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Abstract 

Title: Calibration of the RapidScat Microwave Brightness Temperature 

 

Author: Ali Al-Sabbagh 

Advisor: Josko Zec, Ph. D. 

 

 

NASA RapidScat is the first satellite scatterometer that flown in non-Sun-

synchronous orbit. Its unique orbit enabled collocated measurements with multiple 

satellite remote-sensing instruments that usually fly in Sun-synchronous orbits. 

RapidScat’s primary mission was retrieval of global ocean wind vectors from 

normalized radar backscatter measurements. The instrument operated onboard the 

International Space Station between September 2014 and August 2016 covering 

latitude range between ±51.6o. To serve as a cross-calibration reference with other 

instruments, RapidScat must be internally calibrated. This dissertation presents the 

first radiometric calibration of RapidScat brightness temperature measurements and 

describes the process that combines RapidScat’s active/passive mode, 

simultaneously measuring both the radar surface backscatter (active mode) and 

microwave emission from the system noise temperature (passive mode). This 

dissertation also presents the cross-calibration using the GPM Microwave Imager 

(GMI) as a reference to eliminate the measurement biases of brightness temperature 



 

iv 

between a pair of radiometer channels that are operating at slightly different 

frequencies and incidence angles. Since the RapidScat operates at 13.4 GHz and the 

closest GMI channel is 10.65 GHz, GMI brightness temperatures were normalized 

before the calibration. Normalization was based on the radiative transfer model 

(RTM) to yield an equivalent brightness temperature prior to direct comparison with 

RapidScat. A comprehensive study, monthly, and seasonal measurement biases 

between two radiometers have been evaluated using the Radiative Transfer Model 

(RTM). Systematic brightness temperature biases for both ascending and descending 

portions have been calculated as a function of geometry (polarizations, latitude, and 

incidence angle), atmospheric model (water vapor and cloud liquid water), and ocean 

brightness temperature model (wind speed, wind direction, and sea surface 

temperature) under different environmental parameter ranges. These deviations were 

averaged over two years of RapidScat revolutions. Trends from observations during 

a 20-month period between January 2015 and August 2016 have been described. 

Results obtained indicate that the RapidScat instrument in both active and passive 

modes can be used to connect the sun-synchronous sensors that observe the oceans 

at different local times to remove biases. Calculated biases may be used for 

measurement correction and for reprocessing of geophysical retrievals.  Both L2A 

and L2B RapidScat data sets were provided by the NASA Physical Oceanography 

Distributed Active Archive Center at the Jet Propulsion Laboratory. 
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Chapter 1 

Introduction  

1.1 Earth Remote Sensing 

The main goal of remote sensing is to observe the environmental parameters at great 

a distance. In past years, microwave remote sensing h served as an important tool for 

earth in observing the surface and atmospheres in microwave bands. The term 

includes the physics of radio wave propagation, the capability to penetrate clouds 

and the interaction with material (surface scattering and emission) and is better than 

visible and infrared regions of the electromagnetic (EM) spectrum [1]. Generally, 

microwave remote sensing can be divided into two major types: passive, known as 

radiometers, and active, known as scatterometers. Both types of sensors have been 

used in aircraft (airborne) and spacecraft (space-borne). For several decades now, 

satellite observations have been a key part of global weather and climate research, 

including the monitoring of damaging and life-threatening storms. Considerable 

effort has been dedicated to ensuring the availability and reliability of satellite 
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measurements. These types have been implemented either with conically scanned or 

multi-fixed fan beams to study the Earth and the other planets. The passive 

radiometers deal with the thermal emissions, which are produced by the microwave 

signals coming from the earth (objects). They contain highly sensitive receivers that 

measure the electromagnetic radiation. The received radiation is partly due to self-

emission from the scene, and partly due to reflection of radiation from the 

surroundings which is collected by the antenna. These radiometers work at different 

frequencies and different viewing geometries, both of which affect the measured 

brightness temperature. Radiometers have been widely used in astronomical studies, 

as well as the Earth studies such, as ocean, land, and atmosphere. The second type, 

radar scatterometers (active) are the only instruments that can provide accurate 

measurements of ocean-surface wind speed and direction. In other words, 

scatterometers are microwave radars designed to measure the normalized radar cross-

section (σ0) of the Earth’s surface. The primary applications for the measurements 

are wind vector retrievals over the ocean, land usage, and ice monitoring. Wind 

vector retrieval process is based on the modulation of sea surface roughness, 

quantified via σ0, by the wind speed and direction [2, 3]. Winds over the ocean are a 

serious factor in determining regional weather and climate patterns because the ocean 

covers approximately 70% of the Earth. NASA is a pioneer in the study of ocean 

winds using these scatterometers. Recently, NASA has launched several new 

satellites and is working on a new generation of airborne techniques to provide exact 
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measurements. From the beginning, NASA’s instruments have played an important 

role in meteorological and oceanographic studies. 

