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Abstract. In this work, we show the results of one of the very few physical-based approaches for the estimation of surface
parameters from infrared instruments on board geostationary platforms. The approach has been developed for the infrared channels
of the Spinning Enhanced Visible and Infrared Imager (SEVIRI) on board the Meteosat Second Generation (MSG) geostationary
platform and here has been applied to the region encompassing the Mediterranean, observed by more than 170000 SEVIRI pixels
every 15 minutes, for the physical retrieval of the Sea Surface Temperature (SST). The methodology is based on a Kalman filter and
enables simultaneous retrieval of surface emissivity and temperature from SEVIRI infrared radiance measurements using channels
at 8.7, 10.8, and 12 um. When run on a PC with a CPU clocked at 2.7GHz and 8GB of RAM, the processor needs about 0.002 s for
each pixel to retrieve SST. So for the Mediterranean region, it takes about 7 minutes with a single CPU, i.e. this processor is ready
for real-time computing for this region. We tested the processor by comparing its results with SST retrieved from the Advanced
Very High Resolution Radiometer (AVHRR) satellite measurements. AVHRR and SEVIRI L2 SST show an excellent agreement
with correlation coefficients larger than 0.99, with no bias and a root mean squared difference of less than 0.2 °C. Finally, this
methodology shows that the Mediterranean Sea has warmed by four cents of Celsius per year in the last decade.

INTRODUCTION

The Mediterranean is the Sea in the "middle of the Earth" around which all the ancient western civilizations were
born and where about half a billion people live. It is the largest and deepest enclosed sea on Earth with limited wa-
ter exchange, high temperatures, different salinities, and high anthropologically induced pressures, including climate
change. For these reasons, it is indicated as one of the potentially most vulnerable regions to the effects of Sea-level
rise due to climate change [1]. Sea Surface Temperature (SST) is a key parameter to monitor climate and meteo-
rological changes which, thanks to the increasing instruments quality, methods improvements, and spatial-temporal
coverage, can be measured from space using satellite measurements with increasing accuracy. Because of its high
spatial resolution (3x3 km), repeat time (15°), and the very long period of activity (2003-now), SEVIRI (Spinning
Enhanced Visible and Infrared Imager) on board of MSG (Meteosat Second Generation) geostationary platform, pro-
vides very useful measurements for the estimation of SST parameter. To fully take advantage of the data information
content, we developed a Kalman filter methodology for the simultaneous retrieval of surface emissivity and temper-
ature from SEVIRI infrared radiance measurements using channels at 8.7, 9.7, 10.8, and 12 um [2]. Unlike most of
the techniques used for SST retrieval [3, 4], the one developed is one of the very few physical-based approaches for
the estimation of surface parameters from infrared instruments onboard geostationary platforms and, compared with
other satellite retrievals, analyses, and ground-based measurements, it has shown an accuracy of + 0.005 and + 0.2
K, for surface emissivity and temperature respectively [5]. Based on this Kalman filter methodology a Level 2 (L2)
processor has been developed to provide surface emissivity and temperature in real-time, making it very attractive for
application in different fields. In this work, we have applied this L2 processor for the retrieval of the Mediterranean
SST for the period 2013-2019. This article is organized as follows: the next session briefly describes the data and
methods used, providing more references for further information. Then the main results will be described and finally,
some conclusions will be drawn.

DATA AND METHOD

This section describes SEVIRI data first and then both the forward and inverse model we developed for SEVIRI.
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FIGURE 1: The region investigated in this work. Col- 11 13.4 746 1.80 @ 270 K

ored contour lines in the figure indicated SEVIRI Vertical
Zenith Angle.

Data. SEVIRI provides every 15 minutes image data in eight thermal infrared channels listed in Tab. 1. Our
methodology [2, 5, 6] has been specifically developed, optimized, and tested for the three atmospheric window infrared
channels: Channels 7, 9, and 10 respectively centered at 8.7, 10.8, and 12 pm, which are the channels for which we
can retrieve emissivity. SEVIRI spectral radiances have been acquired in the period between 2013-2019 for the
Mediterranean region i.e. the target area shown (black box) in Fig. 1. The area, bounded in longitude between 10°W
and 42°E and in latitude between 29°N and 49°N, contains 640379 SEVIRI pixels with a vertical zenith angle between
33.8° and 70.3°. Among these pixels 233015 are over the sea with a Vertical Zenith Angle between 35.3° and 68.0°
covering the whole Mediterranean Sea (171852 pixels, with a VZA in the range between 40.5° and 59.5°), the Black
Sea (21337 pixels) and a part of Easter Atlantic Ocean (38397 pixels). We also acquired the operational cloud masks
released by EUMETSAT for the MSG platform in order to filter out cloudy pixels from the retrieval chain.

