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[1] This paper compares land surface temperature (LST) products from the Moderate
Resolution Imaging Spectroradiometer (MODIS) and the International Satellite Cloud
Climatology Project (ISCCP). With both sources, the LST data are derived from infrared
measurements. For ISCCP, LST is a secondary product in support of the primary cloud
analyses, but the LST data have been used for several other purposes. The MODIS
measurements from the Aqua spacecraft are taken at about 01:30 and 13:30 local time,
and the ISCCP three-hourly data, based on several geostationary and polar orbiting satellites,
were interpolated to the MODIS measurement times. For July 2003 monthly averages
over all clear-sky locations, the ISCCP-MODIS differences were +5.0 K and +2.5 K for day
and night, respectively, and there were areas with differences as large as 25 K. The day—night

differences were as much as ~10 K higher for ISCCP than for MODIS. The MODIS
measurements were more consistent with independent microwave measurements from
AMSR-E, by several measures, with respect to day—night differences and day-to-day

variations.
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1. Introduction

[2] Global land surface temperature (LST) data sets
have been produced from infrared measurements. In recent
years, the more commonly used LST data sets include those
from the Moderate Resolution Imaging Spectroradiometer
(MODIS) [Wan, 1999, 2008] on Earth Observing System
Terra and Aqua satellites and from the International Satellite
Cloud Climatology Project (ISCCP) [Rossow and Schiffer,
1999]. The MODIS product has been used in estimation of
surface long-wave radiation [Wang et al., 2005] and in
drought monitoring [Wan et al., 2004a]. The ISCCP product
has, for example, been used as a constraint on the LST in
experimental land surface data assimilation [Bosilovich et al.,
2007] and for analysis of diurnal cycles of LST for climate
studies [Ignatov and Gutman, 1999; Aires et al., 2004].

[3] The MODIS LST product has been the subject of sev-
eral validation studies [Wan et al., 2004b; Wan, 2008; Wan
and Li, 2008; Coll et al., 2009], which indicate LST errors
are generally <1 K. The ISCCP LST product has been vali-
dated only indirectly, in the context of its intended role in
producing the validated ISCCP cloud products [Rossow and
Garder, 1993a, 1993b].
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[4] Our work on retrieval of microwave emissivities with
the aid of MODIS and ISCCP LST data [Moncet et al. 2011]
suggested that there are substantial discrepancies between the
LST data from these two sources. In that work, the primary
source of microwave measurements was the Advanced
Microwave Scanning Radiometer for the Earth Observing
System (AMSR-E). We retrieved emissivity from microwave
measurements by solving the equation

Top = (T +7T)) +evp(r e = 7 Ty), (1)

where T f’p is the brightness temperature at frequency v and
polarization p, 7, is the total atmospheric transmittance along
the sensor line of sight and, 77 and T} represent the upwelling
and downwelling atmospheric emission, respectively, and
€yp 1s the surface emissivity. In (1), Ty, is the effective
emission temperature of the surface. For moderately heavily
vegetated and moist surfaces, we make the approximation
that T4, is approximately equal to the surface skin temper-
ature, which we estimate from the LST retrieved from clear-
sky infrared measurements. In areas that are dry and sparsely
vegetated, where the measurements are affected by micro-
wave radiation penetrating from sub-surface soil layers, we
obtain T4, by applying the one-dimensional heat flow
equation for a time series of measurements that spans one
or more diurnal cycles.