This dissertation deals with remote sensing from satellites using active/passive 

modes as a combined technique. The purpose is examination and developing 

calibration techniques that can be used under a variety of operating situations. All 

satellite measurements are subject to random and systematic errors; these errors can 

be classified into radiometric and geometric errors. Measurement calibration of any 

instrument is important to detect the errors in the measured radar cross section as an 

active mode, or brightness temperature as a passive mode. For this reason, it is 

necessary to inter-calibrate the scatterometer/radiometer to detect the instrumental 

biases [4]. For inter-calibration, several methods are applied, and most have been 

discussed in a special issue of TGRS [5]. The goal of this work is to provide a robust 

radiometric calibration of the RapidScat in the passive mode. This addresses the 

challenges in investigating and analyzing brightness temperature variability 

dependence on geometry and temporal variations. Radiometric calibration is the 

process of ensuring that the data are accurate and consistent during the instrument’s 

lifetime. In order to assist in this process, Radiative Transfer Model (RTM) must be 

used to drive the modeled brightness temperature with different characteristics. This 

presents the first step with examination of Tb’s (comparison between the measured 

and modeled) for single a sensor for reasonableness and self-consistency.  
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The next step, cross calibration with another instrument, is needed so the researchers 

can combine different datasets seamlessly. In general, the direct measurements 

comparisons are possible if the incidence angles and frequencies for both instruments 

are nearly enough to identical. In other cases, radiometers of different designs, the 

situation is more complicated because the scene brightness temperature varies with 

the observing frequency and viewing geometry. Therefore, normalization of Tb’s 

between the sensors for common basis is needed before estimating the biases 

between both satellites [6, 7, and 8]. 

1.2 Research motivation 

This dissertation presents the first validation and calibration work of RapidScat in 

passive mode. It includes a comprehensive evaluation, performance, and 

characterization of RapidScat brightness temperatures over the oceans for a two-year 

period to establish the long-term accuracy and stability of RapidScat. The assessment 

method that was used based in near-simultaneous, inter-satellite ocean Tb 

comparisons between the RapidScat and the GPM Microwave Imager (GMI 

radiometer) [9]. The RapidScat mission does have scientific goal, which is to enable 

the cross calibration for various scatterometers / radiometers and to study diurnal 

cycles. RapidScat is the most recent scatterometer operated by NASA. And due to 

its non-Sun-synchronous orbit, RapidScat is the first scatterometer capable of 
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measuring near-global wind data over the full diurnal cycle instead of observing a 

given location at a fixed time of day. A non-Sun-synchronous orbit also enables 

overlap with other satellite instruments that have been flying in Sun-synchronous 

orbits. This wind scatterometer was launched in September 2014, and the mission 

was effectively ended in August 2016, with a permanent power loss [10, 11]. 

RapidScat is the third mission of SeaWinds; it is a slightly modified scatterometer 

using a combination of new subsystems and commercial (non-flight) spare parts of 

QuikScat scatterometer [12, 13]. Similar to QuikScat, RapidScat is a dual beam, 

conical scanning long-pulse radar system. It is a combined active / passive Ku-band 

microwave instrument developed to measure in dual receiver channels both the 

backscatter (echo) in a narrow-band channel, and the brightness temperature Tb 

(noise) in a wider-band channel from the ocean surface and intervening atmosphere 

[14, 15]. The RapidScat receiver diagram is presented in Figure 1. 

 

Figure 1.1: Receiver Block Diagram. 

http://www.remss.com/missions/qscat
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The measured Tb, at both horizontal and vertical polarization from the inner beam 

the outer beam, respectively, is not a high-performance radiometer. It is relatively 

noisy, due to the fact that the scatterometer is not an optimal radiometer, since it has 

a limited receiver bandwidth (1 MHz), while typical radiometers have bandwidths of 

(100 MHz).  The limited bandwidth effect on radiometric precision ∆T, which is 

approximately 27 Kelvin per pulse, but the radiometric sensitivity of the instrument 

can be improved by employing spatial domain filtering techniques and by averaging 

multiple pulses. In order to reduce the inherent relative noisiness of the Tb data, 

individual Tb's are averaged on spacecraft wind vector cells (WVC) by beam 

(polarization) [16, 17, and 18].  

RapidScat simultaneously measures the linearly polarized microwave emission and 

the brightness temperature Tb at 13.4 GHz carrier frequency. The antenna is a 0.75m-

diameter dish, rotating vertically and horizontally polarized beams directed at the 

Earth’s surface at incidence angles of approximately 56º and 49º, respectively. 

Regions between ± 56º latitude are sampled uniformly over 24-hour periods, as 

opposed to previous Sun-synchronous scatterometer orbits with fixed diurnal 

sampling [9, 11]. Applying several calibration techniques leads to confidence in the 

instrument’s measurement, while the ISS platform offers new challenges for 

ensuring accurate Tb measurements.  
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For radiometric validation of RapidScat brightness temperature measurements, the 

Radiative Transfer Model (RTM) is used to produce the corresponding modeled 

brightness temperatures for RapidScat. The unique capabilities of the RapidScat’s 

orbit enable new approaches in characterizing the diurnal variability and 

measurement biases between modeled Tb and RapidScat measurements. The biases 

were analyzed seasonally as a function of ocean brightness temperature and 

atmospheric models under different environmental parameter ranges. 

In addition, in comparison with the RTM model, GPM microwave imager 

measurements are used for radiometer cross-calibration. To facilitate the cross-

calibration, the GMI brightness temperatures are translated to yield an equivalent Tb 

prior to direct comparison with RapidScat using the RTM. The Tb differences were 

analyzed seasonally as a function of ocean brightness temperature and atmospheric 

models [9, 19]. 
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1.3 Dissertation outline 

This dissertation is organized into 6 chapters. Following the introduction, the thesis 

proceeds as: 

• Chapter 2: This chapter introduces the background of the space-borne as 

Scatterometry and radiometry, and characteristics of satellite radiometers. An 

explanation of the mathematical background is included (brightness 

temperature, total noise power, radiometric measurements, and the transfer 

function). In addition, it explains the goal of instrument calibration, as well 

as the combined active/passive modes, and the RapidScat wind scatterometer. 

The benefit from non-Sun synchronous orbit is discussed, as well as the 

RapidScat mission, goals, and coverage. The ISS platform is described in 

more detail. Finally, the QuikScat legacy and the current/future missions are 

also discussed. 

