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Abstract  Satellite remote sensing provides repeated global observations of key 
ocean surface variables. These observations are complementary to in situ measure-
ments. In fact, remotely sensed information fills some in situ gaps in temporal and 
spatial coverage, while in situ measurements, being a point-wise source of informa-
tion, provide critical ground-truth for satellite retrievals calibration and validation. 
Advances in satellite ocean technology and algorithm research make satellite remote 
sensing an indispensable tool for environmental monitoring of the open and coastal 
ocean. Moreover, remotely sensed products support the interpretation and the pre-
diction of oceanic phenomena that occur at regional and mesoscales in a synoptic 
way. In this chapter, we introduce basics of satellite oceanography, including the 
most used satellite orbits, the range of frequencies involved, and the processing 
levels related to the remote sensed products. Then, selected ocean products and their 
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applications, from ocean color to infrared observations of sea surface temperature, 
passive microwaves, and altimetry, are addressed. Finally, a special attention is 
devoted to synthetic aperture radars (SARs) and the emerging role of microsatellites 
in observing ocean variables and, in particular, wind speed.

8.1  �Introduction

During the past five decades, rapid technological growth has advanced the ability of 
satellites to observe and monitor the global ocean and its overlying atmosphere. 
Besides several pioneer activities experimented after the invention of photography 
(e.g., cameras mounted on balloons or pigeons), satellite remote sensing of the 
ocean began between 1960s and 1970s of the last century, when the USA launched 
the first meteorological observational satellites [1]. Since that time, many countries 
have launched satellites that carry instrumentations that allow us to observe several 
oceanic variables, including sea surface temperature (SST) and salinity (SSS), the 
concentrations of phytoplankton, sediments and suspended and dissolved material, 
the changes in sea surface height associated with current systems, the global distri-
bution of ocean waves, the wind speed and direction, the extent of polar sea ice, and 
many other derived information. In recent years, international agreements among 
different countries also favored the constellations of smaller satellites that usually 
focus on a specific ocean feature or phenomenon flying in complementary orbits, so 
that the coverage by a single satellite is enhanced by observations from the other 
constellation members. The multi-instrument Envisat mission, equipped with ten 
instruments operating at both microwave and optical frequencies, for example, has 
been replaced by the European Space Agency (ESA) Sentinel series of satellites, 
each one specialized on a different topic.

Prior to satellite oceanography, sea surface properties were determined only 
from dedicated and expensive ship expeditions, so that the ocean could be surveyed 
only slowly and incrementally. Earth-orbiting satellite sensors can indeed achieve 
large-scale synoptic observations that, therefore, enable the monitoring of several 
oceanic variables at different spatial scales and with a dense temporal sampling. 
This information is usually provided at short time delays and is used to produce 
time series several years long. The immediate availability of simultaneous data over 
large ocean areas is essential for assimilation into numerical models that contribute 
to weather and climate forecast.

Satellite oceanography is of course limited by a number of issues. Firstly, the 
penetration depth resulting from the range of frequencies used to collect remotely 
sensed measurements limits ocean monitoring to surface and near-surface parame-
ters. However, there is limited possibility to get direct information about the under-
lying water column. Hence, remotely sensed information can be completed by 
measurements performed by moored and drifting buoys, or by 3D reconstructions 
inferred through machine learning and statistical techniques applied to satellite 
observations [2, 3].
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Generally, in situ and satellite data should be viewed as an integrated system in 
order to enhance our knowledge of the physical and biogeochemical characteristics 
of the four-dimensional ocean. Several studies already demonstrated that the com-
bination of in situ observational networks enhanced spatial and temporal coverage 
of space-born remote sensing, and numerical simulations booted a number of 
oceanographic applications to address major concerns like global monitoring, disas-
ter management support, and climate change issues [4]. To ensure that its effect will 
be pervasive, in science, industry, and social welfare, the satellite oceanography 
community is working to strengthen the networking among different measurement 
technologies, provide a more efficient management of the processing chain—from 
the sensor to the user, improve the assessment of the different available observations 
and the combination of the different types of measurements (especially for coastal 
applications), and enhance data management and mining techniques to fully exploit 
the large amount of available information.

In this chapter, we provide a brief understanding of the rationale that underpins 
satellite remote sensing—from orbits to generic data processing (Sect. 8.2). Then, 
an overview of the main satellite oceanography techniques is provided focusing on 
the main aspects of ocean color (Sect. 8.3), thermal infrared temperature detection 
(Sect. 8.4), passive microwave radiometry (Sect. 8.5), altimetry (Sect. 8.6), and 
SAR (Sect. 8.7).

8.2  �Technical Background

8.2.1  �Electromagnetic Radiation

Ocean remote sensing can be defined as the use of electromagnetic radiation to col-
lect information about the ocean without being in physical contact with the sea 
surface under investigation [1]. Sea properties are inferred by analyzing the proper-
ties (e.g., the intensity and frequency distribution and the polarization) of the elec-
tromagnetic radiation received by the satellite-based sensors. This received radiation 
depends on a number of geophysical variables that—at once—affect the radiation 
emitted by the ocean, the reflected solar radiation, and the backscattered energy. 
Remote sensing instruments can be divided into imaging tools (e.g., the SAR, which 
natively provides measurements arranged as two-dimensional maps that are also 
known as images) and nonimaging tools (e.g., the microwave radiometer, which 
provides measurements in a swath-based fashion). The frequency that characterizes 
the remote sensing instrument must be selected to trade off a number of issues, e.g., 
capability of penetrating the atmosphere and sensitivity to the geophysical param-
eter of interest. Accordingly, the bands commonly adopted include visible (VIS), 
infrared (IR), and microwaves (MW); see Fig. 8.1a. VIS and near-IR (NIR) observa-
tions strongly depend on reflected sunlight so that they are restricted to daytime 
cloud-free periods. IR can be also performed during nighttime, but they are affected 
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by clouds. Conversely, the MW part of the spectrum allows all-day and almost all-
weather observations. Remote sensing tools can be also divided into passive and 
active. The passive microwave (PMW) instruments measure the naturally emitted 
blackbody radiation, while the active sensors transmit bur of signals and receive the 
electromagnetic wave that—after the interaction with the ocean—reaches the 
antenna. The latter can be the same antenna used in the transmission phase (mono-
static configuration) or an antenna hosted by a different satellite (bistatic configura-
tion or multistatic configuration when multiple antennas are used). Figure  8.1b 
provides a useful summary of the different remote sensing groups of sensors used in 
satellite oceanography, along with their applications, as previously reported in [6].

