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Abstract

A Kalman filter based approach for the physical retrieval of surface temperature and
emissivity from SEVIRI (Spinning Enhanced Visible and Infrared Imager) infrared ob-
servations has been developed and validated against in situ and satellite observations.
Validation for land has been provided based on in situ observations from the two per-5

manent stations Evora and Gobabeb operated by Karlsruhe Institute of Technology
(KIT) within the framework of EUMETSAT’s Satellite Application Facility on Land Sur-
face Analysis (LSA-SAF). Sea surface retrievals have been intercompared on a broad
spatial scale with equivalent satellite products (MODIS or Moderate Resolution Imag-
ing Spectroradiometer and AVHRR or Advanced Very High Resolution Radiometer)10

and ECMWF (European Centre for Medium Range Weather Forecasts) analyses. Re-
sults show that for surface temperature the algorithm yields an accuracy of ≈ ± 1.5 ◦C
in case of land and ≈ ± 1.0 ◦C in case of sea surface. Comparisons with polar satellite
instruments over the sea surface show nearly zero temperature bias. Over the land
surface the retrieved emissivity follows the seasonal vegetation cycle and allows to15

identify desert sand regions because of strong reststrahlen bands of Quartz in the
SEVIRI channel at 8.7 µm. Considering the two validation stations, we have that emis-
sivity retrieved in SEVIRI channel 10.8 µm over the gravel plains of the Namib desert
is in excellent agreement with in situ observations. Over Evora, the seasonal variation
of emissivity with vegetation is successfully retrieved and yields emissivity values for20

green and dry vegetation that are in good agreement with spectral library data. The
algorithm has been applied to the SEVIRI full disk and emissivity maps on that global
scale have been physically retrieved for the first time.

1 Introduction

In Masiello et al. (2013) the authors exploited the high temporal resolution of data25

acquisition by geostationary satellites and their capability to resolve the diurnal cycle to
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develop a Kalman Filter (KF) approach (e.g., Kalman, 1960; Kalman and Bucy, 1961)
for the simultaneous retrieval of surface temperature, Ts and emissivity, ε. Here, the
case of SEVIRI Meteosat-9 high rate level 1.5 image data was examined. It was shown
that the KF approach results in an algorithm which does not need to increase the
dimensionality of the data space, e.g., because of time accumulation of observations,5

while preserving the temporal resolution of the geostationary instrument (15 min for
SEVIRI). The reliability and quality of the approach has been further exemplified in
Rozenstein et al. (2015) by applying the methodology to study the diurnal emissivity
dynamics in bare vs. biocrusted sand dunes at a coastal desert region.

The present study mainly focuses on the KF implementation and comparison of its10

results with in situ data, and other similar satellite products. As said, the KF approach
follows the basic methodology developed by Masiello et al. (2013). The implementation
used in this study deals with surface parameters alone, namely (Ts, ε). For this retrieval
problem we apply a strictly temporal only method, that is we do not consider spatial
constraints.15

Despite this simplification, the present KF approach is a breakthrough in the broad
research area of temperature-emissivity (Ts,ε) retrieval from satellite, which to date
largely relies on statistical retrieval schemes (e.g., Li et al., 2013). A distinctive aspect
of our approach is that it is physically based, an aspect which currently is shared with
few other retrieval schemes (e.g., Matsunga, 1994; Gillespie et al., 1998; Li et al.,20

2011).
The present study aims at boosting the results presented in Masiello et al. (2013) and

establishing a robust implementation for time dimension Kalman Filter estimation of
surface temperature and emissivity from infrared measurements of the SEVIRI imager.

Towards this objective, we have set up a study to validate the KF approach on a broad25

spatio-temporal scale, from individual SEVIRI pixels to the SEVIRI full disk, and from
days to the whole year. Validation for land has been performed based on one year
in situ observations from the two permanent stations near Evora (Portugal) and Gob-
abeb (Namib) operated by Karlsruhe Institute of Technology (KIT). For sea surface,

4051

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/4049/2015/amtd-8-4049-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/4049/2015/amtd-8-4049-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
8, 4049–4093, 2015

Physical retrieval of
surface emissivity
and temperature

G. Masiello et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

retrievals have been intercompared with other satellite products, namely the Moderate
Resolution Imaging Spectroradiometer (MODIS) and the Advanced Very High Res-
olution Radiometer (AVHRR). Finally, ECMWF (European Centre for Medium Range
Weather Forecasts) analyses for sea surface have been compared to retrieved SEVIRI
products on a time scale spanning from hours to years.5

The paper is organized as follows. Section 2 is devoted to the presentation of SEVIRI
and ancillary data. The basic reference methodology for the KF is presented in Sect. 3.
The validation exercise is performed in Sect. 4 and conclusions are drawn in Sect. 5.