[5] In places and periods of time where the emissivity-
related characteristics of the surface (vegetation, moisture,
etc.) are stable, the retrieved emissivities are stable also,
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Figure 1. Normalized histograms of the ESD at 19H from (a) AMSR-E and MODIS, and (b) SSM/I and
ISCCP. The AMSR-E ESD are for July 2003, and are limited to clear areas (F ., > 98%) with stable surface
properties (R11 standard deviation < 0.01), where F ., and R11 are defined in sections 2 and 4, respec-
tively. Nighttime results are shown, while daytime results are similar. The SSM/I ESD are given for periods
of 5, 10 and 30 days for July 1994 [Prigent et al., 2006]. The 30-day histograms are normalized to 1 at

maximum.

except to the extent there are errors in the retrieval input data
that may vary from day-to-day. Moncet et al. [2011] analyzed
the stability of retrieved emissivities in terms of their stan-
dard deviation over a one month period. When restricting the
analysis to locations with stable surface properties and min-
imal cloud cover, and using MODIS LST for Ty, we found
that 91% of locations had emissivity standard deviations
(ESDs) < 0.01 in the 19-GHz horizontal-polarization (19H)
channel, for data from July 2003 (Figure la). This high
temporal stability of the retrieved 19-GHz AMSR-E emis-
sivities contrasts with the histograms presented by Prigent
et al. [2006] for July 1994 (Figure lb), for which only
about 30% of grid points had ESD ¢y < 0.01. Those 1994
retrievals, which we considered as heritage for our work, were
derived from Special Sensor Microwave/Imager (SSM/I) data
with LST from ISCCP. The fact that the analyses from
AMSR-E focused on homogeneous and temporally stable
surfaces accounts for some of this difference, but it does not
explain all of it. The desire to maintain continuity (and con-
sistency) with the SSM/I product, combined with the fact that
SSM/I brightness temperatures are used in the generation of
our emissivities for dry areas (the time series approach),
prompted us to perform a comparison of the AMSR-E and
SSM/I emissivities. Results presented in this paper suggest
that the LST data quality was the primary reason for the
histogram differences shown in Figure 1. In section 3, we
summarize the differences between MODIS and ISCCP LST
products for the month of July 2003. In order to get some
insight into the quality of the ISCCP and MODIS LSTs,
we compared the surface emissivities retrieved from the
AMSR-E measurements using both ISCCP and MODIS
LST as estimates of Ty, in term of their temporal stability
and spatial coherence. The results of this analysis which are
presented in section 4 demonstrate the potential of using
such microwave-based technique (even though its appli-
cation is restricted to homogeneous stable surfaces) in

assessing the quality of remotely sensed (or modeled) land
surface products.

2. Data and Preprocessing

[6] Here we overview essential aspects of the data and its
preparation for the analyses covered in this paper. Additional
details about the data and processing applied to extract
microwave emissivities are provided by Moncet et al. [2011].
The analyses reported here used global land data from July
2003.

[7] The microwave analyses presented here also focused on
clear-sky conditions, in part because it was not possible to
correct the microwave measurements for the impact of clouds
with sufficient accuracy for these comparisons, but also
because, in partly cloudy conditions, there would be an
inherent mismatch between an average LST over a micro-
wave footprint and an infrared-derived average from the clear
portions only. This requirement combined with the need to
restrict ourselves to homogeneous areas with temporally
stable microwave surface properties (section 4) obviously
results in a loss in spatial coverage, but the retained data
covers enough regions with different surface types to enable
us to perform meaningful cross-sensor validation and detect
potential issues related to the production of clear-sky LST
estimate from IR measurements (i.e., treatment of surface
emissivity, atmospheric correction, and calibration).

[s] MODIS LST data and cloud flags were from Version 4
of the 5-km Level-3 gridded MYDI11B1 product from the
MODIS day/night algorithm [ Wan, 1999, 2008]. The MODIS
day/night LST algorithm relies on surface emissivity being
stable over periods of a few days to simultaneously retrieve
clear-sky LST, air temperature and column water vapor for
day and night, and surface emissivities in 7 MODIS bands
(20, 22, 23,29, 31, 32 and 33) from a set of 14 clear daytime
and nighttime measurements at a same location. The algo-
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rithm uses the MODIS cloud mask for clear-pixel iden-
tification. Additional filtering is applied to reduce residual
cloud contamination [Moncet et al., 2011]. Here, we used
data from the Aqua platform, with ascending and descending
nominal equator crossing times (ECT) 13:30 and 01:30 local,
because of the excellent time collocation with the AMSR-E
observations.