8.2.2  �Satellite Orbits

Ocean observation sensors are usually equipped onboard of Earth-orbiting (either 
geostationary or near-polar) satellites. The geostationary orbit is characterized by a 
period of one sidereal day (about 23.93  h), being located over the Equator at a 
height of about 35,800 km to ensure that the satellites always observed a fixed target 
area on the ground. The sensors onboard of these satellites can observe only part of 
the Earth that is limited to lower latitudes. Near-polar orbits call for lower altitude 
(typically 700–1350 km), and they are characterized by an orbital period of about 
100 min, so that satellites usually complete 14–15 orbits per day. Since the Earth 
rotates itself, satellites flying on these orbits cover the ground about 14 times along 
both descending (northeast–southwest) and ascending (southeast–northwest) tracks. 
Frequently, low near-polar orbits used for Earth observation are also arranged to be 
sun-synchronous in order to cross the Equator always at the same local solar time. 
This is important to boost interoperability among different sensors (e.g., to verify 
SAR-based wind estimations using nearly timely colocated scatterometer-based 
winds), to provide daily observations of SST or ocean chlorophyll at the same time 

Fig. 8.1  (a) Electromagnetic spectrum and the bands used for satellite oceanography according to 
atmospheric transmission windows; (b) an overview of the sensors used for satellite oceanography 
and the derived ocean variables (adapted from [5])
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in their diurnal cycle and to minimize cloud cover disturbance through the choice of 
a specific crossing time. Conversely, according to this orbit, the satellites do not 
pass directly over the poles reducing the coverage of these regions and giving rise to 
the famous “hole at the pole.” Besides the constraints of the platform on which it is 
placed, it is important to emphasize that every instrument has its own space-time 
sampling capabilities which can usually depend on the sensor itself [1].

8.2.3  �Imaging Techniques and Data Processing

Remotely sensed satellite products consist of millions of individual measurements 
collected by a specific sensor over a short length time interval by exploiting a sam-
pling pattern over the observed scene. This scene is referred to as instantaneous field 
of view (IFOV). Generally, each measured value represents the average of a variable 
property over the IFOV region observed during a finite time. Some sensors simply 
make downward-looking observations at periodic intervals, while the satellite 
moves over the ground, and others scan sideways across the satellite track direction. 
The former class of sensors provides an average value of the variable in the IFOV 
that is typically centered at the nadir (i.e., the point on the ground placed immedi-
ately below the satellite). The latter gives a wide swath usually centered on the satel-
lite ground track. The scanning and imaging mechanisms are different from sensor 
to sensor, as fully discussed in [6].

The raw data received by the sensor are converted into scientific units with a 
proper precision and accuracy which describe an observed geophysical variable. 
The processing of the swath data includes several steps which are extremely rele-
vant for the interpretation and application of the final ocean products. Thus, the 
users should be aware of all calibrations, corrections, analyses, and resampling that 
may have been applied to the satellite data before being released as quantitative 
information about an ocean variable. The main steps which are generally used to 
describe the processing tasks can be summarized into four stages of data processing 
which correspond to different levels of satellite products [7]:

–– Level 0—unprocessed raw data acquired by the sensor, in standard binary format;
–– Level 1A—Level 0 data processed and converted into an estimate of the electro-

magnetic property which the sensor is intended to detect, with related ancillary 
data (e.g., time, calibration coefficients, and geolocation information);

–– Level 1B—Level 1A data converted into sensor units (e.g., radiances and bright-
ness temperatures) and organized through along-track swaths;

–– Level 2—geophysical products (e.g., SST, SSS, and sea ice cover) in a swath 
format with same resolution of Level 1 products. They can represent the physical 
interpretation of the Level 1 units, usually derived from the combination of data 
from multiple channels and including an atmospheric correction;

–– Level 3—geophysical data mapped to uniform grids. Even though averaged in 
space and time from several Level 2 passes, they may still have gaps associated 
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with no data due to the swath geometry and/or the cloud cover. The pixel size is 
usually larger than the native Level 2 one. These products are useful to extend the 
ocean monitoring beyond the space-time constraints of a single overpass.

–– Level 4—Level 3 products combined with information from multiple platforms 
(e.g., different satellites, in situ measurements, and model outputs) to obtain a 
gap-free product on uniform grid.

8.3  �Visible Imagery

8.3.1  �Ocean Color Measurements

Satellite remote sensing of ocean color (OC) is today an indispensable tool for envi-
ronmental monitoring of the open and coastal ocean. When solar radiation hits the 
surface of the water, it is absorbed, transmitted, scattered, or reflected by water 
molecules and by other optically active particles in suspension in the upper layer of 
the ocean. OC radiometers detect the fraction of sunlight reemitted by the ocean 
surface after interaction with the water and any suspended matter and allow the 
retrieval of all the geophysical parameters that can be estimated through the obser-
vation of the sea surface at the visible wavelength bands of the electromagnetic 
spectrum [8].

This signal provides a reliable basis for estimating the concentration of chloro-
phyll associated with the phytoplankton of the upper ocean, that is, the main contri-
bution of remote sensing to ocean biological science. Phytoplankton are the primary 
producers of organic matter and the base of the food web in the ocean. They include 
all the marine algae that absorb light in the blue and red regions of the spectrum and 
reflect green light, thanks to the presence of chlorophyll pigments. Accordingly, as 
the concentration of phytoplankton increases in the water, the color of the water 
(blue) shifts toward the green [5]. For this reason, OC observations are used for 
monitoring large-scale seasonal and interannual phytoplankton dynamics, analyz-
ing its role in the global carbon cycle, and studying the response of marine ecosys-
tems to climate change [9].

In coastal areas, chlorophyll contribution needs to be distinguished from that of 
resuspended particulates, colored dissolved organic matter not associated with phy-
toplankton, and terrestrial suspended particulates due to river runoff. Several spe-
cific algorithms permit their identification, proving to be an excellent tool for 
monitoring coastal eutrophication, algal blooms, sediment plumes, and pollution, as 
well as their evolution due to coastal currents, storms, and tides, and provide reli-
able data which can also be assimilated in biogeochemical models [9].

G. Aulicino et al.
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8.3.2  �Sensors and Platforms

The OC observations from the space began in the 1970s with the launch of the mul-
tichannel scanning radiometer Coastal Zone Color Scanner (CZCS) onboard NASA 
Nimbus 7 satellite. Since then, several sensors have monitored the global ocean with 
a spatial and temporal sampling depending on the type of satellite mission and plat-
form. A summary of main OC instruments is reported in Table 8.1.

Given the biological, oceanographic and atmospheric constraints that character-
ize Earth observation in the visible bands (see Sect. 8.2.1), similar wavelengths, 
atmospheric corrections, and resolutions characterize the different available instru-
ments [1].

Generally, the operating OC sensors have several spectral bands spanning the 
visible wavelengths (400–700  nm), which are carefully selected on the specific 
response of several targets, e.g., the reflectance of open ocean waters and the phyto-
plankton pigment absorption. Additional bands in the NIR and the short-wave infra-
red (SWIR) are used indeed to provide atmospheric corrections. Among others, the 
recent Ocean and Land Color Imager (OLCI) sensor, flown on ESA Copernicus 
Sentinel-3 satellites since 2016, has even 21 spectral bands from 400 to 1020 nm 
which measure reflected solar radiation at a ground spatial resolution of about 
300 m [10].