The forward model: 6—SEVIRI. The forward model calculates the SEVIRI radiance spectrum, which is then used
in the retrieval scheme. Our forward model is called 6-SEVIRI and it is fully described in [7]. The methodology in
our forward model is based on the one we developed for the hyperspectral sensors like IASI [8], i.e. o-IASI [9, 10,
11]. The model has been used and evaluated with both upwelling and downwelling spectral radiances in the range
100 to 3000 cm~! (e.g., see [12, 13, 14, 15, 16, 17]). o-IASI is a pseudo-monochromatic radiative transfer model
that takes into account both Specular and Lambertian reflection. The code is based on an optical depths look-up table
and an interpolations procedure. With SEVIRI spectral resolution it is possible to strongly reduce the dimensionality
of the data space based on the assumption that any given SEVIRI radiance can be represented as a function of only
a few monochromatic quantities or predictors. This way, we can save storage and computational time making this
methodology ready for real-time applications [7].

The retrieval scheme: 6—SEVIRI. The methodology we developed is one of the very few physical-based ap-
proaches for the estimation of surface parameters from infrared instruments on board geostationary platforms and it
has shown [2, 5, 6, 7] an accuracy of £0.005 and 0.2 K, for surface emissivity and temperature respectively, when
its results are compared with ground-based measurements and satellite products. The results of this L2 Processor are
a pre-operational product of Land Satellite Facility of EUMETSAT (LSA SAF, https://landsaf.ipma.pt). The prod-
ucts are available at link https://landsaf.ipma.pt/en/products/land-surface-temperature/memd/. Emissivity and surface
temperature are simultaneously retrieved with a Kalman filter approach. Even if the scheme could be applied to the
m = 8 infrared channels of the SEVIRI imager listed in Tab. 1, the Level 2 processor uses the retrieved state vec-
tor of m=3 SEVIRI infrared channel emissivities and surface temperature (channels 7, 9 and 10). It is important to
stress that in the current case since we dealt only with SEVIRI pixels over the sea, we retrieved the 7 alone, whereas
for sea surface emissivity is defined and derived according to Masuda’s emissivity model [18]. To take into account
the atmosphere absorption/emission, ECMWF (European Centre for Medium-range Weather Forecasts) operational
analysis provides the state vector (Temperature, Water Vapour, and Ozone profiles). To compensate for the different
spatial and temporal resolutions, the ECMWF analysis was linearly interpolated over time and to the nearest point in
space. The procedure takes less than 10 minutes when run on 20 CPUs to retrieve surface emissivity and temperature
for a single acquisition of the entire SEVIRI disk, even assuming all pixels are under clear sky conditions. A single
SEVIRI acquisition for a limited region, such as the Mediterranean area, is processed in 7 minutes with a single CPU
making the procedure ready for real-time application.
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TABLE 2: Time series model of Eq. 1: fitted parameters and their 95% confidence interval for the Mediterranean.

Coefficients m Ty Tl/2 T Vb3 12 [0]] (0,3
Units °C/Year °C °C °C °C rad rad rad
Value 0.04 20.3 0.1 5.7 0.6 -1.3 -2.69 -0-08

95% Confidence Interval (0.0,0.09) (20.1,20.5) (0.0,0.3) (5.6,5.9) (0.5,0.7) (-2.3,-0.3) (-2.71,-2.66) (-0.28,0.12)

r2=0.998, rms = 0.2°C
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FIGURE 2: Panel a) shows the retrieved SST monthly mean and standard deviation (in red) and harmonic fit (green
line). Panel b) shows the scatter plot of SST derived from SEVIRI with respect to the ones derived from AVHRR.

RESULTS

At the website http://www2.unibas.it/gmasiello/assite/as/products.html, the monthly mean SST for the whole dataset
is freely available. Here for sake of brevity, to extract quantitatively annual cycle and seasonal trends, we have fitted
the monthly mean retrieved temperature for the Mediterranean sea time series using Fourier expansions truncated to
the first two harmonics and a biannual harmonics term with a linear trend term,

. (Tt . (2wt . [ 4nt
Ts(t):To+mt+T1/251n(T+(p1/2)+Tls1n(T+(p])+Tzsm<T+(p2> (1)

where ¢ is the time running over the months (1 = January 2013,...,84 = December 2019), T = 12 months is the basic
period and 7(¢) stands for retrieval. In Fig. 2 a) red dots and red bar are respectively the monthly mean and standard
deviation of the Mediterranean SST, while the green line is the fit described by Eq. 1 with retrieved parameters in
Table 2. The fit of Eq. 1 to the SEVIRI retrieved SST data shows a determination coefficient of 72 = 0.990 and rmse
(root mean square error) of 0.3°C. The fitted coefficients (7p, m, T /2> P1/2s Ti, @1, T> and ¢,) are shown in Table 2.
From this table, we see that the Mediterranean Sea shows an increasing trend (coefficient m) of 0.04°C/Year. For the
same period, similar values of a warming trend and monthly Temperatures were obtained using Optimal Interpolation
SST retrieved from the Advanced Very High Resolution Radiometer (AVHRR) [19]. Fig. 2 b) shows the scatter plot
of SST derived from SEVIRI with respect to the ones derived from AVHRR. The two series are in excellent agreement
showing a determination coefficient of 0.998 and a root mean square difference of 0.2°C.

