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Eight new refinements were implemented in the MODIS Land Surface Temperature and Emissivity (LST&E)
product suite when transitioning from version 4 (V4) to version 5 (V5). The refinements were designed to
improve the spatial coverage, stability, and accuracy of the product suite. Version 4.1 (V4.1) is an interim
collection which uses V5 input products (MOD02, MOD03, MOD07, MOD10, and MOD35), but the LST&E
retrieval algorithm is unchanged from V4 in which the split-window and day/night temperature retrieval
algorithms are only partially incorporated, and not fully incorporated as in V5. A test dataset for the V4.1
product was produced by MODAPS for a 3-month period from July through September 2004, and after an
initial evaluation period, it was decided to generate the V4.1 product from mission period 2007001 onwards
as a continuation of previous years of V4 data. This paper compares MODIS retrieved surface emissivities
between V4, V4.1 and V5 using the level-3 MODIS daily LST&E product, MOD11B1.Comparisons of MOD11B1
retrieved surface emissivity during the Jul–Sep 2004 test period with lab measurements of sand samples
collected at the Namib desert, Namibia result in a combined mean absolute emissivity difference for bands 29
(8.55 µm), 31 (11 µm) and 32 (12 µm) of 1.06%, 0.65% and 1.93% for V4, V4.1 and V5 respectively. Maximum
band 29 emissivity differences with the lab results were 4.10%, 2.96% and 8.64% for V4, V4.1 and V5
respectively. These results indicate that over arid and semi-arid areas, users should consider using MODIS V4
or V4.1 data instead of V5. Furthermore, users should be careful not to develop time series from a mixture of
product versions that could introduce artifacts at version boundaries.

© 2009 Published by Elsevier Inc.
1. Introduction

Land Surface Temperature and Emissivity products (LST&E) are
generated by spaceborne sensors such as the Atmospheric Infrared
Sounder (AIRS) (Susskind et al., 2003), the Moderate-Resolution Imaging
Spectrometer (MODIS) (Wan, 2008) and the Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER) (Gillespie et al.,
1998; Hulley et al., 2008). LST&E products are key parameters in land
surface processes, climate modeling, and surface–atmosphere interac-
tions. For example, hydrologists and ecologists use land surface
temperature information to study evapotranspiration, desertification,
and deforestation; climate modelers use emissivity to compute surface
radiation budgets (Zhou et al., 2003; Jin & Liang, 2006) and in surface–
atmosphere interactions, errors in the retrievals of atmospheric tempera-
ture and moisture profiles are strongly dependent on the accuracy of the
surface emissivity (Li et al., 2007). Anemissivityerrorof 1.5% at 8.6 µmwill
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result in a surface temperature error of approximately 1K, for amaterial at
300 K. Generating reliable and consistent long-term series of LST&E
products are critical for the broad scientific community inmonitoring and
better understanding land-use and land-cover change and potential
impacts of climate variability. Consequently, the impacts of version
changes for LST&E products from sensors such as MODIS need to be well
characterized so that users can understand the impact of any version
changes on their studies. In this studywe have analyzed the temporal and
spatial variations of theMOD11B1 LST&E product for versions 4, 4.1, and 5,
and validated each product version with laboratory emissivity measure-
ments of sand samples collected at the Namib desert in Namibia.

2. MOD11B1 product

The MOD11B1 product is a daily level-3 LST&E product in a
sinusoidal projection with a spatial resolution of 5 km (exactly
4.63 km) for V4 and V4.1, and 6 km (exactly 5.56 km) for V5 (Wan,
2008). The change in spatial resolution from V4 to V5 was made to
avoid re-sampling in the latitude direction when computing the
MOD11C3 Climate Model Grids (CMG). The MOD11C3 product
provides monthly averaged LST&E values at 0.05° spatial resolution
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Fig. 1. Laboratory mean emissivity spectra of eight sand samples from the Namib desert
(solid line), and the mean emissivity and standard deviation of the eight samples
convolved to the MODIS spectral response functions for bands 29 (8.55 µm), 31 (11 µm)
and 32 (12 µm) (errorbars).