Most of the current and defunct sensors were mounted on sun-synchronous polar 
orbiting satellites (e.g., CZCS, SeaWiFS, VIIRS, and MODIS) and were conceived 
for having wide sampling swaths in order to provide a global coverage of the Earth 
surface, at about 0.25–1 km resolution, every 3 days (at the equator) and more fre-
quently at the poles. Nevertheless, to overcome the limitations due to cloud cover, 
OC data are frequently used as L3/L4 averaged (weekly, monthly, and seasonal) or 
aggregated (4–9 km pixels) products to obtain continuous and reliable representa-
tions of the global ocean and marginal seas.

The observed geophysical parameters usually include chlorophyll concentration, 
cyanobacterial pigments, total suspended matter, colored dissolved organic matter, 
diffuse attenuation coefficient, and turbidity. Suitable and potential use from differ-
ent sensors is reported in Table 8.1.

OC sensors are also mounted on geostationary orbiting satellites, e.g., the 
Geostationary Ocean Color Imager (GOCI) instrument launched by the Korea 
Institute of Ocean Science and Technology (KIOST) in June 2010. Thanks to their 
repeated high-resolution observations over specific regions, these platforms improve 
the mitigation of the effects of cloud cover and provide biological parameters vari-
ability over daily or subdaily temporal scales [11].

Additionally, new requirements from user communities (e.g., a detailed monitor-
ing of coastal and estuarine areas) promoted the development of a new generation 
of hyperspectral radiometers which are able to sample the full visible spectrum and 
provide very high-resolution observations for selected areas with more than one 
sampling per day. In this framework, even though designed for terrestrial applica-
tions, the US Geological Survey Landsat 8 OLI sensor and the ESA Copernicus 
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Sentinel-2 MSI provide high-resolution (10–60 m) data which allow the monitoring 
of coastal floating vegetation, suspended particulates, and inland water color, as 
well as the identification of different types of phytoplankton, including those 
responsible for harmful algal blooms [8].

8.3.3  �Ocean Color Applications

OC remote sensing has many biological applications linked to the estimation of 
chlorophyll concentration, primary productivity, phytoplankton physiology and dis-
tribution, and their linkage at multiple trophic levels of the ocean food web. Marine 
ecology studies on Posidonia oceanica meadows, fish species like anchovies and 
sardines, which eat phytoplankton in their life cycle, as well as distribution, move-
ment, and migration of various marine species (e.g., whales, dolphins, pinnipeds, 
penguins, and turtles), have been developed analyzing chlorophyll patterns. OC data 
also demonstrated that the recruitment success of the fish planktonic larvae, usually 
transported by ocean currents, is directly related to the degree of timing between 
spawning and the seasonal phytoplankton blooms. Still, even studies on the distri-
bution of other species as invertebrates, pteropods, pelagic molluscs, and cephalo-
pods have been supported by satellite OC observations [9].

In physical oceanography, OC products are successfully used for the detection 
and analysis of basin-scale structures and regional dynamics, including eddies, oce-
anic fronts, and convergence zones in different areas of the global ocean [12, 13]. 
Since the visible radiation captures better the frontal features than SST data alone, 
thanks to the effect of dynamical processes on biological life, satellite-derived OC 
information represents a useful indicator to readily identify the upwelling regions in 
the oceans. The upwelling processes bring cold, nutrient-rich waters up to the sur-
face, so time series of chlorophyll concentration can easily describe their temporal 
and spatial variability.

Another OC parameter profitably used in coastal oceanography is the diffuse 
attenuation coefficient (Kd), which is representative of the total water turbidity and 
provides valuable information about the dispersion and transport of turbid coastal 
waters [14].

These applications are extremely useful for several economical and societal 
activities, such as fishery and aquaculture management, marine protected area mon-
itoring, ecosystem models improvement, and hazard monitoring due to water qual-
ity, eutrophication, and harmful algal blooms. In South Africa, for example, the 
availability of regular OC hyperspectral data assists in discrimination of certain 
harmful algal species which have previously provided negative impacts on aquacul-
ture and which can be distinguished from spectral features. Along Indian coast, OC 
data have been proficiently used for location of productive regions through the anal-
ysis of oceanographic processes important for enrichment of nutrients (e.g., upwell-
ing and convective mixing) and for creation of maps of potential fishing zones 
which help to optimize fishery and contrast overfishing [9].

8  Remote Sensing Applications in Satellite Oceanography
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8.4  �Infrared Radiometry

8.4.1  �Sea Surface Temperature Infrared Observations

IR satellite observations consist of measurements of the blackbody radiation emit-
ted from the top few micrometers of the sea surface. Thus, the retrieved SST should 
be considered as a measure of the ocean skin temperature. A complete description 
of thermal skin effects, diurnal variability, and atmospheric corrections can be found 
in [15].

The first reliable quantitative satellite observations of SST started in 1979 when 
the first radiometers with multiple IR and MW channels were deployed and allowed 
corrections for the effects of the atmosphere. From the advanced very high-
resolution infrared radiometer (AVHRR) on, satellite measurements provided 
exceptional information to study global climate change and regional ocean dynam-
ics (e.g., eddies and filaments, upwelling/downwelling, and ocean fronts), and sup-
port anthropic sea activities (e.g., fisheries, ship routing, and forecasting). To this 
aim, since 2002, an important role has been played by the Group for High-Resolution 
SST (GHRSST) which includes scientists and operational practitioners to discuss 
issues and results, and coordinate research and operational activities [16]. Besides 
AVHRR on METOP satellites series and NOAA polar orbiting platforms, at pres-
ent, IR observations are also collected by MODIS (since 2002) and VIIRS (since 
2011) which provide broad swath (2300–3000 km) daily observations at 0.75–1 km 
resolution, as well as by several instruments flown by India, Japan, and China space 
agencies and Earth observation centers. A technical and historical description of IR 
instruments is provided by [15].

Several geosynchronous satellites also collect IR observations, e.g., the Spinning 
Enhanced Visible and Infrared Imager (SEVIRI) on the Meteosat Second Generation 
satellite, and the Japanese MTSAT VIS/IR imager and the Advanced Baseline 
Imager (ABI) on the GOES-R. They all operate with resolutions of 1–4 km and 
impressive (up to 30 minutes) revisit time [5].