2 Data

For the present study the SEVIRI full disk is defined here to include viewing zenith10

angles (VZA) below or equal to 70◦. At larger angles, emissivity tends quickly to zero,
whereas the SEVIRI pixel size diverges. The forward model we use in the retrieval
scheme assumes a plane parallel atmosphere and could be unsuitable for large zenith
angles. Also, the dependence of land emissivity on the viewing angle could be an
issue at VZA beyond the limit of 70◦. It has also to be stressed that the limit of 70◦ is15

reasonable in order to work in the plane parallel approximation.
The area of the SEVIRI disk included within the interval VZA= ±70◦ is shown in

Fig. 1. This region contains some 9×106 SEVIRI pixels.

2.1 Case studies definition

For the purpose of validation, to assess the reliability and stability of the scheme and,20

moreover, its capability to run on the global scale, we have defined a series of case
studies, which are now presented.
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2.1.1 Single SEVIRI pixels spanning the whole year around

Individual SEVIRI pixels have been considered which correspond to two validation
stations: (1) Evora station in Portugal (38.55◦ N, 8.01◦ E), and (2) Gobabeb station
in Namibia (23.55◦ S and 15.18◦ E). The geographical location of the two stations is
shown in Fig. 2.5

We have available nearly continuous records of in situ measurements of surface
temperature for both stations. The year 2010 has been used for the inter-comparison
exercise.

The two stations are operated by KIT and are part of the LSA-SAF of EUMETSAT.
Evora station is in the temperate Mediterranean climate, with a land cover of cork-oak10

trees and grass. Gobabeb station is in the arid Namibian desert climate and is located
on a flat and homogeneous gravel plain (Göttsche et al., 2013).

The core instruments of the two stations are self-calibrating, chopped radiometers
Heitronics KT15.85 IIP (9.6–11.5 µm) which measure the radiation from the relevant
components, e.g. grass, soil, tree, shadow, and sky once per minute (see Göttsche15

and Hulley, 2013; Theocharous et al., 2010). In the case of Evora station, where local
temperatures measurements of sunlit/shaded ground and tree canopy may present
significant differences, the pixel “in situ” temperature is reconstructed using fixed land
cover fractions obtained by classifying high resolution satellite data (IKONOS), which
then served to weigh the radiometric measurements of the end-members (tree 32 %,20

background 68 %). We also mention, that the newest approach (not available for the
year 2010) uses dynamic cover fractions from a geometric model (e.g., Ermida et al.,
2014).

As said, the in situ observations of surface temperature refers to the whole year of
2010. The data record is nearly continuous, although there can be data voids due to25

weather conditions or instrument maintenance. Normally, data are present when the
corresponding observation from SEVIRI is also available.
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For the two stations we also have available the SEVIRI LSA SAF surface temperature
derived with the algorithm developed by Trigo et al. (2008a); Freitas et al. (2010).

2.1.2 Regional case study

To check the stability of the scheme to run over long time sequence of data and, even-
tually, in presence of large data voids, because of cloud coverage, an additional case5

study has been set up, for which we have acquired one year of data. The target area
include a relatively large region (both ocean and land) of Southern Italy (see Fig. 3)
and SEVIRI data were acquired for the whole year of 2013.

For the purpose of comparison, MODIS sea skin temperature and AVHRR sea sur-
face temperature retrievals were acquired for the same date and location. The level 210

MODIS data products are produced and distributed by NASA Goddard Space Flight
Center’s Ocean Data Processing System (ODPS). The data are available from the web
site http://oceandata.sci.gsfc.nasa.gov. Both satellites AQUA and TERRA have been
used.

The AVHRR data are not direct satellite observations. In fact, these data are better15

referred to as AVHRR OI (optimal Interpolation) SST (Sea Surface Temperature) anal-
ysis (Reynolds et al., 2007), because they are the results of an optimal interpolation
scheme which combines AVHRR, buoy and ship data to form daily averages. The data
are available at the web site ftp://eclipse.ncdc.noaa.gov/pub/OI-daily-v2/NetCDF/ and
they are provided on a regular grid of 0.25◦ ×0.25◦.20

For the whole target area shown in Fig. 3, we have also acquired ECMWF analysis
products for the sea skin temperature at the canonical hours 00:00, 06:00, 12:00 and
18:00 UTC. ECMWF model data points are provided on 0.125◦×0.125◦ grid. They have
been time-space interpolated to SEVIRI pixels.
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2.1.3 Full disk case study

For the purpose of checking the feasibility of the scheme to run at the global scale we
have defined a full disk case study for the month of November 2013. The area of the
full disk covered (shown in Fig. 1) consists of 9 046 159 pixels of which 3 581 915 are
over land and 5 464 244 over sea surface.5

2.2 Ancillary data: emissivity

The application of the scheme relies on proper a-priori information about emissivity.
This is needed to properly build up the background, state vector and related covariance
matrix, which are used within the KF retrieval approach.