• Chapter 3:  this chapter represents the core chapter of the dissertation. General 

radiometer calibration and radiometric RapidScat calibration are explained in 

detail. RapidScat data set selection that have been used for both L2A and L2B 

are explained. The procedure of the calibration algorithm, Mathematical 

procedures, gridded steps, flags, and match-ups are discussed in detail. A 

description of the Radiative Transfer Models (RTM) that have been used to 
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calculate the modeled brightness temperatures are also included in this 

chapter. Ancillary data, such as Salinity and the Global Data Assimilation 

System (GDAS) are presented, which is used to provide a common baseline 

for the cross-calibration the RapidScat and GPM microwave imager (GMI).  

• Chapter 4: This chapter presents the results of radiometric validation. The 

investigation of bias stability is presented. The results are presented as a 

monthly average and as a function of geometry, and evaluations as a function 

of atmospheric and ocean model parameters. All the examinations have been 

done for individual polarization. Moreover, the results of the multi-

resolutions are illustrated. 

• Chapter 5: This chapter introduces the GMI instrument, collocation, 

normalization Tb’s, both correction methods, and the results of cross 

calibration between the RapidScat and GPM imager. The results are 

presented as a monthly average and as a function of geometry, such as latitude 

and the incidence angles, also evaluations are illustrated as a function 

atmospheric and ocean model parameters for both outer and inner beams.  

• Chapter 6: This chapter presents the dissertation conclusion with a brief 

summary of RapidScat performance as a passive mode and the suggested 

future work.
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Chapter 2 

Review of Microwave Radiometry/Scatterometry 

2.1 Introduction  

This chapter presents a brief introduction on the fundamental concepts of microwave 

radiometry and scatterometry. This section includes a full description of background 

material, elements of microwave radiometry, total power radiometer techniques, and 

the radiometric transfer function for RapidScat. A detailed discussion of the 

QuikScat legacy, full description RapidScat instrument on ISS including its 

measurement geometry, mission challenges, active/passive modes, and ISS platform 

are presented. In the last section it also discusses the past, present and future of 

satellite microwave sensors.  

In general, the first microwave sensors were ground-based, but aircraft-based 

applications quickly followed. Microwave radar systems were first deployed on 

aircraft in World War II, and microwave sensors flew aboard spacecraft early in the 

space age. Ground-based microwave sensors have been widely used in the field of 
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astronomy and weather. Currently, some of the most important earth sensing 

microwave instruments are based on spacecraft. For nearly 40 years, remote sensing 

instruments (scatterometers) and passive instruments (radiometers) have been 

measuring near-surface ocean winds thoroughly and creating a legacy in monitoring 

weather and climate records. By inter-comparisons among the different satellite 

sensors, ocean buoys and among the different data providers, the ocean wind can be 

evaluated. The challenge is how to combine wind measurements from all these 

sources into an accurate representation. This presentation is essential for many 

scientific applications of numerical weather prediction, including oceanography, 

meteorology, and global climate change.  

Typically, radars transmit either continuous waves or pulses of microwave energy. 

Items found in the path of transmitted radiation will partially absorb and partially 

scatter incident energy. Standard designations of radar frequency bands are tabulated 

in Table 2.1.  

There are several national projects which have been developed in Europe and 

America, including experimental campaigns for earth observation and study of 

natural phenomenon such as fire, hurricane, border surveillance, illegal shipping, 

weather, ice and underground materials. These projects provide a data set and models 

for disaster prediction and to minimize the risks.  
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Table 2.1: Radar frequency bands and applications. 

 

 

In past years, an intensive effort has been carried out by remote sensing in ground, 

airborne, and space-borne techniques, using L and C-band microwave radiometry. In 

the U.S, weather events, such as tropical storms and hurricane locations, are very 

important natural threats to coastal areas and maritime interests. For hurricanes, 

which have developed to categories three (or higher) up to five, monitoring and 

tracking at high resolution is critically needed for research on hurricanes and for 

improvement in intensity forecasting [1, 2].  

As a space-borne versus airborne, spacecraft basing offers a number of advantages 

over aircraft-basing, including much broader spatial (often global) and temporal 

coverage. Airborne platforms can respond easily to changes in weather and cloud 
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cover. On a day-by-day basis, flight planners can modify flight plans to 

accommodate these changing, uncontrollable conditions. Multiple aircraft can easily 

work on a single project, ensuring that over large contiguous areas the size of 

counties and even states, remotely sensed data can be acquired in a matter of days or 

weeks. Acquired data can be reviewed on a near-real-time basis by crews in the field; 

areas requiring re-flight can be discovered before the platform leaves the project area. 

Finally, any problems that may occur with the sensor, or upgrades that may become 

available from the sensor manufacturer during the lifetime of the sensor can be easily 

implemented during downtime between projects. As mentioned, the microwave 

sensing can be divided into two major types: passive, known as radiometers, and 

active, known as radars. Both classes of sensors have been used on aircraft and 

spacecraft to study the Earth and the other planets. The active (radar) is divided into 

two general types: first is real aperture which is divided into; scatterometers, 

altimeters, and weather radars; Second the synthetic aperture radar (SAR) systems 

which are radars designed to make high resolution radar images, operating by 

transmitting modulated pulses and using Doppler/range processing to construct 

backscatter images. The passive instrument is capable of measuring low levels of 

radiation in the microwave region of the electromagnetic spectrum, which is 

concerned with the absolute power measurement of the natural blackbody emissions 

over the EM wavelength range between 30 and 0.03 cm. 
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2.2 Mathematical background  

The echo channel output is subtracted from the noise channel, the ocean Tb 

measurement is the output of the total system noise power (N), which is received by 

the antenna:  

N =  K ∗ 𝑇𝑠𝑦𝑠 ∗ 𝐵 𝑛𝑜𝑖𝑠𝑒 − echo   in watt                                                                                       2.1 

where k is the Boltzman’s constant, Tsys is the system noise temperature, and B is 

the radiometer bandwidth. For natural scenes, which are not blackbodies, the 

emission (Pmedia) is less than that of a blackbody for the same physical temperature. 