Although information is acquired at different bands of the IR spectrum, MODIS, 
VIIRS and the geosynchronous instruments use similar algorithms to retrieve SST 
from pixels which are not affected by clouds or aerosols. Given the strong correla-
tion existing between the atmospheric water vapor content and SST, these algo-
rithms usually involve two bands to remove or minimize the effects of the atmosphere 
and include different series of diurnal and nighttime empirical regression coeffi-
cients (an) derived from matchup observations [17]. This split-window technique is 
implemented as a simple nonlinear combination of measured brightness tempera-
tures [18] having the form of

	
SST C a a T a T T T a T TR

�� � � � � �� � � �� � �� �0 1 2 31 1 2 1 2
1� � � � � �sec

	
(8.1)
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where Tλ1
 and Tλ2

 are the temperatures (in K) measured at wavelengths where the 
atmosphere is relatively transmissive (11–12 μm), TR is the daily “first-guess” esti-
mate of the SST in the area (in °C), and θ is the satellite zenith angle measured at 
surface. It is important to emphasize that for nighttime retrievals, observations at 
mid-IR bands (3.5–4 μm) can also be used for obtaining more accurate products.

The along-track scanning radiometer (ATSR) equipped onboard of the ERS-1/2 
and the Advanced ATSR (AATSR) flown on Envisat used an approach different 
from the split-window technique to remove the atmospheric effect on the observed 
radiances and, therefore, to obtain reliable SST retrievals at 1 km resolution and 
about 0.3–0.4 K standard deviation [19]. In fact, those instruments are designed to 
acquire multichannel information with a dual-look-angle technique [20], that is, 
observing the same element of ocean surface through two different atmospheric 
path lengths in an interval of time short enough so that the SST and atmospheric 
conditions do not change. The dual-look successor to AATSR is the sea and land 
surface temperature radiometer (SLSTR) that operates in a similar manner on ESA 
Copernicus Sentinel-3a and Sentinel-3b since 2016 and 2018, respectively. This 
instrument uses two scan mechanisms and a flip mirror to enable wider swath and 
takes advantage of an accurate self-calibration of the measured radiances that is 
achieved using two onboard blackbody cavities [15].

8.4.2  �Ice Surface Temperature

Split-window technique has been also adapted to retrieve ice surface temperature 
(IST) over ice fields that cover the sea surface in polar regions. To this purpose, 
specific Arctic and Antarctic sets of regression coefficients have been derived in 
order to consider the unique polar ocean characteristics [21]. An interesting IST 
application has been devoted to the monitoring of polynyas [22], the recurring and 
quasi-permanent highly dynamic areas of open water which interrupt the continu-
ous ice cover regulating the exchange of heat, energy, mass, and momentum between 
the ocean and the atmosphere, and represent important hot spots for ice production, 
deep-water formation, and ventilation of the global oceans [23].

The polynyas extent variability is probably the most useful variable that can be 
retrieved from satellite imagery to study these areas. The presence of strong gradi-
ents of temperature, associated with the transition between open water and ice field, 
makes IST information an excellent variable to detect polynyas edges with a good 
accuracy [24], independently from the exact IST value that is retrieved (Fig. 8.2). 
Despite the constraints of necessary clear-sky scenes and the better estimations pro-
vided by high-resolution SAR imagery [25, 26], the availability of multiple IR 
observations a day (e.g., from MODIS acquisitions) usually reduces gaps in daily 
monitoring of several polynya areas [22].
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8.5  �Passive Microwave Radiometry

8.5.1  �Physical Aspects

MW radiometers are passive instruments that observe the radiation naturally emit-
ted by the sea surface and that can be used to retrieve several atmospheric and ocean 
properties, such as SST, SSS, the extent and concentration of sea ice cover, the wind 
speed, and the rain rate over the ocean. These sensors provide global all-weather 
coverage, both day and night. Since the atmosphere is much more transparent than 
in the VIS and IR (VIR), especially in the range between 1 and 10 GHz, MW instru-
ments can view the surface through clouds and gather data under almost all-weather 
conditions except heavy rain.

At the MW frequencies, the Planck’s function can be approximated to the 
Rayleigh–Jean law [15], so that the emitted radiance varies linearly with the surface 
physical temperature (TS) within a frequency interval. As in the IR, the MW bright-
ness temperature (TB), i.e., the temperature of the black body source that would 
generate the measured radiance, is related to the physical temperature by the sea 
surface dielectric properties of the sea surface, which are described by its emissivity 
(ε), as summarized by the radiative transfer equation [27].

	
T tT t T t t T t T TB S ext� � �� � � �� � �� � � �� � �� �� � �1 1 1 1 2

sun 	
(8.2)

where (1–ε) represents reflectivity, t is transmissivity, T  is the vertical average of 
the tropospheric temperature profile, Tsun is the solar TB, and Text is the extraterres-
trial brightness temperature exclusive of the sun.

Fig. 8.2  Terra Nova Bay 
(TNB—yellow square) 
polynya area (dark blue) 
observed through MODIS 
derived ice surface 
temperature retrievals on 
September 15, 2014. 
Estimated polynya extent 
is about 1428 km2
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Its approximation in the polar atmosphere

	
T p p TB S� � �, ,� � � � �· 	

(8.3)

also suggests that TB is a function of polarization (p). In fact, ocean MW emission 
is strongly polarized, as it depends on the orientation of the electric field in the plane 
of incidence with the emitting surface. Since the emissivity changes as the wave-
length and polarization vary, the TB measured at different wavelengths and at differ-
ent polarizations can be used to retrieve information about the characteristics of the 
seawater that is emitting the radiation. Considering how each factor differentially 
affects different MW frequencies, multifrequency and multipolarization radiome-
ters can be used to observe sea surface and retrieve several geophysical parameters 
by using empirical algorithms, calibrated and validated versus in situ observations. 
Frequencies used in PMW retrieval of oceanic variables are restricted to specific 
windows in the range 1–90 GHz to avoid interference from other users, as modern 
telecommunications and broadcasting infrastructure. These signals would swamp 
background radiation from natural sources, but by international agreement certain 
bands are preserved for passive radiometry [5].

Finally, since less energy is available in the MW than in the VIR, a larger aper-
ture or a larger FOV is needed at the long MW wavelengths to obtain the same 
spatial resolution. Despite significant improvements in swath width, spatial resolu-
tion, and spectral diversity have occurred in the last decades, due to size constraints 
that limit antenna diameters to 1–4 m, at present the resolution of PMW-derived 
products is usually in the range 3.125–100 km [28].

8.5.2  �Wind Speed and Sea Surface Temperature

As mentioned above, the radiation emitted by the sea surface at MW wavelengths 
depends not only on water temperature and its dielectric properties, but also on the 
orientation and shape of the sea surface [5]. Consequently, wind speed is one of the 
parameters that can be retrieved from a multifrequency MW radiometer using 
empirical algorithms that exploit wind sensitivity at frequencies between 6 GHz and 
37 GHz [29]. The first wind speed retrievals date to 1987, thanks to the information 
collected by the Special Sensor Microwave Imagers (SSM/I) series of instruments 
carried on the U.S. Defense Meteorological Satellite Program (DMSP). The micro-
wave imager (TMI) on the Japanese–U.S.  Tropical Rainfall Measuring Mission 
(TRMM) satellite and the Japanese Advanced Microwave Scanning Radiometer 
(AMSR-E) on the NASA Aqua near-polar orbit satellite also provided daily maps of 
wind speed, since 1997 and 2002, respectively. However, it is important to remark 
that none of these sensors provide wind direction information as they do for speed 
(see Chap. 2).