[9] For ISCCP LST we used the DX product, following
Prigent et al. [1997], which is produced from polar and
geostationary satellite measurements on a 30-km grid and is
available at 3-h intervals [Rossow and Schiffer, 1999; Rossow
and Garder, 1993a, 1993b]. In ISCCP, cloud parameters and
surface skin temperature are retrieved from visible (0.6 ym)
and infrared (11um) radiances. Analysis of the infrared
measurements includes identification of clear scenes and
correction for atmospheric effects. Under clear sky condi-
tions, the surface skin temperature is estimated, with the
assumption of unit emissivity. The error associated with the
surface temperature is estimated to follow a Gaussian distri-
bution with zero mean and 4 K standard deviation [Rossow
and Garder, 1993b]. A small surface-type dependent cor-
rection to the initial skin temperature estimates is applied
to account for variations in the 11 pm surface emissivity,
based on the database used in the GISS climate model [Zhang
et al.,2010].

[10] The microwave AMSR-E instrument shares the Aqua
platform with MODIS, and has a conical scan pattern at an
Earth incidence angle (EIA) of 55°. There are vertical (V) and
horizontal (H)-polarized channels centered at 6.925, 10.65,
18.7, 23.8, 36.5, and 89 GHz [Kawanishi et al., 2003],
abbreviated here as 7, 11, 19, 24, 37, and 89 GHz, respec-
tively. We used SSM/I measurements [Hollinger et al., 1990;
Colton and Poe, 1999] from flights F13 and F15 of the
Defense Meteorological Satellite Program (DMSP), with
nominal ascending node ECT 18:33 and 21:05, respectively.
SSM/I has V and H-polarized channels at 19.35, 37, and
85.5 GHz and a V-polarized channel at 22.235 GHz. The
nominal EIA is 53.1°. No infrared-derived LST information
is available from the DMSP platforms.

[11] For microwave emissivity retrievals using (1), we
computed 7, 71, and T} with a radiative transfer model
[Lipton et al., 2009] in which the atmospheric absorption
was from Rosenkranz [1998] and Liebe et al. [1992]. The
required atmospheric temperature and water vapor profiles
were taken from the 1° National Centers for Environmental
Prediction (NCEP) Global Data Assimilation System (GDAS)
analysis [Kanamitsu, 1989; Kalnay et al., 1990]. The 3-hourly
NCEP product was interpolated to the local time of the
microwave sensor overpass and to the center of each micro-
wave footprint.

[12] When MODIS LST data were used for Ty, in (1),
the 5-km data were averaged to the microwave footprints
with weighting from the AMSR-E common spatial response
pattern. The degree of cloud contamination in a footprint was
inferred from the LST quality flags, so that LST data with a
claimed uncertainty < 3 K were assigned a quality flag of one
and, flags were set to zero in all other instances, including
situations where no LST estimate was produced, which
includes cases for which MWIR bands 20 and 22 used by the
MODIS day/night algorithm saturated over hot spots in arid
areas. These instances with zero weight are thus excluded
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from our process. Applying the same spatial averaging pro-
cess to the quality flags as was used for the LST data provided
an estimate of the fraction of clear sky within the AMSR-E
footprint, designated here as F,,. A footprint was treated
as “clear” when F .., > 98%.

[13] A similar process is applied to the ISCCP data. In this
case, we did no explicit spatial averaging of the LST and clear
flag (set to 1 when grid box is clear and to 0 when it is cloudy)
because these data are available only in a pre-averaged form.
When these data were used for Ty, in (1), LST and clear
flags were spatially interpolated to the center of the micro-
wave footprint using a bilinear formula, which is effectively
a weighted average. Unlike in the MODIS case, grids that
contain no valid ISCCP LST estimate are ignored and the
ISCCP data are interpolated from the remaining locations.
Temporal matching of ISCCP LST data with MODIS LST or
microwave data is done by linearly interpolating the ISCCP
product to the time of the other data set to yield final LST
estimate and F,. Interpolation errors are minimized by
interpolating the more frequently sampled ISCCP data rather
than the less frequently sampled other data.