Fig. 2.Mean emissivity (left panels), standard deviation in emissivity (middle panels), and to
panels), 4 (middle panels), and 5 (bottom panels) from July to Sep, 2004.
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and is not used in this analysis since the spatial re-sampling and
temporal averaging can obscure and complicate the biases and
uncertainties between the different product versions.

The results presented here use the MOD11B1 product, tile h19v11,
covering Namibia and parts of Botswana and South Africa with
geographic coordinates at top left (20.00° S, 10.65° E), top right
(20.00° S, 21.28° E), bottom right (30.00° S, 11.55° E) and bottom left
(30.00° S, 23.09° E).One tile contains240×240pixels inV4 andV4.1 and
200×200 pixels in V5. In order to facilitate comparison with ground
measurements, the data were re-projected from sinusoidal to geo-
graphic latitude/longitude. Bad observations were removed using the
Quality Control (QC) information included with the MOD11B1 product
(MODIS LST Users guide, 2006). Observations were removed if, (1) the
LST was not produced due to cloud effects or other reasons, (2) the LST
was affected by nearby cloud or ocean and (3) the emissivity error flag
indicated the average emissivity errorwas greater than 0.04 (4%). In this
assessment, MODIS retrieved surface emissivity data from TIR bands 29,
31, and 32 centered on 8.55, 11, and 12 µm respectively will be used for
comparisons and validation.

3. Validation data

3.1. The Namib desert

The Namib desert in Namibia forms part of the Naukluft-Namib
National Park that occupies 80,900 km2 and comprises some of the
tal yield (right panels) using MOD11B1 tile h19v11 for band 29, and for version 4.1 (top



1315G.C. Hulley, S.J. Hook / Remote Sensing of Environment 113 (2009) 1313–1318
oldest (55 million years) and highest (300 m) dunes in the world. The
dunes are primarily composed of sand-sized particles of quartz, with
traces of hematite—an iron mineral which gives the dunes a dark red
color. The Namib is a hyper-arid ecoregion and receives a low and
highly unpredictable annual rainfall of between 5 mm in the east and
85 mm in the west (Lovegrove, 1993). The vast expanse of shifting
dunes are almost completely devoid of vegetation except for sparse
perennial grasses (White, 1983). These factors contribute to the
overall stability of the dunes in terms of their spatial uniformity and
temporal stability, making them an ideal target for the long-term
calibration and validation of remote sensing data (Bannari et al.,
2005).

3.2. Laboratory measurements

During July 2008, eight sand samples were collected at Sossussvlei
in the Naukluft-Namib Park, an area famous for its 300 m high dunes
and one of the few accessible areas available to the public. Four
samples were collected on a dune crest at approximately 24.693° S,
15.489° E, and four on an interdune area at 24.699° S, 15.474° E. The
directional hemispherical reflectance of the samples were measured
in the lab at JPL using a Nicolet 520 FTIR spectrometer with incident
angle fixed at 10° from nadir (Baldridge, Hook, Grove, & Rivera, 2009).
The reflectance was then converted to emissivity using Kirchhoff's law
and convolved to the MODIS spectral response functions for bands 29
Fig. 3. Same as Fig. 2 except th
(8.55 µm), 31 (11 µm) and 32 (12 µm). The uncertainty associated
with the FTIR lab emissivities is 0.002 (0.2%), but larger deviations
from Kirchhoff's law do occur due to steep thermal gradients in the
infrared skin depth, from fine volcanic ash for example (Korb et al.,
1999). Fig. 1 shows the lab mean emissivity spectra of the eight sand
samples in the 8–12 µm range (black line), and the mean emissivity
and standard deviation convolved to MODIS bands 29, 31, and 32
(circles with errorbars).