For land surface, emissivity is derived form the University of Wisconsin Baseline10

Fit Global Infrared Land Surface Emissivity Database (UW/BFEMIS database, e.g.,
http://cimss.ssec.wisc.edu/iremis/) (Seemann et al., 2007). The data base has a spa-
tial resolution of 0.05◦ and a time step of one month, which is enough to include the
expected seasonality of surface emissivity. UW/BFEMIS covers the years 2003–2012,
therefore it is also capable to provide time and spectral cross-correlation among chan-15

nel emissivities.
The UW/BFEMIS data base has been re-mapped to the SEVIRI channels and spa-

tial grid mesh and then used to define a background for the channel emissivity (state
vector and its covariance) which depends on time (monthly resolution) and geographic
location (SEVIRI pixel resolution).20

For sea surface, the emissivity is defined and derived according to Masuda’s emis-
sivity model Masuda et al. (1988). We have developed a look-up table with sea sur-
face emissivity over the spectral range 500 to 3000 cm−1 and a spectral resolution of
0.25 cm−1. The emissivity has been calculated for view angles (vertical zenith angle)
ranging from 0 to 89◦ (step size of 1◦) and wind speed from 0 to 15 ms−1 (step size25

1 ms−1). For a given VZA, the emissivity state vector is calculated for an average wind
speed of 5 ms−1, whereas the values corresponding to the other wind speeds are used
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to derive the background covariance. The high spectral resolution emissivity is con-
volved with the SEVIRI Instrumental Spectral Response Function (ISRF) to yield the
SEVIRI channel emissivities.

2.3 Ancillary data: ECMWF analysis

The ECMWF analysis, at the four canonical UTC hours, for the atmosphere and surface5

is used to initialize the Kalman filter and to provide information for the atmospheric state
vector (T ,Q,O). The surface and atmospheric parameters are directly downloaded from
the ECMWF MARS (Meteorological Archival and Retrieval System) archive and consist
of surface temperature and pressure, profiles of temperature, water vapour and ozone.
The analysis is available on a horizontal grid mesh of 0.125◦×0.125◦. The atmospheric10

profiles are obtained on either 91 pressure levels (until 25 July 2013) or 137 pressure
levels (from 26 June 2013). ECMWF analysis is interpolated to the SEVIRI time-space
grid mesh before it is used to initialize the Kalman filter.

3 Methodology: implementation of the Kalman filter for (Ts,ε)

The basic KF implementation has been developed in such a way to provide a suitable15

prototype for use at a satellite data processing centre for a range of applications in-
volving remote sensing of the surface. In fact, the system can ingest SEVIRI data and
ancillary MARS/ECMWF analyses in their native format.

This basic implementation follows that developed and presented in Masiello et al.
(2013). It deals with surface parameters alone, namely (Ts, ε). For this retrieval prob-20

lem we apply a strictly temporal only method. An in depth assessment of the expected
retrieval performance for land and sea surface and its dependence on the tuning pa-
rameters and settings of this KF implementation has been performed and presented
in Serio et al. (2013, 2014); Masiello et al. (2013), which the reader is referred to for
further details. Also, KF emissivity products have been intercompared with IASI (In-25
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frared Atmospheric Sounding Interferometer, Hilton et al., 2012) retrievals in Masiello
and Serio (2013); Masiello et al. (2013). For the sake of clarity, here we limit ourselves
to show the KF basic equations which apply to the (Ts,ε) retrieval problem.

The retrieved state vector, v is made up of m (m = 8) SEVIRI infrared channel emis-
sivities and the surface temperature,5

v = (e1,e2, . . .,em,Ts)T (1)

where the superscript T stands for transpose and e is the logit transformed emissivity

e = log
ε

1−ε
(2)

In principle the scheme can be applied to the m = 8 infrared channels of the SE-
VIRI imager, which are listed in Table 1. However, effective results are expected for the10

three atmospheric window channels (7, 9 and 10) which are less sensitive to atmo-
spheric parameters, namely temperature, water vapour and ozone. For the short wave
window channel at 3.9 µm, retrieval is only recommended at nighttime to avoid solar
contamination.