So, the radiometric emission efficiency or emissivity is equal to Pmedia / Pblackbody ≤ 1, 

then the brightness temperature Tb is: 

𝑇 𝑏 =
Pmedia

P 𝑏𝑙𝑎𝑐𝑘𝑏𝑜𝑑𝑦
 ∗ 𝑇𝑝ℎ𝑦                                                                                               2.2 

𝑇 𝑠𝑦𝑠 = 𝑇𝑟𝑒𝑐𝑣 +  𝑇𝑎𝑛𝑡, Kelvin                                                                                    2.3                                                                                                                                                            

𝑇 𝑎𝑛𝑡 = 𝑇𝑎𝑝 ∗  𝐿𝑓𝑒 + (1 − 𝐿𝑓𝑒) ∗   𝑇𝑝ℎ𝑦 , Kelvin                                                                       2.4 

From above, the brightness temperature is the effective “noise temperature” of the 

media that results in the measured emission power in which Tsys is the system noise 

temperature and T_recv is the receiver noise temperature and the antenna noise 

temperature Tap is defined in Equation 2.4. [20, 21, and 22]. 
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Where the ocean apparent brightness temperature is Tap, Lfe is the front-end loss 

power ratio, and Tphy is the front-end loss physical temperature.  As in any receiver, 

it consists of a common signal path of low noise amplifier, frequency downconverter 

and an IF frequency amplifier, followed by a power splitter with two parallel paths 

of receiver filters and I/Q detectors [22]. The final output is the integrator voltage, 

which is a scale (Cd: detector constant) of the receiver brightness temperature (Tout): 

𝑉 𝑜𝑢𝑡 = 𝐶𝑑 ∗  𝑇𝑜𝑢𝑡                                                                                                   2.5                                                                                                                                                            

As mentioned, for scatterometer/radiometer ocean backscatter measurements, the 

received echo signal plus noise is measured simultaneously in two overlapping 

channels. The output power of the echo channel (Pe) and noise channel (Pn) are: 

𝑃𝑒 = g𝑒 ∗ P𝑆 ∗ 𝐿𝑒𝑓𝑓 + g𝑒 ∗ 𝑇𝑒𝑓𝑓 ∗ 𝐵𝑒 ∗ 𝐾                                                              2.6 

𝑃𝑛 = g𝑛 ∗ P𝑛 ∗ 𝐿𝑒𝑓𝑓 + g𝑛 ∗ 𝑇𝑒𝑓𝑓 ∗ 𝐵𝑛 ∗ 𝐾                                                              2.7 

Where, ge and gn are the echo and noise channel power gain, respectively. Ps is the 

radar echo signal power and Pe is the noise power. Be and Bn are the echo and noise 

channel bandwidth, respectively. Ps and Pe are the radar echo signal and noise power, 

respectively. Also, Leff is the total loss between the antenna and the receiver input 

and Teff is the system noise temperature at the receiver input. As usual known, the 

receiver gain is common for the echo and noise channels [22, 23]. 
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For the radiometer measurement, the output noise power in the noise channel is 

defined as excess noise (Nx), which is contributed by the input noise density outside 

of the overlapping echo channel bandwidth as shown: 

Nx = ( − 1) Ne                                                                                                 2.8 

 

Nx = Pn −  ( Pe )  =    N0 ∗ (Bn − Be) ∗  gn                                                       2.9 

 

N0 = = K *Teff                                                                                                            2.10 

Teff =  Nx /   K ∗ gn ∗  (Bn −  Be)                                                               2.11 

Where, Nx in terms of measured receiver outputs and N0 is defined as input noise 

power density, which is equal (k) multiplied by the effective temperature, to yield to 

solve the Teff. RapidScat incorporated a periodic receiver gain calibration into its 

design, so the input to the receiver was switched to an ambient temperature matched 

load (blackbody), and the echo and noise receiver channels output energies were 

measured. The noise channel gain is defined in Equation 2.12 

 g𝑛 = E𝑐𝑎𝑙 / 𝐾 ∗ 𝑇𝑐𝑎𝑙 ∗ 𝐵𝑛 ∗  t                                                                  2.12 

Where, E cal is the noise energy during the calibrate interval, Tcal is the system noise 

temperature when connected to the matched load, and t the integration time in msec. 

[22, 24] 
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2.3 QuikScat 

The most recent NASA scatterometer instrument is the SeaWinds, which was 

developed at the NASA Jet Propulsion Laboratory (JPL). It is a Ku band with 13.4 

GHz frequency microwave remote sensor that has operated on QuikScat satellite in 

a sun-synchronous polar orbit. The QuikScat satellite, which was launched in July 

1999, was a quick recovery mission to stop the gap created by the loss of data from 

the (NSCAT) in 1997. Another SeaWinds instrument also flew onboard the Japanese 

Advanced Earth Observing Satellite II (ADEOS-II) from December 2002 - October 

2003 when an irrecoverable solar panel failure caused a premature end to the 

ADEOS-II satellite [10, 14, and 15]. QuikScat launches into a sun-synchronous orbit 

at a mean altitude of approximately 802.4 km, and it has an orbit inclination of 98.6°. 

The local equator crossing time is 6 hours +/- 30 minutes at the ascending node, and 

around 18:00 local time for descending satellite passes. In addition, it has a repeat 

period of approximately 4 days/57 orbits.  