A first fully polarimetric microwave radiometer is indeed the experimental 
WindSat instrument. It was launched on 2003 onboard the Coriolis spacecraft with 
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the main purpose of retrieving both speed and direction of the wind from V-pol and 
H-pol measurements, and provides a cheaper alternative to scatterometers [30].

As for SST, the use of the 6.6 GHz channel, which is sensitive over the full range 
of sea temperatures, including cold waters, only began in 2002 with the 
AMSR-E. This sensor provided routine, high-quality, cloud-free, and global map-
ping of SST over a 1450 km swath, with an accuracy of about 0.4 K and a spatial 
resolution of about 25 km. Composite daily, weekly, and monthly maps at 1/4°, 
which are extremely useful to complement infrared radiometers L4 products, are 
provided as well. In 2012, AMSR-E has been replaced by a second-generation 
AMSR2 on the Japanese Global Change Observation Mission—Water (GCOM-W) 
satellite.

SST observations from PMW are also available since 1997 through the TRMM 
TMI microwave imager but using only the 10.7 GHz channel. Although limited to 
latitudes lower than 40°, TMI provided continuous observations of the tropical 
oceans with a resolution of up to 25 km, which allowed the first mapping of meso-
scale eddies [31]. As for next-generation satellites, ocean scientists usually suggest 
SST sensors that could combine the IR and MW channels to provide all-weather 
SST fields with higher resolution.

8.5.3  �Sea Surface Salinity

Sea surface salinity (SSS) is a key component of the water cycle. Its role in ocean 
density makes it an essential driver of oceanic circulation, a critical parameter for 
recognizing water masses and understanding their variability and biogeochemical 
properties, and a tracer of precipitation/evaporation as well as ice melt/freeze.

The retrieval of SSS from microwave radiometry is based on the emissivity of the 
ocean surface, which depends on the sea surface roughness, and on the dielectric 
constant of seawater that is a function of temperature and salinity. In such context, 
three L-band missions, i.e., the ESA Soil Moisture and Ocean Salinity (SMOS) mis-
sion [32], the NASA Aquarius mission [33], and Soil Moisture Active Passive 
(SMAP) observatory [34], provided an unprecedented source of salinity informa-
tion over the global oceans, which are very useful to improve models and compen-
sate for the scarcity of in situ observations. Since notable differences exist in the 
instrumental approaches, as well as in the retrieval algorithms and in the dielectric 
constant models, the three satellite products exhibit SSS errors with a strong depen-
dence on the SST that generally varies with the sensor and version of the prod-
ucts [35].

SMOS satellite was launched in late 2009 and carries aboard an electronically 
focusing synthetic aperture instrument named MIRAS (Microwave Imaging 
Radiometer using Aperture Synthesis) operating in L band (1.413 GHz), a protected 
band at which artificial emissions are forbidden and atmospheric disturbance is neg-
ligible. SMOS SSS products are collected over swath of approximately 1000 km 
with a spatial resolution of 35–50  km and demonstrated good sensitivity of the 
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ocean surface TB to SSS in the tropics and subtropics [32]. However, the sensitivity 
decreases rapidly in cold waters and over areas in which additional undesired effects 
are due to land–sea and ice–sea contaminations, as well as radio-frequency interfer-
ence (RFI). Even though L band was supposed to be reserved to science, after the 
first SMOS data retrievals, the presence of contaminating unlawful sources was 
indeed noticed [36]. RFI and coast contamination are also challenging in semi-
enclosed seas (e.g., the Mediterranean Sea) and represent serious limitations also in 
Aquarius and SMAP measurements. Nevertheless, several strategies have been 
developed to overcome these issues and provide new sets of SMOS SSS enhanced 
data [37, 38]. These enhanced products have been already used, for example, to 
describe SSS variability at high latitudes [39] or to detect mesoscale structures and 
reconstruct coherent currents in the Mediterranean Sea [40].

It is important to remark that other than the nominal uses, SMOS has proved to 
be a versatile satellite, as its data have been used also for additional applications, 
like wind speed estimation inside tornadoes [41], or the monitoring of the extent and 
thickness of sea ice [42, 43].

The Aquarius L-band radar/radiometer collected data from August 2011 to June 
2015 over a 390 km wide swath with a spatial resolution of about 100–150 km. A 
complete overview of the progressive improvement obtained in the final version of 
the released products (i.e., Version 5) and a discussion of the unsolved issues can be 
found in [44]. Several authors showed that Aquarius data provide reliable informa-
tion over different areas through comparison with in situ observations and model 
outputs [45]. Like in SMOS, major issues arise in proximity of coastlines, over 
areas affected by heavy rain or high RFI and at high latitudes where the L band is 
less sensitive to SSS. Although the SMAP mission was originally conceived for 
acquiring direct observations of soil moisture and freeze/thaw, it has been demon-
strated that the Aquarius retrieval algorithm can be adapted to retrieve SSS also 
from this dataset [45].

Future missions are also being planned to enable continuity in the regular and 
global observation of SSS. Unfortunately, at present SSS products are characterized 
by a coarse spatial resolution. Next generation of ocean salinity satellite instruments 
should achieve a much finer spatial resolution (i.e., an order of magnitude) in order 
to support better the oceanographic, meteorological, and climatological applica-
tions [36]. Such improvements cannot be achieved with classical interferometry, so 
improved techniques should be considered, including the use of a long baseline 
spatio-temporal interferometer and that of multiple frequencies.

8.5.4  �Sea Ice Applications

Sea ice cover has a central role in the albedo feedback mechanisms that regulates 
climate response at high latitudes and influences the exchange of heat, gases, and 
momentum between ocean and atmosphere over the polar regions [46, 47]. The 
monitoring of sea ice extent, concentration, and types represents nowadays a 
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reliable product of PMW imagers. The dielectric properties of sea ice vary during 
different stages of growth and decay and are affected by thickness, desalinization, 
snow cover, roughness, and surface wetness. Thus, the MW emissivity of sea ice is 
more variable and less predictable than that of seawater, which increases with fre-
quency. The simple formulation of radiative transfer equation in polar regions 
(Eq. 8.3) and the large differences in open water and sea ice emissivity (TB contrast 
is usually >100 K) favored the retrieval of continuous and remarkable ice informa-
tion on a daily basis. This information allows us to produce composites of the sea 
ice extent (defined as areas with at least 15% ice coverage) and sea ice concentration 
variability during the last 40 years and to describe the seasonal to interannual behav-
ior, and the multidecadal trends, in both the Northern and Southern Hemispheres 
sea ice coverage (Fig. 8.3).