The non-linear Kalman Filter estimate or analysis, v̂ t of v t at a generic time t is given15

by (e.g., Nychka and Anderson, 2010)

x̂t = xta +
(

KTt S−1
ε Kt +Sa

)−1
KTt S−1

ε (yt −Ktxta) (3)

where we have posed
x̂t = v̂ t − v t;fg
yt = Rt − F (v t;fg)

xta = v ta − v t;fg

(4)

and where the underscripts a and fg indicate background and first guess parameters20

at time t, respectively. R is the radiance vector and F is the forward model.
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Again, with reference to Eqs. (9) and (3), Kt is the Jacobian at time t,

Kt =
(
∂F
∂v

)
v=v t;fg

(5)

The a-posterior covariance of the estimate Eq. (3) is given by

Ŝt =
(

KTt S−1
ε Kt +Sa

)−1
(6)

The analysis is propagated forward to time t+1 to obtain the forecast according to5

v̂ ft+1 = Mv̂ t (7)

which has covariance given by

Ŝ
f
t+1 = MŜtM

T +Sη (8)

The dynamical model operator, M is assumed to be the identity matrix (Masiello et al.,
2013). In this way, the retrieval scheme assumes a persistence model for both tem-10

perature and emissivity. To complete the description of the scheme, the covariance
matrices Sε, Sa, Sη are the observational covariance matrix, the background covari-
ance matrix and the stochastic term covariance matrix. Sε is a static parameter and
is set equal to the SEVIRI radiometric noise. As already stated in Sect. 2.2, for land
surface emissivity, Sa is obtained from the UW/BFEMIS data base, whereas for sea15

surface it is defined and derived according to Masuda’s emissivity model. The matrix
Sη is a tuning parameter of the filter which allows us to trade off between observations
and dynamical model. It is also important to stress that at time t = 0, the matrix Sa
does not consider cross-correlation between emissivity and surface temperature. How-
ever, at later times Sa is identified with the forecast covariance given by Eq. (8) and,20

therefore, it may include cross-correlation between Ts and ε.
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It can be shown (e.g., Nychka and Anderson, 2010) that the analysis (Eq. 3) is the
minimizer of the linearized quadratic form or cost function S given by

S =minx
1
2

(yt −Ktxt)
TS−1

ε (yt −Ktxt)+

1
2

(xt −xta)TS−1
a (xt −xta) (9)

which says that the KF Eqs. (3) and (6) are the same as the equations of Optimal5

Estimation (Rodgers, 2000). Optimal Estimation can be regarded as a particular case
of Kalman Filter (e.g., Nychka and Anderson, 2010).

In passing, we also note that the retrieval scheme above is non-linear because at
each time t we have to linearize the forward model and iterate the solution until the
cost function (see Eq. 9) is reduced below a given thresholds (e.g. see Masiello et al.,10

2013). Linearization is done around a first guess state vector, which can depend on
time and has not to be confused with the background or analysis. Because of the
linearization and iteration steps the scheme is non linear. Non-linear KF schemes are
normally referred to as Extended KF. However, for the sake of brevity, we will continue
to refers to the scheme above as KF.15

3.1 The forward model

One of the key aspects of the KF scheme is the use of a physical forward model, which
solves the radiative transfer equation in the form needed for the present application.
The forward model implemented with the baseline version of KF is the so-called σ-
SEVIRI code (Masiello et al., 2013). Also, for potential applications to hyper-spectral20

sounders, σ-SEVIRI has been designed as a monochromatic forward model, based on
a look-up table for the optical depth. The sampling along the wave number axis used to
develop and implement the look-up table has been optimized for SEVIRI (e.g., Masiello
et al., 2013). Furthermore, the forward model can deal with Lambertian and specular
reflecting surfaces. Again, this is an important aspect when dealing with the emissivity25
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retrieval of land and ocean emissivity. To date, considering the SEVIRI instrument, this
capability to run in the infrared wave number range with a Lambertian model is unique
to σ-SEVIRI.

The code σ-SEVIRI computes analytical Jacobian derivatives for any state vector
parameter. Spectral monochromatic radiance and Jacobians are reduced to the SEVIRI5

spectral resolution through convolution with the SEVIRI ISRF.
The code σ-SEVIRI is an heritage of σ-IASI (Amato et al., 2002; Carissimo et al.,

2005), a radiative transfer model developed for IASI. Over the past year, the model
σ-IASI has been largely validated with airplane and satellite high spectral infrared ob-
servations (e.g., Wulfmeyer et al., 2005; Grieco et al., 2007; Masiello et al., 2009,10

2013).

4 Results: validation and comparison to similar satellite derived products

This section is devoted to the presentation and discussion of the case studies we have
defined to check the retrieval performance of the KF approach. For the sake of clear-
ness, the section is organized in sub sections, each one devoted to a single and homo-15

geneous case study. To begin with, we discuss the results for the two in-situ validation
stations.