The advantage of the satellite in such an orbit is that it can be placed in constant 

sunlight and for many applications such as weather satellites. In other words, the sun 

is at approximately the same position at any given point in the satellite’s orbit relative 

to the earth and the satellite. Since the QuikScat is a sun-synchronous orbit, every 

revolution at the ascending orbit portion passes through the equator of the earth at 6 
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a.m. local time.  Similarly, the revolution at the descending portion of orbit crosses 

the equator at 6 p.m. local time [26]. Measuring the global ocean wind vector, the 

wind speed, and wind direction is the major mission objective of the SeaWinds, and 

this can be achieved by measuring the wind dependent normalized radar cross section 

σ0 of the ocean’s surface. Moreover, since the SeaWinds instrument has two receiver 

channels which enable the instrument to receive backscatter signal (echo) and the 

black-body microwave emission (noise), this gives the SeaWinds the ability to 

observe the linearly polarized passive radiometric emission from the Earth’s surface 

and intervening atmosphere, in addition to measuring the backscatter. This passive 

radiometric measuring capability is known as QuikScat Radiometer (QRad) [14, 27]. 

SeaWinds is a pencil beam, conically scanning-antenna with two beams at two 

different earth incidence angles of 46° for inner H-polarization, and 54.1° for outer 

V-polarization. It is optimized to measure winds with a coverage of nearly 90% of 

the earth daily, due to its wide swath. The inner beam H-polarization has a narrower 

swath width (1400 km) due to its lower incidence angle, and because the outer beam 

V-polarization has the higher incidence angle, it provides measurements with a wider 

swath (1800 km). The instrument is still able to collect data over a narrow swath and 

provide valuable σ0 measurements. Operating over a narrower swath after the motor 

failure in November 2009, extended the QuikScat data record well over a decade, 

and allowed overlap with follow-up RapidScat mission [10, 15, and 27]. 



19 

 

2.4 RapidScat instrument  

The RapidScat 900 km swath is approximately equal to that of the fixed wide beam 

ASCAT scatterometer. And the space-time sampling is greatly improved for marine 

storm modelling and forecasting. RapidScat is a NASA Ku-Band pencil beam 

scatterometer that was installed on the International Space Station (ISS). The 

instrument launched in September 2014 to August 2016, when the mission 

effectively ended after an irrecoverable instrument failure. Unlike previous 

scatterometer missions, the ISS flies in a non-sun-synchronous orbit, visiting 

locations on Earth at different local times, and it has facilitated global contiguous 

geographical samplings between ± 51.6° latitude [11, 19]. This novel RapidScat orbit 

characteristic enabled the first measurements of diurnal wind changes over oceans. 

Moreover, since it is the first scatterometer not on a sun-synchronous platform, such 

orbit enables, for the first time, overlap with other scatterometers flying in sun-

synchronous orbits, in addition to filling the QuikScat data gap, it enables new 

approaches in the determination of global patterns of measurement biases between 

satellite instruments [9, 10].  

The specific objective of the RapidScat scatterometer has been to provide wind data 

to forecasters and researchers over a two-year period to mitigate the reduction of 

QuikScat data volume, due to a narrowed swath.  
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Following the malfunction of antenna rotating motors on the QuikScat scatterometer 

[11], NASA’s Jet Propulsion Laboratory reused the QuikScat’s spare engineering 

units to build the follow-up RapidScat instrument. The RapidScat sensor is nearly 

identical to QuikScat, except that adjustments have been made so that it can operate 

on the ISS [11, 25]. Due to the difference of the ISS in the control and telemetry 

interfaces from the QuikScat and ADEOS busses, a new digital interface bridge 

(DIB) was developed to the ISS by the RapidScat team. The SeaWinds primary 

subsystems are scatterometer antenna subsystem (SAS), scatterometer electronics 

subsystem (SES), and the command and data subsystem (CDS).  The DIB 

implements ISS interfaces as well as a serial link for communication with the legacy 

CDS. To convert the 120-V ISS bus to the 48 V, a new power control unit (PCU) has 

been added to the DIB to meet the required lower-regulated voltages by the DIB and 

the legacy SeaWinds hardware. In addition, a new antenna reflector has been added 

to the (SAS) because of the unavailability of a suitable spare [26].  

RapidScat’s antenna is a 0.75-m-diameter rotating dish with vertically (VV) and 

horizontally (HH) polarized beams directed at the Earth’s surface at incidence angles 

of approximately 56° and 49°, respectively. With 51.6° ISS inclination due to the 

wide swath, the instrument retrieves wind up to a ±56° latitude with uniform diurnal 

sampling, in contrast to previous Sun-synchronous scatterometer orbits with fixed 

diurnal overflights. The ground swath of the VV (outer) beam is approximately 1100 
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km wide, while the ground swath of the HH (inner) beam is approximately 900 km 

wide. [10, 13, 28]. The resulting pulse resolutions are 25 km × 35 km cells that are 

further range-processed into 25 km × 7 km cells. This will show that RapidScat is 

fairly similar to QuikScat, especially with its calibration facilities, but there are some 

distinct differences, such as RapidScat’s increased look angle of its beams and 

smaller antenna size. The altitude of RapidScat' is lower than QuikScat, which results 

in a larger ground swath of RapidScat and larger measurement area than if the 

QuikScat instrument were RapidScat’s [29].  

Moreover, previous scatterometers’s orbits were polar orbits, and they covered 

almost the whole earth and observed the Polar Regions several times a day. This gave 

an opportunity for various cryosphere studies, which is possible with RapidScat. [13, 

28]. In addition, the other difference between other scatterometers and the ISS 

RapidScat platforms is the orbit inclination angle. Figure 2.1 illustrates the geometry 

of RapidScat’s pencil beams sweeping the Earth’s surface in a circular footprint. 
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Figure 2.1: RapidScat pencil beam geometry. 