The different responses of the emissivity of open water and sea ice categories to 
frequency and V/H polarization represent the basis for the algorithms that combine 
the multifrequency and multipolarization data collected by SSM/I and AMSR-E 
(and their successors) instruments. SSM/I and SSM/IS (Special Sensor Microwave/
Imager Sounder) operate since 1987 (2003) collecting MW observations at 19.35 
(V, H), 22.235 (V), 37.0 (V, H), and 85.5 (V, H) GHz. Continuity is available back 
to 1978, thanks to the scanning multichannel microwave radiometer (SMMR) 
onboard the NASA NIMBUS-7 spacecraft. Since 2002, AMSR-E (and then 
AMSR2) employ similar, but not identical, channels at 6.9 (V, H) 10.7 (V, H), 18.7 
(V, H), 23.8 (V, H), 36.5 (V, H), and 89.0 (V, H) GHz, with an improved spatial reso-
lution (6.25 km) respect to SSM/I (12.5–25 km). Technical details, issues, and limi-
tations of main empirical algorithms used for sea ice extent and concentration 
monitoring (e.g., Nasa Team, Bootstrap) are discussed in [48].

Additionally, it is important to remark that first-year ice is saline, while the sur-
face of multiyear ice is nearly fresh and contains many air bubbles (Martin, 2014). 
Thus, measuring emissivity at different MW frequencies and polarizations also pro-
vides valuable information about ice types and thickness as demonstrated in several 
studies [48–51].

8.6  �Synthetic Aperture Radar

8.6.1  �Basics of Synthetic Aperture Radar Imaging

SAR is an off-nadir active microwave imaging sensor that allows obtaining fine-
resolution images of the Earth’s surface day and night under almost any weather 
conditions latitudes [52]. SAR sensors are usually equipped onboard of aircrafts or 
satellites in order to exploit the platform’s motion to synthesize an antenna longer 
than its physical dimension. This mechanism makes the spatial resolution of SAR 
imagery much finer than the one provided by real aperture radars. The image forma-
tion process relies on the transmission of modulated microwave pulses while 
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receiving coherently the echoes scattered off by the observed target. Hence, the 
SAR image represents a two-dimensional estimation of the target reflectivity which 
can be linked to the normalized radar cross section (NRCS)—also termed as back-
scattering coefficient, σ0—for each resolution cell [52]. The latter depends on both 
SAR imaging parameters (wavelength, incidence angle, etc.) and target properties 
(roughness, moisture, electric permittivity, etc.).

The SAR acquisition geometry is shown in Fig. 8.4. The antenna beam, pointing 
toward the Earth’s surface, illuminates an area termed as footprint, whose width is 
called swath. The observed area spans two directions: azimuth and range, which are 
parallel and orthogonal to the platform flight direction, respectively. The ground 

Fig. 8.3  PMW daily and monthly ice extent and concentration products provide a quick look at 
Arctic- and Antarctic-wide changes in sea ice since 1979. These examples show sea ice extent 
anomalies during the month of October in the (a) Northern and (b) Southern Hemisphere since 
1979; (c) October 2020 sea ice average concentration in the Arctic with an outline of the 30-year 
(1981–2010) median extent for that month (magenta line); (d) October 2020 sea ice concentration 
anomalies in the Southern Ocean (National Snow and Ice Data Center, University of Boulder 
Colorado, https://nsidc.org/data/seaice_index)
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area closer to the nadir direction of the SAR sensor is termed near range, while the 
further one is known as far range. With respect to the nadir, the pointing of the 
antenna beam defines the incidence angle, which spans from near to far range. 
When dealing with SAR, the off-nadir looking geometry needed to solve range 
ambiguities results in a slant range along the line-of-sight direction and a ground 
range along the Earth’s surface, which are related to each other by the inci-
dence angle.

The interpretation of SAR imagery is hampered by the geophysical multiplica-
tive noise that affects any coherent sensor [52]. In fact, the coherent superposition 
of the backscattered fields due to elementary scatters that lie within each resolution 
cell results in statistical fluctuations, also known as fading. As a result, gray-tones 
NRCS SAR images are characterized by a “salt and pepper” appearance termed 
speckle, which is a random noise that needs to be reduced, at the expenses of the 
spatial resolution, to improve the capability of extracting reliable information from 
SAR imagery.

Together with the wavelength of the microwave pulses, an important property 
that characterizes SAR imaging modes is the polarization. SAR sensors used for 
Earth observation purposes usually transmit linearly polarized signals, horizontal 
(H) and/or vertical (V) with reference to the polarization plane, while receiving 

Fig. 8.4  Sketch of the SAR acquisition geometry
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coherently in an orthogonal linear H-V basis. The simplest SAR architecture—
termed as single-polarization SAR—consists of transmitting a linearly polarized 
signal while receiving along the same component. When dealing with SAR imaging 
of the oceans, according to the Bragg/tilted Bragg scattering theory, the vertical 
polarization is considered to maximize the received signal. Hence, single-
polarization SAR operating with a vertical polarization measures the NRCS under 
vertical transmission and vertical reception, i.e., the VV co-polarized channel 
σ0

VV. Nevertheless, advanced but more demanding SAR imaging modes, i.e., polari-
metric architectures, allow observing the scene under polarization diversity, increas-
ing the geophysical information retrieval capability [53].

The SAR sensors are able to acquire images of the Earth’s surface under different 
imaging modes; each of them is characterized by different spatial resolution, polar-
ization, area coverage, and incidence angle among the various parameters. The most 
common imaging modes are Stripmap, ScanSAR, and Spotlight [52]. The Stripmap 
mode consists of illuminating the ground with a continuous sequence of pulse, 
while the antenna beam is fixed in both azimuth and elevation directions; i.e., a 
homogeneous scan is made that results in an image quality which is constant along 
the flight direction. The ScanSAR mode consists of moving the antenna beam along 
the swath, therefore covering different incidence angles. This results in a reduced 
azimuth bandwidth and, hence, in a coarser spatial resolution. The Spotlight mode 
consists of using an observation time as long as the synthetic aperture, resulting in 
a finer resolution if compared to the Stripmap mode. Spotlight is the finest resolu-
tion SAR imaging mode, even if it provides information over a very limited area on 
the ground.

The main data format for SAR data processing to generate added-value products 
are single-look complex (SLC) and ground range detected (GRD):

•	 SLC (Level 1A in Subsect. 8.2.3): SAR images are stored, after raw data focus-
ing, in complex format (real and imaginary part). They are represented in radar 
coordinates, i.e., over the slant range azimuth plane centered in the zero Doppler 
point. The product needs radiometric calibration to obtain the NRCS value for 
each pixel of the image. SLC products are suggested for data processing that 
needs phase information.

•	 GRD (Level 1B in Subsect. 8.2.3): SAR images are stored, after raw data focus-
ing, in real format (amplitude). They are represented over the ground range azi-
muth plane using a reference model for the Earths’ ellipsoid. The product needs 
radiometric calibration to obtain the NRCS value for each pixel of the image. 
GRD products are suggested for data processing that exploits intensity.