4.1 Evora station

Figure 4a shows a scatterplot of the SEVIRI KF retrieval against the in situ measure-
ments of Ts, whereas Fig. 4b provides the same comparison, but now of in situ Ts with20

the SEVIRI LSA SAF surface temperature. The comparison is performed only for re-
trievals which reached convergence according to the cost function criterion (see Eq.
9). The yearly root mean square (rms) difference of retrievals and situ Ts is 1.84 ◦C for
KF and 1.91 ◦C for LSA SAF. The yearly bias is 1.04 ◦C for KF against 1.15 ◦C showing
that the KF is slightly superior over LSA SAF. This is also confirmed from Fig. 5 which25
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shows the monthly mean (bias) and standard deviation (SD) of the difference (KF-in
situ) and (LSA SAF-in situ). In this figure the low values corresponding to February
are not statistically significant because of the very few data points for this month. Apart
form February, we see that, the bias oscillates around 1 ◦C and KF performs better than
LSA SAF during the summer season. Also, from the scatterplots of Fig. 4 we see that,5

compared to KF, the LSA SAF bias is slightly larger at higher temperatures. This is
better seen from Fig. 6 which shows a short sequence in July 2010 of retrievals, in situ
observations and the corresponding differences. It is seen from Fig. 6 that LSA SAF
has larger bias than KF when the maximum temperature is reached.

It should be also stressed that Evora station has not an homogeneous land type and10

coverage within the SEVIRI pixel. In situ observations are obtained by merging together
the radiant temperatures from the various components of the composite scene. This
inhomogeneity can explain some large temperature differences (e.g. Fig. 6). Normally
the larger fluctuations appear at sunrise (which normally corresponds to the minimum
temperature), when the shadowing effects may change quickly (Guillevic et al., 2013;15

Ermida et al., 2014).
Figure 7 shows the time sequence of the retrieval for emissivity. The retrieval has

been smoothed with a moving average filter with a time window of 1 day, therefore
small scale fluctuations are suppressed. It can be seen that the retrieval is sensitive
to the vegetation seasonal cycle. In fact, the emissivity at 12 µm is larger than that at20

10.8 µm in winter–spring, whereas the reverse is seen in summer. This phenomenon
is in agreement with the different emissivity of green (winter–spring) and dry (summer)
grass (e.g., Baldridge et al., 2009). The emissivity at 10.8 µm is ≈ 0.97 in May and
≈ 0.965 in October. For comparison, the 10.8 µm emissivity determined for 2009 by
LSA-SAF varies between 0.987 in May and 0.974 in October while the corresponding25

UW/BFEMIS emissivity varies between 0.982 in February and 0.960 in October (Xu
et al., 2014).
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4.2 Gobabeb station

Gobabeb station has been selected mainly for the homogeneous surface coverage,
which should simplify the interpretation and comparison of in situ measurements to
retrievals (Göttsche et al., 2013).

As done for Evora station, first we show in Fig. 8a the scatterplot of the KF estimated5

surface temperature against in situ observations, whereas Fig. 8b compares in situ
with SEVIRI LSA SAF. Once again, the comparison is performed only for the retrievals
which reached convergence according to the cost function criterion. If we compare
with Fig. 4 (corresponding to Evora station), we now see a striking improvement: the
bisector line nearly overlaps the Least Square fit line with a slope close to unity. The10

yearly rms difference for the case of KF is 1.26 ◦C, which is slightly larger than the
corresponding LSA SAF, which is 1.20 ◦C.

Both KF and LSA SAF are in excellent agreement with the in-situ observations.
The comparison between KF and LSA SAF suggests that the former performs slightly
better than the latter: the yearly bias is greater for KF (≈ 0.80 ◦C) than for LSA SAF15

(≈ 0.40 ◦C). The situation is reversed for the SD, namely ≈ 0.97 ◦C (KF) vs. ≈ 1.14 ◦C
(LSA SAF). However, a closer look at the results shown in Fig. 8 shows a sort of
seasonal compensation for the case of LSA SAF, i.e. the least square fit is below the
bisector line for lower temperatures and above for higher temperatures. In contrast, in
the KF case, the bisector and least square fit lines are nearly parallel over the shown20

temperature range. The bias compensation is more clearly seen from Fig. 9, which
shows the monthly mean and SD of the difference SEVIRI-in situ for both KF and LSA
SAF. It is seen that LSA SAF has a slightly seasonal bias which becomes negative in
May, whereas KF shows a more uniform behaviour.