The RapidScat started strange behavior in August 2015 in its measurements, due to 

a change in receiver gain. This caused a different state of signal-to-noise ratio (SNR) 

that was recorded for its measurements. The nominal state is called High SNR, while 

the new state is called a “Low SNR” state. Three additional low SNR states were 

observed by March 2016. The measurements of the new states required different 

adjustments in gain to be similar to the measurements from the High SNR state. The 

power distribution unit of the ISS Columbus module had failed by August 2016, 

which caused a power loss to ISS-RapidScat. Several attempts to restore ISS-

RapidScat to the normal operations failed, until the last attempt on October 2016. By 

November 2016, the Jet Propulsion Laboratory announced the RapidScat mission 

had ended [12, 13, 28, and 29].  
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A comparison between the RapidScat and other instruments is shown in Table 2.2, 

including their azimuthal configurations, polarization, beam resolution, resolution 

(σ0) , daily coverage, mission and dates, orbit type, orbit inclination, ascending 

equatorial crossing local time, altitude, period, frequencies, range of incidence 

angles, and swath patterns, where the swath patterns represent the shape and total 

areas that they illuminate as they orbit the Earth. It can be seen from the table that 

the scatterometers that have the widest swath compared to other instruments are only 

the instruments that operate with a pencil-beam approach.  
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Table 2.2: Characteristics of space-borne wind scatterometers [25]. 
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2.5 ISS Platform 

As mentioned, sun-synchronous orbits (nearly polar) are about 600–800 km in 

altitude, with inclinations of around 98°, and with periods in the 96–100 minute 

range. By combining the inclination and altitude in a specific way, the satellite 

crosses the same point on the earth’s surface at the same local solar time [10, 

12]. Now the difference between the ISS and other scatterometer platforms is the 

inclination angle. The ISS has an inclination angle of 51.65°, so it can be viewed 

between ± 60° latitude. Since November 2000, the ISS has served as a microgravity 

and space environment research laboratory in numerous scientific disciplines. ISS 

has been continuously engaged, which is the longest continuous human presence in 

space. The ISS is a joint project of five participating space agencies: NASA, JAXA 

(Japan), Russian Federal Space Agency (Roscosmos), ESA, and the Canadian Space 

Agency (CSA). The ISS maintains an Earth-orbit with an altitude of between 330 km 

(205 mi) and 425 km (270 mi) by means of re-boost maneuvers, and it completes 

15.51 orbits per day [30]. The ISS provides unique opportunities for external 

payloads and there are four sites established by NASA as carries that can be utilized 

by several payloads and they are designed to carry a variety spares items or first- 

time outfitting cargo or any external cargos (science experiments). Table 2.3 and 

Figure 2.2 illustrate the orbit characteristics and facts [30, 31]. 
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Figure 2.2: ISS Orbit 

Table 2.3: ISS Flight attitude 

 

This platform offers a Low Earth Orbiting (LEO) space laboratory, environment or 

any space exploration. The ISS offers unique attractions for Earth Remote Sensing 

payloads due to its orbit characteristics which are advantageous to many earth remote 

sensing approaches. On the other hands there are some aspects of ISS that are not 

ideal for remote sensing because of the variability in ISS platform parameters will 

likely make calibration more challenging [31].  
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2.6 Past, current, and future missions 

The passive radiometers provide only the wind speed (except for WindSat) while the 

active scatterometers provide wind speed and directions. Our measurements come 

from 21 radiometers and 13 active scatterometers. Over several decades, these 34 

sensors provide accurate measurements after proper intercalibration. By adjusting 

the brightness temperature calibration for the various radiometers, consistency in 

wind speed is achieved. The sensors that provide only wind speed, such as Special 

Sensor Microwave/Imager and Special Sensor Microwave Imager/Sounder (SSM/I 

and SSMIS) are flying on series of platforms from F8 to F20. On the other hand, the 

microwave radiometers, have lower frequencies that measure the wind speed, rain 

rates, clouds, water vapor, and sea surface temperatures. Moreover, the low 

frequency channels also have the ability to improve the accuracy of wind speed. The 

only microwave that provides wind direction is the instrument that has polarimetric 

channels, such as WindSat. [27, 32, and 33].  

As scatterometers, SeaSat-A Scatterometer System SASS (1978), NSCAT (1996-

1997), SeaWinds (1999-2009 and 2002), OSCAT (2009-2014) and RapidScat (2014-

2016). Since 1996, RapidScat is the fourth Ku-band wind scatterometer launched by 

NASA. The original plan for the Ku-band RapidScat is to provide measurements 

simultaneous in time and wide swath Ku-band winds, rainforest calibration 
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unaffected by low SNR state and, to provide a direct way of cross-calibrating sun-

synchronous satellites. This was preceded by NSCAT in 1996 and SeaWinds in 1999 

and 2002. Another Ku-band scatterometer, OSCAT was launched by India in 2009. 

Moreover, there are several new scatterometer missions planned for the future, such 

as OSCAT-2 on ScatSat (2016), CNSA HSCAT-B on Hai Yang 2B (HY-2B) (2017), 

OSCAT-3 on OceanSat-3 (2018), China Meteorological Administration (CMA) 

WindRAD (2018), Russian SCAT on Meteor-M N3 (2020), EUMETSAT SCA on 

MetOp-SG-B (2022). We are just beginning to recognize the characterization of the 

wind diurnal cycle using RapidScat and (TMI / GMI radiometers both are useful for 

rain flag), all flying in rapidly processing orbits that sample the full 24-hr cycle and 

remove inter-sensor biases.  