4. Results and discussion

Fig. 2 shows the MOD11B1 tile h19v11 mean emissivity and
standard deviation for band 29 (8.55 µm), and the total number of
observations (yield) used during the 92-day period from July to Sep,
2004 for V4.1 (top panels), V4 (middle panels), and V5 (bottom
panels). The results indicate that the emissivity for V4.1 and V4 are
comparable in magnitude, spatial variability and total yield over arid
regions of the Namib and Kalahari desert (areas indicated in Fig. 2)
and over vegetated areas south of Windhoek in the Highland savanna
region. The V5 emissivity results are similar to V4 and V4.1 over
vegetated areas, but have higher emissivities of up to 20% and larger
temporal variations of approximately 10% over parts of the Namib
desert (Fig. 2).

The results for band 32 (12 µm) in Fig. 3 show a similar pattern,
with V4.1 and V4 emissivities matching closely over arid regions,
at results are for band 32.
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although it appears V4.1 has slightly larger emissivities over vegetated
regions than V4. The V5 results show a distinct step from emissivity
values over the Namib, to more vegetated shrublands to the east. This
artificial discontinuity in emissivity is a direct consequence of the
tighter coupling of the split-window and day/night LST retrieval
algorithms (Wan & Dozier, 1996; Wan & Li, 1997) in V5 in which
emissivities are based on using a land-cover classification approach.
Over vegetated regions, V5 emissivities are generally higher than V4
and V4.1 in band 32 and with lower temporal variations (0.5%) when
compared to V4 and V4.1 which have larger fluctuations of up to 3%
over the Namib.

Spatial and temporal emissivity changes over the Namib for the
Jul–Sep period were analyzed by extracting all MOD11B1 pixels over a
0.5°×0.5° test area just north of Sossussvlei between coordinates: 24–
24.5° S and 15–15.5° E. Temporal variations are expected to be low for
the Jul–Sep period due to infrequent winter rainfall over this area and
the absence of fog, which is common along the coastal areas to 50 km
inland. Spatial variations in emissivity, expected to be small, would
depend on the varying sand mineralogy between dune crests and
interdunal areas, and also sparse vegetation cover. The spatial uni-
formity over the 0.5°×0.5° test area was first assessed by computing
the coefficient of variation (CV) using band 11 (8.6 µm) Advanced
Spaceborne Thermal Emission and Reflection radiometer (ASTER) TIR
emissivity data at 90 m spatial resolution. The CV is a good measure of
dispersion and is defined as the ratio of standard deviation over the
average for a given quantity. Using the ASTER data, a 5×5 pixel
window (~500×500 m) was used to compute CV over the test area
Fig. 4. Time series of MOD11B1 mean emissivity for band 29 from July 1 to Sep 30, 2004 with
dunes for V4.1 (top), 4 (middle) and 5 (bottom). The x-axis shows the day of year from July
samples collected at Sossussvlei in the Namib desert, and convolved to the MODIS spectral
with a sampling step of 500 m. The average CV for fourteen mosaicked
ASTER scenes covering the test area was 0.63%, where CV values less
than 2% are generally considered to be low-variance (Bannari et al.,
2005). Furthermore, the lab emissivity spectra of the eight sand
samples also had a small variance in emissivity, with standard
deviations of 1.6% for band 29, 0.36% for band 31, and 0.18% for band
32 (Fig. 1). From these two results we can conclude that the lab
emissivity spectra of the sand samples should be a reasonably good
approximation of the effective emissivity over the test area.

Figs. 4 and 5 show a time series of daily meanMOD11B1 emissivity
in bands 29 and 31 over the Sossussvlei test area, with errorbars
indicating the spatial variability for versions V4.1, V4 and V5. Fig. 6
shows the percent spatial coverage for each product version after the
quality control bits were applied. Only data points with percent spatial
coverage greater than 10% over the 0.5°×0.5° area were used for the
analysis. The solid lines in Figs. 4 and 5 are the mean emissivity of the
eight lab spectra convolved to the appropriate MODIS spectral
response function. The results in Table 1 for band 29 indicate that
V4.1 and V4 have similar temporal (1.33% and 0.94% respectively) and
mean spatial variations (3.32% and 2.61%), whereas V5 has much
larger fluctuations with a temporal variation of 2.45% and mean
spatial variation of 5.71%. Band 31 emissivities for V5 are on average
higher by 1.68% when compared to the lab results, and roughly three
times larger than V4 and V4.1. Mean absolute differences of all three
bands with the lab results indicate that V4.1 performs the best with a
0.65% difference, followed by V4 with 1.06%, and V5 with 1.93%. It
should be noted that isolating and identifying the specific causes of
errorbars indicating the spatial variability within a 0.5°×0.5° test area over the Namib
through September, 2004. The solid line shows the mean lab emissivity of eight sand