Figure 10 shows the time sequence of the retrieval for emissivity. The time resolution25

of the retrieval is 15 min (a moving average smoothing was applied with a window
width of 3 h). There are small scale (day–night) variations of emissivity, which are most
evident for the channel at 8.7 µm because of the strong contrast introduced by quartz
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absorption (reststrahlen effect). It is likely that these diurnal fluctuations are the result
of direct adsorption of water vapour from the atmosphere (e.g., Li et al., 2012). Due
to the low emissivities in the so-called reststrahlen bands of (dry) Quartz this effect is
most pronounced around 9 µm during the dry season, which for Gobabeb coincides
with the winter. Figure 11 shows a clear sky sequence of the retrieved pair (Ts, ε) for5

ten days of June 2010. It is seen that the emissivity follows the temperature daily cycle
with larger emissivity at night time (before sunrise), which is consistent with a daily
cycle of soil moisture driven by direct water vapour adsorption. The diurnal emissivity
variation in SEVIRI channel 8.7 µm has a peak-to-peak amplitude ≤ 0.015, a result
which is consistent with the findings shown by Li et al. (2012). In contrast, the seasonal10

variation of emissivity is much smaller than for vegetated soil, e.g. compare Fig. 10 vs.
Fig. 7).

Finally, it is worth noting that the KF-retrieved emissivity for the 10.8 µm-channel is
in very good agreement with that estimated for the Gobabeb gravel plain with satellite
observations (MODIS and ASTER or Advanced Spaceborne Thermal Emission and15

Reflection Radiometer) and the in situ box method approach (Göttsche and Hulley,
2013). KF yields an estimation of 0.946 with a variability (SD) of ±0.002, whereas the
combination of the various methods and estimates presented in Göttsche and Hulley
(2013) gives the value of 0.944±0.015. For the year 2009, the 10.8 µm emissivity deter-
mined by LSA-SAF is quasi-static at 0.948 (Trigo et al., 2008b) while the corresponding20

UW/BFEMIS emissivity varies between 0.945 and 0.955 (Xu et al., 2014).

4.3 Regional case study

In this section we will show the results of the comparison exercise for the case of
the Southern Italy target area shown in Fig. 3. The comparison will deal with the sea
surface, for which we know that both ECMWF and satellite products are highly reliable.25
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4.3.1 Comparison with ECMWF products

The comparison with ECMWF model data for Ts shows a very good agreement with
absolute monthly mean differences below 0.4 ◦C and SD around 1 ◦C. Figure 12 shows
the histogram of Ts differences for the whole year 2013. It is seen that the yearly aver-
age difference is only −0.07 ◦C with a SD of 1.02 ◦C. The statistics have been compiled5

with 2 754 184 data points. It is worth noting that this also testifies the high reliability
reached by the ECMWF sea surface temperature product.

Figure 13a shows the spatial distribution of the yearly differences. It is seen that
apart from SEVIRI pixels close to the coast, the difference is homogeneously zero
everywhere. To check for a seasonal systematic error of the retrieval we have computed10

the monthly averages and SDs of the difference between SEVIRI and ECMWF. These
are shown in Fig. 13b. It is seen that the mean difference and SD tend to decrease in the
summer season, which is quite understandable because the frequency of cloudiness
tends to decrease in summer.

4.3.2 Comparison with sea surface MODIS products15

The comparison has been performed using the SEVIRI retrieval for Ts and the time-
space collocated MODIS products. Also for this case the comparison (Fig. 14) suggests
a very good agreement with a yearly mean difference of −0.07 ◦C and a SD of 1.05 ◦C.
These two values have been obtained with a total of 3 230 689 data points. Apart from
the month of December 2013, the monthly mean difference is normally ≈ 0.2 ◦C or20

below as it is possible to see from Fig. 14b. The anomalous case of December 2013 is
likely due to cloud contamination of MODIS overpasses: MODIS has a negative bias
of ≈ 0.5 ◦C with respect to SEVIRI, which is uniform over the target area. This behavior
is not seen for other months.
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4.3.3 Comparison with AVHRR products

For the case of AVHRR, the comparison has been performed to have further insights
into understanding whether the KF approach is capable of following the seasonal cy-
cle. The AVHRR data we are going to compare with the KF algorithm are not direct
AVHRR skin temperature values. Instead AVHRR data are assimilated within the OI5

SST scheme yielding daily values of surface temperature corrected for possible arti-
facts of the polar orbit (e.g., Reynolds et al., 2007), which, of course, cannot resolve
the daily cycle. Because of the geostationary orbit, SEVIRI products do not suffer from
this problem.

The comparison is shown in Fig. 15 and refers to one single SEVIRI pixel centered10

at lat/lon coordinates (40.625◦ N, 13.875◦ E). This pixel is located in the West-North
corner of the target area shown in Fig. 3, within the Napoli Gulf. Figure 15 shows the
time evolution, along the year, of the daily mean surface temperature obtained from
SEVIRI and AVHRR OI SST analysis. The SEVIRI KF Ts compared to the AVHRR
OI SST product has been obtained by averaging over the day the SEVIRI retrieval15

(recalling that the KF approach provides retrieval on a time step of 15 min).
The comparison show an excellent agreement as far as the dynamic of the year cycle

is concerned. However, the analysis also evidences a yearly negative bias of SEVIRI
of −0.30 ◦C, which can be compared to the value of ≈ −0.07 ◦C obtained with MODIS
and the ECMWF analysis. This can be explained because the AVHHR OI SST is a20

surface temperature estimate, whereas the KF Ts provides an estimation of the skin
temperature.