In radiometer side, currently there are no commitments for follow-on sensors to 

WindSat, GMI, or AMSR-2. The only scheduled radiometer is the second-generation 

MetOp MWI (other than the CNSA MWRI), which will not launch before 2022. In 

addition, the China National Space Administration (CNSA) Microwave Radiometer 

Imager (MWRI) hosted on FY and HY spacecraft.  

A history of satellite wind measurements is illustrated in table 2.4. Datasets from 13 

scatterometers and from 21 imaging radiometers. Of these, four scatterometers and 

nine radiometers are currently in operation as of November 2016. The figure also 

include future missions from which wind datasets are anticipated [27, 32, and 33]. 
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Table 2.4: Satellite (scatterometers / radiometers) past, current, and future missions [33]. 
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Chapter 3 

RapidScat Radiometric Calibration  

3.1 Introduction 

This chapter explains the radiometric calibration of RapidScat brightness 

temperatures. Basically, the radar’s sensor is designed to measure only relative 

power, but the microwave scatterometers can measure absolute received power 

similar to total power radiometers [10]. In the calibration procedure, the first step is 

the internal calibration, which provides the difference between the measurements and 

the model system pattern from the same sensor (results are shown in Chapter Four). 

For more accuracy, the next step is the external calibration which is accurate and 

makes the measurements comparable with other sensor (results are shown in Chapter 

Five). This step is necessary because instruments can cause time variable errors in 

measurements, which must be calculated to distinguish these instrumental effects 

from real changes in environmental parameters.   
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In general, both types of microwave sensors, active radar scatterometers and passive 

radiometers, have been used to retrieve ocean surface wind speeds. Active 

instruments are also capable of retrieving the wind direction. Combining an active 

and passive within a common antenna can retrieve a wind speed and direction 

simultaneously along with other oceanic and atmospheric parameters. Scatterometers 

deliver pulses of energy in the microwave range directed to the surface of the ocean 

at a desired incidence angle. The radiometric measurement comes from the only 

coincident forward look radar backscatter measurement [9, 10]. 

As mentioned in Chapter Two, RapidScat was designed originally as an active 

microwave scatterometer to measure wind speed and direction. This instrument 

operates in a very similar manner to QuikScat, a previous Ku-band scatterometer, 

because NASA’s Jet Propulsion Laboratory used the QuikScat’s spare engineering 

units to build the follow-up RapidScat instrument. RapidScat does not have 

provisions for the usual two-point, hot and cold, absolute brightness temperature 

calibration. But using the internal ambient temperature load at the input side enables 

the single radiometric calibration (to determine the transfer function gain) [10, 11, 

14, and 19]. 
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3.2 RapidScat Level 2A and Level 2B 

In this work, RapidScat data have been extracted from the Level 2A and Level 2B 

(L2A and L2B) data products generated by the Physical Oceanography Distributed 

Active Archive Center (PODAAC) at the Jet Propulsion Laboratory 

(https://podaac.jpl.nasa.gov/) in the period from October 1, 2014, to November 1, 

2016 [34].  

Both L2A and L2B data products have three versions, 1.1, 1.2, and 1.3. Version 1.2 

replaces Version 1.1 data forward from orbital revolution number 5127 after August 

15 ,2015, when low signal-to-noise ratio (SNR) was initially recorded, prompting σ0 

re-calibration by the NASA group, during the low SNR states 3 and 4 by using re-

pointed QuikScat data. The Version 1.3 replaces Version 1.1 and Version 1.2 when 

the RapidScat entered its 3rd low SNR from orbital revolution number 7873, 

corresponding to 11 February 2016. The essential difference between these versions 

is that the L1B sigma-0 has been re-calibrated during low SNR states [10, 35].  

The state of signal-to-noise ratio is illustrated in Figure 3.1, and it shows the 

approximate state of each month. As shown in the figure in 2015 the SNR is in a high 

state until August when the RapidScat recorded the first low SNR [36].  

The figure shows that the RapidScat remained in a low SNR state after August, but 

there are some short periods that returned to the high state then changed to a new low 

https://podaac.jpl.nasa.gov/
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SNR. The other reason for the multiple SNR states is that in some periods, the 

RapidScat had no date or the processor failure when the RapidScat experienced a 

sudden loss of power. This plays a dominant role in the orbit selection and making 

the calibration procedure of this work. 

 

Figure 3.1: SNR states of RapidScat mission.  

Data are also provided in two resolutions, 25 km full pulse (“egg”) resolution and 

12.5 km range-gated (“slice”) resolution. This study experimented with both 
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resolutions and adopted the lower 25 km resolution to better match the relatively low 

resolution (1° × 1°) Numerical Weather Prediction (NWP) baseline. Data are 

provided in single-orbit files in Hierarchical Data Format 4 (HDF-4). HDF4 is an 

efficient physical file data format used for science data storage. Each orbit starts with 

an ascending pass, followed by a descending pass.  

The ISS RapidScat mission produced data products for both near real-time 

monitoring and long-term climate data studies. Among the data products, Level 2A 

(L2A) contains surface-flagged σ0  in 25 km wind vector cells. All the selected 

parameters are scaled by a factor of 100, except the flags which have a scaled factor 

of 1.  The unit of the latitude, longitude, azimuth, and incidence angle is in degrees, 

while the unit of sigma0 and attenuation is in [dB] [10, 11].  

The flags are a bit field, where each bit is represented by either 0 or 1.  If an 

anomalous condition is detected for a specific sigma0, the suitable bit flag which 

specifies the error condition remains set to 1. For the sigma0_mode_flag, the third 

bit has been used which performs the Antenna Beam Flag, where (0) is the inner 

antenna beam and (1) is the outer antenna beam [35].  