Nowadays, it has been widely demonstrated that SAR satellites represent a key 
source of information for a broad range of ocean applications including coastline 
extraction; wind field retrieval; target detection; oil spill monitoring; observation of 
ocean features as eddies, internal waves, currents; sea ice classification; and extreme 
weather phenomena observation.
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8.6.2  �Small-Size Satellites Technology

In very recent years, with the goal of providing a cost-effective and broader access 
to the space segment even for small companies and universities by trading off satel-
lite planning constraints and launch costs, small-size lighter Earth observation satel-
lites have been launched. This was boosted by the growing developing of engineering 
technologies in the fields of nano-electronics, micromechanics, solar cells, position-
ing systems, and telecommunications. In fact, before the beginning of the small 
satellite era, typical satellite mass was in the range 500 kg–2000 kg, for a cost in the 
range of 40–170 billion euros, making this market restricted to space agencies and 
well-established governmental agencies [54]. When dealing with small satellites, 
mass and cost were dramatically reduced down to few kilograms and few thousand 
euros, respectively, welcoming into this market many other aerospace operators and 
private small companies as ICEYE, XpressSAR, and OptiSAR.  In addition, the 
limited costs allow launching experimental space instruments to be tested and vali-
dated for research purposes.

Satellites can be grouped according to their mass since it has a direct impact on 
the launch cost when placed as payload onboard of space vehicles. Small satellites 
are classified as minisatellites (100–1000 kg), microsatellites (10–100 kg), nano-
satellites (1–10 kg), picosatellites (0.1–1 kg), and femtosatellites (0.001–0.1 kg); 
see Table 8.2.

The fundamental element of most the small-size satellites is the Cubesat, a small-
size satellite composed by one or more 10 cm3 modular units. An “XU” Cubesat 
indicates a small satellite composed by “X” modular units. The use of Cubesat 
allows optimizing the hosting capabilities of large launchers; i.e., Cubesat modular 
units are so small that can be placed as a secondary payload in the extraspace pres-
ent in large space vehicles in order to put in orbit several small-size satellites with a 
single launch. Furthermore, the whole Cubesat project from the original idea to the 
launch takes no longer than 24 months with a total cost that does not exceed 1 bil-
lion euros. Several Italian (BlackSky, PlaTino) and international (Quakesat-1, 
Genesat-1, PRISM, NovaSar, ICEYE) space missions used Cubesat with different 
payloads depending on the goals of the mission. In 2016, the NRC NASA report 
found that 34 Cubesat were operating along with 18 space missions, while 46 more 

Table 8.2  Satellite classification based on dimension and mass [55]

Satellite class Mass (kg)

Large >1000
Mini 100–1000
Micro 10–100
Nano 1–10
Pico 0.1–1
Femto 0.001–0.1
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Cubesat were already planned. In 2017, 8 Cubesat missions for Earth observation 
equipped with optical spectrometers and microwave sensors were developed (three 
3 U and five 6 U satellites) by the Earth Science Technology Office (ESTO) under 
two different NASA space programs: Inflight Validation of Earth Science Technology 
(InVEST) and Earth Venture Technology [56, 57].

The main planning criteria to be satisfied by the small-size Cubesat satellite can 
be summarized as follows: minimizing the deployment costs and the risks associ-
ated with the instruments; standardizing the modular units; using electronics which 
is robust to space radiation; and optimizing pointing and propulsion systems. 
Nowadays, the small-size satellite technology was exploited to host SAR sensors in 
several space missions. The main mini-SAR satellite (see Table 8.2) missions for 
Earth observation are as follows [55]:

•	 NovaSAR-1 (UK, 400 kg);
•	 TecSAR (Israel, 260 kg);
•	 SmallSat InSAR (USA/India, 180 kg);
•	 Micro-XSAR (Japan, 135 kg).

The main micro-SAR satellite (see Table 8.3) missions for Earth observation are 
as follows:

•	 ICEYE (Finland, 85 kg);
•	 Micro-SAR (Norway, 65 kg);
•	 Capella-XSAR (USA, 48 kg).

8.6.3  �The ICEYE Constellation Mission

ICEYE is a Finnish commercial company that was born in 2012 from a research 
team of the Aalto University. The ICEYE company planned to launch a constella-
tion of 18 sun-synchronous circular orbit (570  km height, 97° inclination) 

Table 8.3  Main ICEYE microsatellite characteristics

Satellite characteristic Value

Carrier frequency (GHz) 9.65, X band
Look direction Right and left
Antenna size (m) 3.2 × 0.4
Pulse repetition frequency (kHz) 2–10
Range bandwidth (MHz) 10–300
Polarization VV
Microwave peak power (kW) 4
Total mass (kg) 85
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microsatellites in the next few years, offering an unprecedented dense revisit time 
of 3 h on average, worldwide. Actually, 7 out of the 18 satellites are operating.

The first satellite of the constellation was launched on January 2018 by the Indian 
rocket PSLV-C40, while the second one was launched in California on December 
2018 by the VAFB (Vandenberg Air Force Base) SpaceX Falcon-9 Block 5 launcher, 
during the SSO-A Spaceflight mission. The last satellite was launched on September 
28, 2020, from the Russian Plesetsk Cosmodrome as secondary payload of the 
Roscosmos Rideshare Soyuz-2.1b/Fregat.

ICEYE satellites are equipped with X-band SAR sensors (carrier frequency 
around 10 GHz, corresponding to a wavelength of about 3 cm) to keep a small size 
since the transmitted wavelength is comparable to the actual antenna size [52]. Each 
SAR belonging to the ICEYE microsatellite constellation is identified by the label 
“ICEYE-XN,” where “N” stands for the satellite identifier. ICEYE-X1 was the first 
micro-SAR satellite. The main technical features of ICEYE-X2, ICEYE-X4, and 
ICEYE-X5 are listed in Table 8.4.

It can be noted that they are all equipped with single-polarization VV SAR sen-
sors characterized by a small 3.2 m × 0.4 m phased array antenna, an incidence 
angle range spanning from 10° to 35° depending on the imaging mode, and total 
satellite mass of 85 kg. The ICEYE micro-SAR satellites acquire images under two 
different imaging modes, Stripmap and Spotlight modes, that call for a spatial reso-
lution up to 2.5  m and 0.25  m, respectively. A ScanSAR imaging mode is also 
planned to be implemented in the near future; see Table 8.3. Note that, indepen-
dently on the imaging mode, the noise equivalent sigma zero (NESZ), i.e., the noise 
floor of the SAR instrument, is always better than −19 dB, which is comparable 
with NESZ values of same imaging modes of conventional X-band SAR satellites 
as the German TerraSAR-X. As an example, a SAR image collected by ICEYE-X5 
over the coast of Port Hedland (Australia) in Stripmap mode is shown, overlapped 
on the Google Earth map (Fig. 8.5).