3. Direct Comparison of MODIS and ISCCP LST

[14] Figure 2 shows the mean differences between ISCCP
and MODIS LST for July 2003. In this case, the 5-km
MODIS LST data were averaged over each ISCCP grid box,
thereby avoiding errors due to spatial interpolation. Our
comparisons of MODIS and ISCCP LST data were limited
to days that were clear (F .y, > 98% per both MODIS and
ISCCP cloud masks) at the scale of the ISCCP 30-km grid.
The ISCCP LST values tend to be higher than those from
MODIS for both day and night over arid and semi-arid areas.
The nighttime global (clear) difference between ISCCP and
MODIS has a mean +2.5 K and standard deviation of 2.5 K
(Figure 3). Daytime differences exceed 20 K over the hottest
regions of the Northern Hemisphere and over the Southern
African continent. Differences between the day and night
LST from the MODIS overpass times are only approxima-
tions of the diurnal cycle amplitude, because the diurnal
maximum typically occurs in the early afternoon and the
minimum occurs near dawn. This amplitude, which is a sig-
nificant diagnostic parameter for heat flux climatology, is
substantially larger for ISCCP than for MODIS over large
areas of Africa and Asia (Figure 4).

[15] MODIS and ISCCP LST temporal standard deviations
are comparable for night data (Figure 5), with values being
slightly higher for ISCCP. Differences are much more strik-
ing for day data, where MODIS LSTs remain quite stable,
with 92% of the grid points having a standard deviation less
than 4 K (versus 97% at night), whereas this fraction drops
to 65% for ISCCP. In ~5% of the clear areas, ISCCP LST
standard deviations exceed 8 K, while none exceed that
value for MODIS. The areas of highest ISCCP temporal
standard deviations (Figure 6) broadly coincide with the areas
of largest mean ISCCP-MODIS LST differences (Figure 2)
although, based on examination of spatial patterns on
regional scales, correlation between the two factors is low.
There are also isolated regions (e.g., in Russia and Argentina)
where both MODIS and ISCCP have high temporal standard
deviations.
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Figure 2. ISCCP-MODIS LST differences for July 2003 monthly mean at the time of (a) night and (b) day
MODIS measurements, limited to clear conditions. The color scales are different on the two frames.

1.0[ Im - . 110 -

a L . 170 b 1 ]
£ o8| Night ] ) (248,254) Joglk Day -7 (5.28,6.01) ]
% I i -‘ 83575 grids 1 -‘ 106493 grids 1
- [ 3 b [ ’ 7
g &b 1osh ]
2 osf , ] osf ) ]
- - b r ’

& L ’ ] [ ]
S 04f ! 104l : ]
£ | 11 |
2 o2f Jo2f .
0.0k 1ooL
-10 5 0 5 10 15 -10 0 10 20 30
K] [K]

Figure 3. Histograms of ISCCP-MODIS LST differences for July 2003 monthly mean for (a) nighttime
and (b) daytime, as in Figure 2. The horizontal axes are different in the two frames. The dashed lines are
cumulative frequencies. The mean and standard deviation are in parentheses.
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Figure 4. Monthly average diurnal LST amplitude (day minus night) from (a) MODIS and (b) ISCCP,
for clear conditions during July 2003.
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Figure 5. Histograms of standard deviations of LST from (a and ¢) MODIS and (b and d) ISCCP for night
(Figures 5a and 5b) and day (Figures 5c and 5d) measurements for July 2003. The mean and standard devi-
ation are in parentheses.
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Figure 6. Standard deviations of LST from (a) MODIS and (b) ISCCP for day measurements for July