CONCLUSION

We developed a Kalman filter methodology for the physical retrieval of Surface Temperature and Emissivity from
SEVIRI radiances at the full spatial (3x3 km) and temporal resolution (15 minutes). The algorithm can be specialized
for land or sea or both. The methodology is ready for real-time application to SEVIRI full disk using 20 CPUs. An
application for the Mediterranean basin has been developed, which can run in real-time also on one single CPU. The
retrieved emissivity is a pre-operational product of LSA-SAF. With this L2 processor, we retrieved the Mediterranean
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Sea surface temperature for the period 2013-2019 for which we found that the Mediterranean Sea is warming up at
a rate of 0.04°C/Year. This result is in excellent agreement with AVHRR OI-SST products. We plan to extend our
analysis to all SEVIRI data in order to cover the period 2003-present.

ACKNOWLEDGMENTS

This research was carried out in the framework of the Italian Space Agency project “FORUM-Scienza” aiming to
create and sustain an Italian community focused on the EE9-FORUM mission.

SEVIRI radiance and MSG cloud masks have been downloaded from the EUMETSAT Earth Observation por-

tal (https://archive.eumetsat.int/usc/UserServicesClient.html). Access to the ECMWF database was obtained with
ECMWF Meteorological Archival and Retrieval System (MARS).

1.

13.

14.

REFERENCES

J. A. Church, P. U. Clark, A. Cazenave, J. M. Gregory, S. Jevrejeva, A. Levermann, M. A. Merrifield, G. A. Milne, R. S. Nerem, P. D.
Nunn, A. J. Payne, W. T. Pfeffer, D. Stammer, and A. S. Unnikrishnan, “Climate change 2013. the physical science basis. working group i
contribution to the fifth assessment report of the intergovernmental panel on climate change,” (Cambridge University Press, Cambridge, UK
and New York, USA, 2013) Chap. Sea Level Change, pp. 1137-1216.

. G. Masiello, C. Serio, I. De Feis, M. Amoroso, S. Venafra, I. F. Trigo, and P. Watts, “Kalman filter physical retrieval of surface emissivity and

temperature from geostationary infrared radiances,” Atmospheric Measurement Techniques 6, 3613-3634 (2013).

. R. W. Reynolds, T. M. Smith, C. Liu, D. B. Chelton, K. S. Casey, and M. G. Schlax, “Daily high-resolution-blended analyses for sea surface

temperature,” Journal of Climate 20, 5473 — 5496 (2007).

. Z.-L. Li, B.-H. Tang, H. Wu, H. Ren, G. Yan, Z. Wan, L. F. Trigo, and J. A. Sobrino, “Satellite-derived land surface temperature: Current

status and perspectives,” Remote Sensing of Environment 131, 14-37 (2013).

. G. Masiello, C. Serio, S. Venafra, G. Liuzzi, F. Gottsche, 1. F. Trigo, and P. Watts, “Kalman filter physical retrieval of surface emissivity

and temperature from seviri infrared channels: a validation and intercomparison study,” Atmospheric Measurement Techniques 8, 2981-2997
(2015).

. M. Blasi, G. Liuzzi, G. Masiello, C. Serio, V. Telesca, and S. Venafra, “Surface parameters from SEVIRI observations through a Kalman filter

approach: Application and evaluation of the scheme to the southern Italy,” Tethys 13, 3—10 (2016).

. G. Masiello, C. Serio, S. Venafra, L. Poutier, and F.-M. Goéttsche, “Seviri hyper-fast forward model with application to emissivity retrieval,”

Sensors 19 (2019), 10.3390/s19071532.

. F. Hilton, R. Armante, T. August, C. Barnet, A. Bouchard, C. Camy-Peyret, V. Capelle, L. Clarisse, C. Clerbaux, P.-F. Coheur, A. Col-

lard, C. Crevoisier, G. Dufour, D. Edwards, F. Faijan, N. Fourrié, A. Gambacorta, M. Goldberg, V. Guidard, D. Hurtmans, S. Illingworth,
N. Jacquinet-Husson, T. Kerzenmacher, D. Klaes, L. Lavanant, G. Masiello, M. Matricardi, A. McNally, S. Newman, E. Pavelin, S. Payan,
E. Péquignot, S. Peyridieu, T. Phulpin, J. Remedios, P. Schliissel, C. Serio, L. Strow, C. Stubenrauch, J. Taylor, D. Tobin, W. Wolf, and
D. Zhou, “Hyperspectral earth observation from IASI: Five years of accomplishments,” Bulletin of the American Meteorological Society 93,
347-370 (2012).