Several studies assessed the small-size satellite constellation, including ICEYE, 
performance with respect to satellite mass, and total cost of the space mission (satel-
lite development and launch); see Fig. 8.6 [54, 58].

Table 8.4  Main features of the ICEYE SAR imaging modes

SAR parameter
Spotlight 
high Spotlight

Stripmap 
high Stripmap

Area coverage (km2) 5 × 5 5 × 5 30 × 50 30 × 50
Range × azimuth ground resolution (m) 1 × 1 1 × 1 3 × 3 3 × 3
Range × azimuth slant resolution (m) 0.5 × 0.25 0.5 × 0.5 0.5 × 2.5–3 0.5–1.5 × 2.5–3
NESZ (dB) ≤17 ≤17 ≤17 ≤19
Incidence angle range (°) 20–35 20–35 15–30 15–30
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8.6.4  �SAR Wind Speed Retrieval

The scattering of the electromagnetic waves from the ocean surface is mainly ruled 
by the electrical and geometrical properties of the ocean layer involved in the inter-
action between electromagnetic waves and ocean. At microwave frequencies, the 
scattering from the wind-roughened ocean surface is the main mechanism. It results 
from complex nonlinear interactions which are time-dependent and affected by the 
atmospheric boundary layer [59]. Generally speaking, when the wind blows, short 
waves that are aligned to the wind direction are generated first, and then, while it 
continues to blow, large waves are generated until equilibrium is reached. This 

Fig. 8.5  A gray-tones intensity image collected by ICEYE-X5 over the coast of Port Hedland 
(Australia), superimposed on the Google Earth map

Fig. 8.6  ICEYE performance analysis with respect to (a) mass and (b) cost [54]
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reference case, usually assumed in SAR ocean modeling, is known as a fully devel-
oped sea [58]. Whenever the fully developed sea case is in question and no swell or 
coastal effects are present, it is possible to relate the ocean roughness to the local 
wind speed and direction, i.e., wind field, by a proper modeling, which is at the basis 
of the scatterometer, i.e., a multibeam real aperture radar that is designed to provide 
mesoscale estimations of sea surface wind field (see Chap. 2). These sensors offer 
limited possibility for wind estimation in coastal regions due to land/sea contamina-
tion arising from their coarse spatial resolution.

Within this context, the SAR is a key tool to generate high-resolution (up to 
1 km) wind maps that are used in local forecasting, typhoon monitoring, and coastal 
engineering applications. However, unlike the scatterometer, the SAR was not 
designed for ocean surface wind retrieval, and, therefore, it is impossible to derive 
both the wind speed and direction based on NRCS values alone. Several approaches 
have been proposed to deal with wind direction retrieval based on the use of addi-
tional wind data sources, e.g., operational meteorological models and wind-aligned 
features observed in the SAR images (typically in coastal zones) or measurements 
from other in situ or remote sensors. With respect to wind speed, empirical geo-
physical model functions (GMFs), originally developed to exploit C-band 
VV-polarized scatterometer measurements [60, 61], have been tuned and recali-
brated to deal with SAR measurements at different frequencies and polarizations. 
However, when retrieving wind speed using those GMFs, wind direction informa-
tion must be provided in the retrieval process [60]. This means that errors in the 
wind direction estimation are propagated into the wind speed estimation.

An alternative approach to the GMF is the so-called azimuth cutoff methodology 
[62]. It is a spectral method that does not need neither calibration of the data nor any 
a priori information on wind direction [10] and, therefore, has recently gained more 
attention [63, 64]. According to [62], the azimuth cutoff λc is linked to the direc-
tional sea spectrum S(ω,δ,φ) as follows:

	

� �� � � � � �c S d� � �
�

�
0

2 , ,

	

(8.4)

where ω is the angular frequency of sea waves, δ is the incidence angle, φ is the rela-
tive direction of the ω-component of the sea surface spectrum, and β is the ratio 
between the slant range distance and the velocity of SAR platform.

The retrieval of λc from SAR imagery consists of some key steps: (a) The SAR 
image is partitioned into a number of tails; (b) the autocorrelation function (ACF) is 
estimated by evaluating the inverse fast Fourier transform (IFFT) of the PSD com-
puted for each tail; (c) speckle noise peaks are mitigated by median filtering; (d) λc 
is estimated as follows [64]:
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	 � ��c � 2 	
(8.5)

where σ is the standard deviation of the Gaussian bell that best fits the estimated 
ACF; e) the sea surface wind speed at 10 m above sea level (U) is estimated from 
the linear relationship [62]:

	 �c a bU� � 	
(8.6)

where a and b are coefficients to be determined from data. Once the azimuth cutoff 
algorithm was detailed, the sea surface wind speed estimation from ICEYE micro-
SAR satellite imagery is showcased to demonstrate the potential of small-size SAR 
satellites for ocean monitoring. An image collected on September 7, 2019, by the 
ICEYE-X5 SAR over the coastal area of Port Hedland, northwestern part of 
Australia, is considered. The fine-resolution image (3 m), covering an area of about 
800 km2, was acquired in VV-polarization Stripmap mode under an incidence angle 
of 28.5° at midrange.

A multilooked Level 1.1 product with a pixel spacing of 10 m is processed to 
obtain U on a 1.5 km × 1.5 km grid. The sea surface wind speed map is shown in 
Fig. 8.7, where the land is masked out in white. It can be observed that low-to-
moderate sea state conditions apply over the Port Hedland coastal area at the SAR 
acquisition time. On average, a wind speed of about 5.45 m/s is estimated. This is 
consistent with the wind speed information provided by a collocated ASCAT scat-
terometer product (12.5 km spatial resolution) that results in an average sea surface 
wind speed of 5.35 m/s.

Fig. 8.7  Sea surface wind speed (m/s) map obtained from the ICEYE SAR using the azimuth 
cutoff approach
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8.7  �Radar Altimetry

Since 1992 [65], radar altimeters monitor the sea surface topography along the sat-
ellite’s ground track in order to provide near-global high-precision record of the 
temporal and spatial scales of ocean variability, the meridional transports of heat, 
and the distribution and properties of ocean eddies [1]. To this goal, the altimeters 
transmit short pulses of energy vertically downward toward the surface and then 
receive the reflected signal. The measure of the time difference between the trans-
mitted and received very short radar pulses gives an estimation of the distance 
between the satellite and the ocean surface, i.e., of the sea surface height (SSH) 
associated with tides, geostrophic currents, seafloor topography, and other oceanic 
phenomena. The shape of the returned electromagnetic signal gives indeed an esti-
mation of the significant wave height (SWH) and the wind speed [31]. Present stud-
ies focus on improving resolution and accuracy when approaching the coasts, since 
the extraction of correct sea level information is still challenging due to corrupted 
waveforms and imprecise auxiliary information used in the data processing [66, 67]. 
Additional insights on sea level measurements are provided in Chap. 10.
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