630 41.42 4.11 30.45 49.76 0804 30.35 4.99 11.33 39.70
uB 0915 23.84 4.84 13.83 35.18 0716 33.13 5.09 23.05 44.03 0905 24.27 4.10 15.47 32.49
LS 0915 26.35 4.17 14.18 34.12 0716 36.64 4.71 23.52 46.59 0905 26.38 3.61 15.22 32.86
MLS 0915 28.01 4.21 13.71 36.13 0716 39.81 3.88 24.19 47.91 0905 27.86 3.37 15.10 35.36
MHS 0915 29.14 4.42 14.72 39.65 0716 41.2 3.79 24.22 48.22 0905 28.28 3.69 15.18 36.06
HS 0915 30.00 4.93 15.01 39.66 0716 41.84 4.15 30.14 48.34 0905 28.59 4.46 16.19 35.88
uB 1017 21.80 5.58 10.21 33.69 0801 36.51 4.87 26.37 46.65
LS 1017 24.51 5.15 11.03 36.10 0801 39.66 4.47 27 49.62
MLS 1017 27.04 5.71 11.04 39.91 0801 42.61 3.71 28.02 50.58
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Table 2. Cont.

LST 2009 2010 2011

Severity Date Mean SD Min Max Date Mean SD Min Max Date Mean SD Min Max

MHS 1017 28.88 6.72 10.16 42.69 0801 43.92 3.6 28.64 50.65
HS 1017 29.27 7.79 10.16 41.73 0801 44.47 3.87 33.88 50.76

uB 1105 17.24 3.46 9.82 26.75
LS 1105 191 39 9.81 31.36
MLS 1105 21.05 4.7 9.35 31.94
MHS 1105 21.83 5.61 8.13 33.2
HS 1105 22.55 6.85 8.12 33.61

Table 3. Average NDVI values by fire severity category and date (MMDD).2UBburned
(n = 673); LS = low seveity (n = 415); MLS = moderatdow severiy (n = 640);
MHS = moderatehigh severity(n = 1332); HS= high severityn = 1170).

NDVI 2009 2010 2011
S Date Mean SD Min Max Date Mean SD Min Max Date Mean SD Min Max
uB 0713 046 0.14 0.13 0.74 0310 050 0.13 0.14 0.76 0516 0.52 0.13 0.15 0.80
LS 0713 045 0.12 0.15 0.74 0310 0.38 0.12 0.13 0.73 0516 0.48 0.11 0.22 0.80
MLS 0713 0.49 0.10 0.21 0.74 0310 0.25 0.08 0.03 0.71 0516 0.43 0.10 0.19 0.72
MHS 0713 0.55 0.07 0.35 0.79 0310 0.19 0.06 0.03 047 0516 0.44 0.09 0.21 0.80
HS 0713 0.63 0.04 0.44 0.78 0310 0.16 0.04 0.08 0.38 0516 0.41 0.10 0.21 0.76
UB 0729 0.44 0.15 0.13 0.75 0411 0.49 0.13 0.11 0.82 0601 0.52 0.13 0.17 0.82
LS 0729 0.34 0.12 0.10 0.73 0411 0.37 0.12 0.05 0.75 0601 0.48 0.12 0.23 0.80
MLS 0729 0.25 0.09 0.05 058 0411 0.25 009 0.11 0.61 0601 0.43 0.09 0.21 0.71
MHS 0729 0.18 0.07 0.07 048 0411 0.19 0.06 0.09 051 0601 0.45 0.09 0.19 0.82
HS 0729 0.14 0.04 0.07 0.34 0411 0.16 0.04 0.08 0.49 6001 0.43 0.10 0.21 0.80
UB 0830 042 0.15 0.10 0.72 0630 0.49 0.14 0.16 0.76 0804 0.45 0.13 0.13 0.77
LS 0830 0.32 0.11 0.10 0.69 0630 0.39 0.13 0.08 0.79 0804 0.39 0.10 0.18 0.74
MLS 0830 0.24 0.07 0.09 059 0630 0.29 0.09 0.13 0.64 0804 0.36 0.07 0.18 0.70
MHS 0830 0.19 0.05 0.09 0.44 0630 0.27 0.08 0.13 0.76 0804 0.38 0.07 0.18 0.73
HS 0830 0.17 0.03 0.09 0.30 0630 0.25 0.07 0.13 0.74 0804 0.39 0.07 0.21 0.69
UB 0915 0.44 0.14 0.11 0.71 0716 0.49 0.16 0.10 0.80 0905 0.50 0.14 0.11 0.79
LS 0915 0.34 0.11 0.13 0.70 0716 0.37 0.14 10.06 0.81 0905 0.43 0.12 0.17 0.78
MLS 0915 0.25 0.07 0.09 0.53 0716 0.27 0.09 0.11 0.63 0905 0.40 0.09 0.18 0.71
MHS 0915 0.21 0.05 0.07 0.52 0716 0.25 0.08 0.11 0.76 0905 0.42 0.08 0.20 0.80
HS 0915 0.19 0.03 0.07 0.32 0716 0.24 0.07 0.112 0.73 0905 0.44 0.08 0.20 0.75
UB 1017 046 0.16 0.11 0.76 081 0.46 0.14 0.13 0.74
LS 1017 0.35 0.12 0.12 0.71 0801 0.35 0.13 0.02 0.74
MLS 1017 0.26 0.08 0.09 056 0801 0.26 0.08 0.11 0.61
MHS 1017 0.21 0.06 0.09 0.61 0801 0.25 0.07 0.12 0.73
HS 1017 0.18 0.04 0.04 0.39 0801 0.24 0.06 0.11 0.71

uB 1105 0.55 0.14 0.19 0.82
LS 1105 044 0.13 0.16 0.82
MLS 1105 0.36 0.10 0.05 0.80
MHS 1105 0.36 0.09 0.16 0.67

HS 1105 0.36 0.10 1500.10 0.73
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Figure 3.The relationshifpetween burn seveyicategories and LSih °C (left panel), and
NDVI (right panel) . Bars indicate confidence interva
graphic shows data for a date specified in its title (YYYYMMDD).
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Figure 4 Spatial distribution of LSTI€ft panel) andNDVI (right panel) before the fire event

and in the three pofite summer seasorfg) 13 July 2009 (prdire); (b) 29 July 2009

(c) 16 July 201€(d) 4 August 2011
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