As said before, within the OI SST scheme, AVHRR satellite data undergo a de-bias
procedure based on ship and buoy direct measurements, which transforms the satellite
temperature from the skin to the surface of the ocean (Reynolds et al., 2007). From25

Fig. 15 we see that the negative bias is quite homogeneous during the year, because
SEVIRI senses the cool skin at the surface whereas buoys measure the warmer layer
just below the surface.
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4.4 SEVIRI full disk maps

Finally, we come to the application of the KF approach to the SEVIRI full disk as de-
fined in Fig. 1. The full disk retrieval exercise is here mostly intended to show that the
methodology can really run at any location. For this case study, we have limited our-
selves to consider the average mean field of emissivity and Ts for November 2013. The5

retrieval exercise considers land surface alone, since the case of sea surface is rather
straightforward also in light of the results presented throughout Sect. 4.3.

Figure 16 shows the map for the case of surface temperature. It is seen that the map
recovers the correct latitudinal gradient and shows the expected increase of temper-
ature over the Sahara and Arabian deserts. If we consider the retrieval on the border10

of the ±70◦ viewing angle circle, we cannot see any important problems for the east-
ern part of the disk. The expected warmer area of the Arabian Peninsula is correctly
retrieved. However, on the western part of south America, the temperature seems too
low, which could be an effect of the SEVIRI point spread function at this large angle.
However, at this stage we have no firm evidence to say that the fulls disk area should15

be confined to smaller viewing angle.
As exemplified in Fig. 17 the SEVIRI channel at 8.7 µm peaks in the reststrahlen band

of quartz particles and, therefore it is extremely sensitive to the presence of desert sand
in the SEVIRI scene. The channel can be used to map the desert area over the globe.
In fact, from Fig. 18 we can nicely see the seas of sand characterizing Sahara and20

Arabian deserts.
For completeness, we also show the emissivity maps at 10.8 and 12 µm in Figs. 19

and 20, respectively.
It is seen that the emissivity at 12 µm, as expected, has less contrast than that at

8.7 µm. Natural surface features have an emissivity peak at 12 µm (Baldridge et al.,25

2009), where they also show lower variability compared to other spectral channels. In
contrast, the emissivity at 10.8 µm is much more dependent on surface feature types
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and vegetation growth (higher emissivity for green and lower values for senescent veg-
etation) and, hence, shows, as expected, a larger variability.

5 Conclusions

We have developed and implemented a time-dimension KF scheme which is capable of
retrieving surface temperature and emissivity from SEVIRI channels with improved ac-5

curacy. The algorithm has been exemplified for the SEVIRI atmospheric window chan-
nels at 12.0, 10.8 and 8.7 µm and applied to a series of case studies which include
land, ocean, and a large variety of climate and weather conditions.

Based on these case studies we have shown that the implementation of the KF
scheme we have developed is robust and is not driven to instability by large and per-10

sistent data voids due to clouds and other anomalous events. The many case studies
we have performed and described have shown that

– Ts for land surface can be estimated with a rms error better than 1.5 ◦C. Compari-
son with validation stations shows a bias less than 1 ◦C.

– Ts for sea surface can be estimated with a rms error better than 1 ◦C. Comparison15

with ECMWF, MODIS and AVHRR OI SST products for Ts show that the bias is
nearly zero.

– For sea and land surface temperature the scheme has proven capable to correctly
follow the daily and seasonal cycles.

– For land surface emissivity, the approach has proven to be capable of retrieving20

the seasonal cycle due to vegetation growth and also to reveal short time scale
fluctuations of emissivity over a desert site.

– The retrieval system is robust and is not affected by large data voids and can
rapidly recover in case of anomalous events, which include natural phenomena
and/or bad data as well.25
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– The scheme can be safely applied to the SEVIRI full disk, and we have derived
the very first SEVIRI full disk emissivity maps at 12, 10.8 and 8.7 µm.

It should be stressed that although based on a fully physical scheme, which solves
and inverts the radiative transfer equation with the accuracy of a monochromatic for-
ward model, the software tool we have developed is very fast. Its computational per-5

formance has been tested on a quad core Intel processor with a frequency clock of
2.7 GHz and 1 Gb of RAM. The time needed to process one single pixel for a single
SEVIRI time slot of 15 min is 0.04 s. With a single processor the time needed to run
over a regional area, e.g., as that shown in Fig. 3 (which is made up of 9643 SEVIRI
pixels), would be only 6 min per SEVIRI scene. Since each scene is acquired in a time10

slot of 15 min, this opens the way to the very first fully physical retrieval scheme for
a real-time continuous monitoring of surface parameters, which could be used for the
various purposes of tourism and agronomy, land surveillance, natural hazards and risk
assessment analysis.