. U. Amato, G. Masiello, C. Serio, and M. Viggiano, “The o-1ASI code for the calculation of infrared atmospheric radiance and its derivatives,”

Environmental Modelling & Software 17, 651-667 (2002).

. G. Liuzzi, G. Masiello, C. Serio, D. Meloni, C. Di Biagio, and P. Formenti, “Consistency of dimensional distributions and refractive indices

of desert dust measured over Lampedusa with IASI radiances,” Atmospheric Measurement Techniques 10, 599-615 (2017).

. M. Martinazzo, D. Magurno, W. Cossich, C. Serio, G. Masiello, and T. Maestri, en*Assessment of the accuracy of scaling methods for

radiance simulations at far and mid infrared wavelengths,” Journal of Quantitative Spectroscopy and Radiative Transfer 271, 107739 (2021).

. G. Masiello, M. Matricardi, and C. Serio, “The use of IASI data to identify systematic errors in the ECMWF forecasts of temperature in the

upper stratosphere,” Atmospheric Chemistry and Physics 11, 1009-1021 (2011).

G. Masiello, C. Serio, A. Carissimo, G. Grieco, and M. Matricardi, “Application of o-IASI to IASI: retrieval products evaluation and radiative
transfer consistency,” Atmospheric Chemistry and Physics 9, 8771-8783 (2009).

G. Masiello, C. Serio, F. Esposito, and L. Palchetti, “Validation of line and continuum spectroscopic parameters with measurements of
atmospheric emitted spectral radiance from far to mid infrared wave number range,” Journal of Quantitative Spectroscopy and Radiative
Transfer 113, 1286 — 1299 (2012).

. G. Liuzzi, G. Masiello, C. Serio, L. Palchetti, and G. Bianchini, “Validation of H,O continuum absorption models in the wave number range

180-600 cm ™! with atmospheric emitted spectral radiance measured at the antarctica dome-c site,” Opt. Express 22, 16784—16801 (2014).

. H. H. Aumann, X. Chen, E. Fishbein, A. Geer, S. Havemann, X. Huang, X. Liu, G. Liuzzi, S. DeSouza-Machado, E. M. Manning, G. Masiello,

M. Matricardi, I. Moradi, V. Natraj, C. Serio, L. Strow, J. Vidot, R. Chris Wilson, W. Wu, Q. Yang, and Y. L. Yung, “Evaluation of Radiative
Transfer Models With Clouds,” Journal of Geophysical Research (Atmospheres) 123, 6142-6157 (2018).

. C. Serio, G. Masiello, C. Camy-Peyret, and G. Liuzzi, “CO, spectroscopy and forward/inverse radiative transfer modelling in the thermal

band using iasi spectra,” Journal of Quantitative Spectroscopy and Radiative Transfer 222-223, 65 — 83 (2019).

. K. Masuda, T. Takashima, and Y. Takayama, “Emissivity of pure and sea waters for the model sea surface in the infrared window regions,”

Remote Sensing of Environment 24, 313 — 329 (1988).

. E Pastor, J. A. Valiente, and S. Khodayar, “A warming mediterranean: 38 years of increasing sea surface temperature,” Remote Sensing 12

(2020).

110004-4

¥¥:80:61 ¥20¢ dunr 0


https://doi.org/10.5194/amt-6-3613-2013
https://doi.org/10.1175/2007JCLI1824.1
https://doi.org/10.1016/j.rse.2012.12.008
https://doi.org/10.5194/amt-8-2981-2015
https://doi.org/10.3390/s19071532
https://doi.org/10.1175/BAMS-D-11-00027.1
https://doi.org/10.1016/S1364-8152(02)00027-0
https://doi.org/10.5194/amt-10-599-2017
https://doi.org/10.1016/j.jqsrt.2021.107739
https://doi.org/10.5194/acp-11-1009-2011
https://doi.org/10.5194/acp-9-8771-2009
https://doi.org/10.1016/j.jqsrt.2012.01.019
https://doi.org/10.1016/j.jqsrt.2012.01.019
https://doi.org/10.1364/OE.22.016784
https://doi.org/10.1029/2017JD028063
https://doi.org/10.1016/j.jqsrt.2018.10.020
https://doi.org/10.1016/0034-4257(88)90032-6
https://doi.org/10.3390/rs12172687