2003. Areas with missing data are in gray.

[16] Errors due to time interpolation of the ISCCP LSTs to
the MODIS measurement time are expected to be significant
at midday, especially over desert, when a linear interpolation
produces a value lower than the true peak LST. These inter-
polation errors add to the temporal standard deviation
because of the daily shift in the spacecraft orbit compared to
a fixed reference on Earth, which in turn causes a given
location to be viewed at different times from day to day (in
different lateral positions in the MODIS swath). Figure 7
shows day and night scatterplots of the ISCCP-MODIS
LST differences versus the difference between the MODIS
time of overpass and the nearest bracketing time of the
ISCCP data, Atyopis-isccp- In the day plot, the mean ISCCP-
MODIS LST difference is maximum at Atyopss-isccp = 0,
where time interpolation errors vanish, and decreases by 2—
3K at Atyopis-isccp ==£1.5 hr. This pattern is consistent with
an overall positive difference overlaid with a smaller negative
interpolation error. There is no clear trend in the scatter
of LST difference versus Atyopss-isccp- For night data, the
differences are slightly higher (~1 K) for Atyopis.isccp =
+1.5 than at the center, which is consistent with the posi-
tive interpolation error expected for a broad local minimum
in LST. The large amount of scatter in the MODIS-ISCCP
LST differences for any given value of Atyoprsisccp 1S
clearly due to discrepancies between the MODIS and ISCCP
LST products from other causes. Considering the compara-
tively small magnitude of the interpolation bias, this effect is

expected to have only a secondary impact on the histograms
of ISCCP-MODIS LST differences (Figure 3). Over persis-
tently clear areas, the time interpolation errors are negative
in the daytime, so elimination of these errors would amplify
the already high mean daytime ISCCP-MODIS differences
over deserts.

[17] One possible source of differences in temporal vari-
ability between MODIS and ISCCP LST is error in LST
retrieval arising from errors in ancillary variables such as
cloud cover. Any cloud contamination of the “clear” LST
reports would increase LST standard deviation because cloud
radiative effects tend to vary greatly from day to day. Con-
versely, if cloud screening is overly conservative, it might
exclude uncontaminated unusual LSTs and decrease vari-
ability. Many areas where ISCCP LST monthly standard
deviation is much bigger than MODIS are arid, where cloud
errors are unlikely to be a significant factor.

4. Diagnosis With Microwave Emissivity
Retrievals

[18] In order to simplify interpretations of consistency
between the LST data and the microwave measurements,
we were as consistent as possible in our processing of data
from different sources: using the methods we had applied to
AMSR-E and MODIS also for SSM/I and ISCCP. A careful
comparison between the July 2003 F13 and F15 SSM/I
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Figure 7. ISCCP-MODIS LST differences as a function
of Atyoprssccep (as defined in the text) for (a) night and
(b) day, for July 2003. The dashed lines mark the averages
(at 4.5-min increments).

emissivities generated for this analysis and those produced
separately by Prigent et al. [1997] showed good agreement
between the two SSM/I products, providing a form of vali-
dation of the numerical processes and, as a by-product,
a finding that the retrieved monthly mean emissivities were
not very sensitive to differences in the details of the imple-
mentation and ancillary data processing.

[19] Consistency of the MODIS and ISCCP-derived LST
with AMSR-E measurements is affected not only by intrinsic
differences in the error characteristics of the two LST pro-
ducts, but also by errors introduced in the temporal and spatial
matching of the ISCCP product to AMSR-E. The temporal
matching factor was discussed in section 3 in the context of
direct comparisons between ISCCP and MODIS LST pro-
ducts. The results shown in this section indicated that time
interpolation errors are not the primary cause for the higher
temporal variability of the ISCCP LST. Spatial interpolation
errors would generally be largest when solar heating is high
(e.g., near the AMSR-E ascending overpass), because of the
larger degree of spatial inhomogeneity in LST, as surface
properties modulate the response to radiative fluxes. Spatial
interpolation errors would tend to be larger for ISCCP than
for MODIS because our ISCCP processing started from LST
pre-averaged over a 30-km grid, whereas our MODIS pro-
cessing started with the 5-km products. In our process, spatial
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interpolation error impacts on ESD are reduced by the aver-
aging of emissivity from multiple microwave footprints to
a fixed grid for each satellite overpass.