response function for band 29.



Fig. 5. Same as Fig. 4 except that results are for band 31.

Fig. 6. Percent spatial coverage for MOD11B1 retrieved emissivity pixels for the 0.5°×0.5° test area after quality control bits were applied.
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Fig. 7. Mean MOD11B1 emissivity for V4.1 (black), V4 (blue), V5 (red) and the
convolved lab measurements (green). Errorbars show the mean and temporal standard
deviation in emissivity for the Jul–Sep period for an area over Sossussvlei, Namibia.
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differences in temporal variability between the three product versions
is difficult due to their varying spatial coverage, different viewing
angles, and different cloud mask settings in the MODIS LST retrieval
algorithms.

Fig. 7 shows the emissivity spectra for all versions, combined with
the lab resultswhich are convolved to theMODIS bandwidths. Errorbars
show the mean and temporal standard deviation in emissivity over the
three-month period. From the figure it is clear the V5 has higher
emissivities in all bands when compared to the lab, V4.1, and V4 results,
and also larger variation in band 29.

5. Conclusions

Comparisons of the daily MOD11B1 emissivity product with lab
measurements of field samples collected over the Namib desert,
Namibia indicates that the V4.1 emissivity values most closely match
the lab results with a combined mean absolute difference of 0.65%
using bands 29, 31, and 32, followed by V4 with 1.06% and V5 with a
1.93% difference. These results indicate that the full incorporation of
the split-window with the day/night algorithm in V5 degrades the
accuracy of the derived emissivities over arid and semi-arid regions. A
similar, tightly coupled land classification scheme is planned for use in
the LST&E products from the VIIRS instrument (MODIS follow-on) and
will likely yield equally problematic results over desert regions. In
summary, V4x emissivities for band 29 are more accurate and stable
than V5 over desert regions, although V4x band 32 emissivities are
more unstable with larger fluctuations than in V5. V5 emissivities over
desert regions are overestimated (LST underestimated) in all bands
when compared to the lab results, although they may be more
accurate and stable over water and vegetated areas. Lastly, V4.1 LST&E
products from 2007 onwards will be consistent with previous years of
V4 data, and great care should be taken to avoid mixing data from V4
and V5.
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Table 1
Emissivity statistics for MOD11B1 V4.1, V4 and V5 products over the Sossussvlei area
(24°–24.5° S, 15°–15.5° E) for the July–Sep, 2004 time period.

Version Band εm δεs (%) δεt (%) εlab−εm (%)

V4.1 29 0.816 3.32 1.33 1.44
31 0.964 0.39 0.28 −0.41
32 0.978 1.61 0.75 0.10

|εlab−εm|avg 0.65

V4 29 0.806 2.61 0.94 2.41
31 0.967 0.39 0.40 −0.64
32 0.981 1.53 0.79 −0.12

|εlab−εm|avg 1.06

V5 29 0.865 5.71 2.45 −3.45
31 0.977 0.63 0.27 −1.68
32 0.986 0.72 0.30 −0.66

|εlab−εm|avg 1.93

Values are the emissivity mean (εm), spatial standard deviation (δεs), temporal
standard deviation (δεt), difference with the lab results (εlab−εm), and average of the
absolute differences in all bands (|εlab−εm|avg). Bands 29, 31, and 32 are centered on
8.55 µm, 11 µm, and 12 µm respectively.
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