For off-line applications, the scheme can also quickly process the SEVIRI full disk for15

(Ts, ε). Considering that the scheme processes only clear sky (about 20 % of SEVIRI
pixels at the global scale), a run to process one single month (the study has considered
the month of November) would take ≈ 10 days with 100 processor units. Therefore,
a global scale satellite data center, such as EUMETSAT or LSA SAF, could release
monthly maps of surface emissivity and temperature in near real time. These maps20

could be used by the many Ts statistical retrieval algorithms for SEVIRI, which largely
rely on the availability of the channel emissivity at 10.8 and 12 µm. This availability
would improve the exploitation of the European geostationary platforms and also lead
to a better exploitation and improved usage of other European satellite systems.

Acknowledgements. Work partially supported through EUMETSAT contract EUM/CO/11/25

4600000996/PDW and project Ritmare-Ricerca Italiana per il Mare (CNR-MIUR).
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Table 1. SEVIRI infrared channels.

SEVIRI channel number wave length (µm)

4 3.9
5 6.2
6 7.3
7 8.7
8 9.7
9 10.8

10 12.0
11 13.4
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Figure 1. SEVIRI full disk according to the rule VZA (Viewing Zenith Angle) ≤ 70◦. The two dots
over land give the location of KIT validation stations. The dot over the Mediterranean sea is the
location of the SEVIRI pixel used to compare the retrieved Ts against AVHRR data.
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Figure 2. Evora (Portugal) and Gobabeb (Namibia) validation stations. The geographic location
is shown on the left; on the right the figure shows the landscape around the validation stations.
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Figure 3. Southern Italy region (boxed area) considered for the case study over sea surface.
The cyan box is the SEVIRI pixel used to compare the retrieved Ts against AVHRR data.
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Figure 4. Scatterplot of SEVIRI surface temperature retrieval and in situ observations at Evora
for 2010 (a) KF (this study retrieval), (b) LSA SAF retrieval. Note: R2 is the linear correlation
coefficient.
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Figure 5. Monthly mean difference (SEVIRI – in situ) and related SD. The low values in Febru-
ary are due to few data points available for this month.
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Figure 6. (a) Example of Ts time series for a few days in July 2010. (b) Difference (KF-in situ)
and (LSA-SAF-in situ).
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Figure 7. Emissivity retrieval. The retrieval has been smoothed with a moving average filter
with a time-window of 1 day.
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Figure 8. Scatterplot of SEVIRI surface temperature retrieval and in situ observations at Goba-
beb for 2010. (a) KF (this study retrieval), (b) LSA SAF retrieval. Note: R2 is the linear correlation
coefficient.
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Figure 9. Monthly mean difference (SEVIRI – in situ) and related SD.
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Figure 10. Gobabeb station. Emissivity retrieval. The retrieval has been smoothed with a mov-
ing average filter with a time-window of 3 h.
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Figure 11. Gobabeb station Surface temperature (a) and 8.7 µm emissivity (b) retrieval for
a clear sky sequence of days in June 2010. The emissivity retrieval has been smoothed with
a moving average filter with a time-window of 3 h.
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Figure 12. Histogram of the difference of the skin temperature, SEVIRI-ECMWF.
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Figure 13. Comparison of SEVIRI retrieved skin temperature with ECMWF analysis. (a) Map of
the yearly average difference SEVIRI-ECMWF; (b) monthly bias and SD of the skin temperature
difference.
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Figure 14. Comparison of SEVIRI skin temperature to that retrieved from MODIS. (a) Map of
the yearly average difference SEVIRI-MODIS. (b) Monthly bias and SD of the skin temperature
difference.
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Figure 15. Comparison of daily values of Ts derived from SEVIRI and AVHRR. Clockwise from
top left, time series of daily mean of Ts, scatter plot, and histogram of the difference SEVIRI-
AVHRR.
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Figure 16. November 2013 map of Ts over the SEVIRI full disk.
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Figure 17. Typical desert sand emissivity (Baldridge et al., 2009) compared to the SEVIRI ISRF
of the three atmospheric window channels.
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Figure 18. November 2013 map of channel emissivity at 8.7 µm over the SEVIRI full disk.
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Figure 19. November 2013 map of channel emissivity at 10.8 µm over the SEVIRI full disk.
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Figure 20. November 2013 map of channel emissivity at 12.0 µm over the SEVIRI full disk.
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