[20] To eliminate most natural changes in surface prop-
erties as a potential cause of microwave emissivity temporal
variability and to avoid potential artifacts of differences among
the Aqua and DMSP satellites with respect to temporal sam-
pling of highly variable surfaces, we restricted this analysis
to locations with low standard deviation of AMSR-E. R11 =
7% /7%, . The R11 polarization ratio is essentially insensi-
tive to variations in atmospheric state (outside of precipita-
tion) and surface temperature, leaving changes in surface
physical properties as the main factor modulating the R11
time series [Moncet et al.,2011]. Figure 8 shows examples of
impacts of changes in soil moisture (due to precipitation or
surface water runoff) or vegetation cover on the R11 time
series [Moncet et al., 2011]. This screen also eliminates areas
of high spatial inhomogeneity.

[21] The 19-GHz frequency was chosen for the global
analysis of temporal consistency of microwave measure-
ments with MODIS and ISCCP LST because it is the lowest
frequency common to these sensors, and thus it has the lowest
sensitivity to cloud liquid water and its temporal variations.
The emissivities were obtained using the formula (1) in which
LST is treated as an approximation of 7'z, without excluding
arid regions.

[22] Emissivities retrieved from descending and ascending
orbits tend to have opposite biases in arid regions due to
microwave surface penetration in the presence of day—night
differences in subsurface thermal gradients [Moncet et al.,
2011; Galantowicz et al., 2011]. When ignoring penetration
effects and using infrared skin temperature for T4 at all
frequencies in the process of retrieving surface emissivity
from observed brightness temperatures, it results an apparent
change in surface emissivity from day to night, the retrieved
emissivities being biased low during the day and high at
night. In order to prevent these biases from artificially
broadening the ESD histograms we kept separate statistics for
the descending and ascending satellite passes. Nevertheless,
there is a secondary effect in high-penetration areas wherein
ESD could be inflated when there is temporal instability
(within the monthly time scale) of the thermal forcing at the
surface, which would cause temporal variations in the sub-
surface thermal gradients. While we have not quantified this
secondary effect on ESD, we infer that it would be a larger
factor for AMSR-E than for SSM/I because the primary effect
of penetration on emissivities retrieved with (1)—differences
between the ascending and descending products—were
larger for AMSR-E than for SSM/I [Galantowicz et al.,
2011].

[23] The ESD;gy histograms obtained with our process for
AMSR-E and DMSP F13 and F15 SSM/I (not shown) are
consistent with those shown in Figure 1. The histograms for
AMSR-E for July 2003 are substantially narrower and peak at
lower values than the SSM/I histograms. Table 1 provides the
fraction of grid points with ESDgy < 0.01 for the three
sensors. It is apparent from this table that this fraction is
substantially lower for SSM/I than for AMSR-E.

[24] Further investigation revealed that the higher temporal
variability of the SSM/I emissivity estimates, relative to
AMSR-E, is largely explained by differences between the
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Figure 8. Examples of R11 time series (crosses) over (a) Northern Niger (sand desert) and (b) South West-
ern Australia (cropland) showing impact of changes in soil moisture and vegetation cover. Precipitation
amounts from Tropical Rainfall Measuring Mission (TRMM) interpolated to the times and locations of
the gridded AMSR-E measurements are overlaid on these plots. Vertical bars in both panels are plotted
on the same scale, indicated by the maximum of 13.1 mm/hr reached on day 132 over Australia. Dotted lines
represent the Normalized Difference Vegetative Index (NDVI) from the 16-day MYD13A2 MODIS prod-
uct. The Australian location in Figure 8b failed our stability test for the month of July (days 182-212).

ISCCP and MODIS-derived LST. This finding was obtained
by comparing AMSR-E 19H emissivities retrieved using
ISCCP LST with those obtained using MODIS LST. Only
clear AMSR-E emissivity estimates, per both MODIS and
ISCCP criteria, were included in this comparison. It is
apparent from maps (Figure 9) and histograms (Figure 10)
that the AMSR-E ESD degrade significantly when LST is
from ISCCP rather than MODIS, indicating that the tem-
poral consistency between AMSR-E brightness tempera-
tures and the infrared-derived LST is lower for ISCCP than
for MODIS. As expected based on the results in Figure 5, the
ESD, ¢y retrieved from these two LST sources differ more
in the daytime than at night. Moderate degradation of ESD
when switching from MODIS to ISCCP (positive differences
in Figure 9) is quite widespread, and affects densely vegetated
and arid regions.

[25] Another way to assess LST consistency is by consid-
ering the day—night differences in retrieved emissivities. The
actual emissivities are expected to be nearly identical between
day and night. In arid regions, and especially in sandy deserts
[Prigent et al., 1999], the biases in retrieved emissivities
(due to microwave penetration, as discussed above) tend to
give negative day—night differences [Moncet et al., 2011;
Galantowicz et al., 2011]. We present results for the 89V
channel because microwave penetration is less at the higher

frequencies, and thus anomalies are easier to discern. The
specific areas analyzed here were selected among the areas
with temporally stable surface properties, in arid and semi-
arid regions, and with the largest number of clear days, to
minimize chances of residual cloud liquid water contamina-
tion at 89 GHz and the impact of cloud/dust contamination of
the LST products.

[26] Maps of day—night emissivity differences computed
with ISCCP -derived LST (Figures 11c and 11d) are much
noisier than the corresponding MODIS maps (Figures 11a
and 11b). The ISCCP maps over Southern Africa have a
predominance of areas with differences characteristic of deep
microwave penetration, including Angola and Northwestern

Table 1. Fraction of Grid Points With July 2003 ESD,¢y Less
Than 0.01 for Clear AMSR-E and SSM/I Measurements Over
Homogeneous Stable Surfaces

Time Fraction
AMSR-E Night 0.91
AMSR-E Day 0.91
SSM/I F13 Evening 0.63
SSM/I F13 Morning 0.65
SSM/I F15 Evening 0.68
SSM/I F15 Morning 0.51
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Figure 9. Differences between AMSR-E ESD, g produced with ISCCP and with MODIS LST, for
(a) night and (b) day measurements from temporally stable clear (F ;.. > 98%) conditions in July 2003.
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Figure 10. Histograms of AMSR-E 19H ESD produced with MODIS (black) and ISCCP (gray) LST, for
(a) night and (b) day measurements from temporally stable (og;; <0.01) clear (F_ .. > 98%) conditions in
July 2003. The cumulative frequency distributions are dashed.
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Figure 11. Maps of monthly averaged 89V day—night emissivity difference from (a and b) MODIS and
(c and d) ISCCP, for temporally stable (or1; < 0.01) clear (F e > 98%) conditions in July 2003. The
Western U.S. (Figures 11a and 11c¢) and Southern Africa (Figures 11b and 11d) are shown.
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Figure 12. Histograms of monthly averaged 89V day—night emissivity difference from (a and b) MODIS
and (c and d) ISCCP, for temporally stable (or11 < 0.01) clear (Fjpq- > 98%) conditions in July 2003. The
regions represented correspond to the maps in Figure 11.

Tanzania, regions that are not classified as deserts. Consid-
ering these and other regions, we observed that large negative
day—night differences in arid regions appear to be more
extensive with ISCCP than they are with MODIS as the
source of LST. This is consistent with the fact that, in these
regions, the daytime ISCCP LST values are much higher than
those from MODIS (Figure 2).

[27] The histograms of day—night emissivity differences
computed with MODIS-derived LST have a primary mode
peaking in the range [—0.01, —0.02] in arid and semi-arid
regions (Figures 12a and 12b), indicating a predominance of
surfaces with relatively little penetration at 89 GHz in these
regions. The fact that the primary peak is quite narrow over
the Western U.S., and Southern Africa (and other areas not
shown here) indicates that the relationship (in a monthly
average sense) between day and night AMSR-E brightness
temperatures and MODIS LST is remarkably similar between
different grid points within a region and across geographi-
cally distinct regions. By comparison, the ISCCP histograms
(Figures 12¢ and 12d) are much broader and contain a sig-
nificant fraction of positive day—night emissivity differences.

[28] The evidence from these analyses point toward sub-
stantial local biases in the ISCCP-derived diurnal LST
amplitudes causing some anomalies and inconsistencies in
the AMSR-E day—night emissivity differences. This result
may be related to the observation that there is large temporal
variability in the day ISCCP LST data at individual locations
(Figure 5d).

5. Conclusion

[29] Comparisons of LST products from MODIS and
ISCCP infrared data indicate that there are very significant,

systematic discrepancies between the data sets. We found the
discrepancies were larger in arid and semi-arid regions than in
more heavily vegetated regions, and were larger midday
(13:30 LT) than midnight (01:30 LT). For July 2003 monthly
averages, the ISCCP-MODIS differences were 5.0 K and
2.5 K for day and night, respectively, in terms of averages
over all clear-sky locations. The day differences were as large
as 25 K for the monthly average. The maximum positive
differences over arid regions are qualitatively consistent with
comparisons of ISCPP LST with outgoing longwave radia-
tion measurements [Tsuang et al., 2008]. The day—night
differences, an approximation of the amplitude of the average
diurnal cycle, were as much as ~10 K higher for ISCCP than
for MODIS. These discrepancies are large enough that, when
LST data are applied to weather or climate model assimilation
or analysis (for example), the selection of LST data set could
have a quite significant effect on the findings.

[30] We found considerable evidence that the MODIS LST
data were generally more precise and more accurate than
those from ISCCP. The temporal variability in retrieved LST
over the course of the month was lower for MODIS than for
ISCPP in clear-sky areas at midday. While we do not know
the true temporal variability of LST in these regions, the
plausible error sources are more likely to cause the variability
to be erroneously inflated than suppressed. Independent
microwave measurements from AMSR-E were much more
consistent with the LST from MODIS than from ISCCP, with
respect to temporal variations and the amplitude of the diurnal
cycle. The method of analysis took account of the differences
between the microwave and infrared radiative properties,
wherein clear-sky LST data were used in retrieval of micro-
wave emissivities, and then the emissivities were assessed
in terms of temporal stability and consistency with surface
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properties. The clarity with which the microwave-infrared
combined analysis showed differences between the MODIS
and ISCCP products demonstrates the effectiveness this
analysis approach for validating LST products. Our innova-
tive application of microwave data serves as a complement to
validations against other types of data (such as in situ mea-
surements) performed by the LST data producers.

[31] The analyses presented in this paper focused on the
month of July 2003 but analyses performed for the months of
June and September yielded qualitatively similar results. The
findings of this study indicate that further validation of the
ISCCP LST products is warranted and that the ISCCP algo-
rithm for LST retrieval would likely benefit from further
development. The ISCCP data set has considerable advan-
tages over MODIS, due to its more extensive diurnal sam-
pling and the longer period of record. One option currently
available to ISCCP data users, in applications sensitive to the
diurnal cycle amplitude, is to scale the ISCCP products to
match the MODIS amplitude. The results of the analysis
presented in this paper prompted a separate study aimed at
determining the causes for the observed discrepancies
between ISCCP and MODIS LSTs. Causes under consider-
ation include sensor calibration issues in the ISCCP product
over hot desert surfaces and errors in water vapor specifica-
tion (C. Prigent, personal communication, 2011).

[32] Subsequent to the performance of the analyses repor-
ted here, Version 5 [Wan, 2008; Wan and Li, 2008] of the
MODIS LST product became available. In our limited com-
parisons of the two versions, we found that the V4 and V5
products generally agree well over vegetated areas but sig-
nificant differences were observed over arid areas and in
particular in the Sahara desert in July 2003. Hulley and Hook
[2009] also caution about the use of V5 over deserts. How-
ever, differences were not large enough to significantly affect
the conclusions of this study.
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