Also, for surface flag, the first and the second bit has been used to filter the surface 

conditions, such as land and ice. The first bit indicates Surface land flag where (0) 

means no land is present, while (1) means land is present. The second bit is Surface 
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ice flag determined by a map where (0) mean map indicates no ice is present and (1) 

means ice is present. Moreover, for sigma0_qual_flag, the first bit indicates Sigma0 

Measurement Usable Flag, where (0) means the measurement is usable, while (1) 

means the measurement is not usable. This flag also contains some important bits 

that are related to the quality of sigma, such as the second bit which indicates low 

SNR Flag and the third bit which indicates Negative Sigma0 Flag [35].  

For σ0 validation, it is important to know that by not considering negative sigma0 

flag, all measurements (both positive and negative) were included into averaging to 

avoid bias. If this flag is not used to exclude measurements, negative sigma0s will 

be considered when calculating averages. In other words, measurements with 

negative sigma0 flag should be included in the validation analysis (by not 

considering this flag separately). 

On the other hand, the brightness temperatures (Horizontal and Vertical polarization) 

and the time of measurements are extracted from L2A data, while the location 

(latitude and longitude), rain flag, and rain impact for each measurement were 

obtained from L2B. To minimize the L2A data volume, the data are stored as lists 

for each WVC row, and each list is indexed by a cell-index to indicate the cross-track 

cell membership. Also, each 12.5km cell is flagged for land or ice, and attenuation 

correction is provided for each σo measurement. L2A contains 3560 rows and 2000 

columns and each cell is referred by row and column indices. To avoid unexpected 
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truncation of data, 156 additional WVC rows from the previous and following 

revolutions are added at the beginning and the end of each revolution.  

The RapidScat L2B Processor data processes RapidScat L2A normalized radar cross 

section measurements, and it produces wind vector data for each WVC in alignment 

with the spacecraft grid of long-track and cross-track pixels of the measurements 

swath. Every L2B data element can be referenced by the WVC’s cross-track and 

along-track indices. L2B data contain various parameters, including retrieved wind 

directions, wind speeds, rain flag, rain impact, and atmospheric speed bias. Rain flag 

will allow users of L2B data to both identify rain contamination and to evaluate rain 

effects on wind vector measurements [15, 16]. Each satellite revolution contains 

3248 WVC rows in the along-track direction, and 152 WVCs per row in the cross-

track direction.  

The output matrix from L2B [3248 X 152] is merged with L2A [3560 X 2000] to 

match the corresponding longitude-latitude indices of the environmental parameters. 

RapidScat radiometric measurement comes from the coincident forward look radar 

backscatter measurement of the scatterometer. The measurement geometry 

illustrated in Figure 3.2 shows the fore-look and (σ0) measurements in both V and 

H-pol at the wind vector cell. The instrument began to exhibit abnormal brightness 

temperature measurements in August 2015, caused by a change in receiver gain.  
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Figure 3.2: RapidScat conical scanning geometry. 

Because of this, the measurements have two states (Low and High) signal-to-noise 

ratio, which means the brightness temperatures are no longer usable with a 10dB loss 

in SNR. For this reason, several orbits that have a “Low- SNR” state have been 

neglected in individual periods. Figure 3.3 below presents the usable histograms of 

global images of polarized Tb_V of the RapidScat orbit number 03417 of the ocean 

and land brightness temperature.  
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Figure 3.3: RapidScat brightness temperature rev # 03417. 

Moreover, Table 3.1 and Figures 3.4 to 3.6 show a clear presentation for both SNR 

states (usable and non-usable Tb’s). Figure 3.4 shows the Tb’s histograms, and 

Figures 3.5 and 3.6 present the global distribution images of polarized Tb_V and 

Tb_H for five random selection orbits of the L2A RapidScat for the ocean and land.  

Table 3.1: Random selection of five orbits with different SNR states. 

Cases Data  RS-Orbit Status 

1  01-29-2015         1992 GOOD / High SNR 

2 02-11-2015          2187 
MARGINAL / Poor echo 

centering / High SNR 

3 04-30-2015          3408 GOOD / Large Pitch / High SNR 

4 09-29-2015          5774 GOOD / High SNR 

5 11-01-2015          6275 GOOD / Low SNR 2 
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Figure 3.4: Distribution of usable and non-usable Tb of cases 4 and 5. 
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Figure 3.5: Global distribution of usable and non-usable Tb of cases 4 and 5. 
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Figure 3.6: Global distribution of usable Tb of cases 1, 2, and 5. 
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As mentioned above, the Level 2B data are grouped by rows of wind vector cells 

(WVCs). Level 2B wind vector cells are available in dimension 25km, 20km, or 

12.5km, depending on the choice of product. This wind vector cell row corresponds 

to a single cross-track cut of the RapidScat measurement swath.  

Also, in this work, the wvc_quality_flag is used. This flag indicates the quality of 

wind retrieval within a given WVC. Quality is based on the number and the quality 

of the sigma0 measurements within the cell. If the Wind Retrieval Flag (bit 9) is set, 

then all of the wind measurement parameters for the associated wind vector cell 

contain null values. In addition, rain_impact is used also, which can be determined 

upon wind vector retrieval from along track cells and cross track cells as mentioned 

in an earlier section.   

L2B product also contains the Wind Retrieval flag (bit 9) that can be described as 0 

Adequate Sigma0 Flag (bit 0), Adequate Azimuth Diversity Flag (bit 1), Coastal Flag 

(bit 7), Ice Edge Flag (bit 8), High Wind Speed Flag (bit 10), and Low Wind Speed 

Flag (bit 11). 

To perform wind retrieval, it must be determined if there is enough data of sufficient 

quality to determine the data counts (total and by beam). This algorithm also checks 

quality flags, and surface flags. It then computes the centroid of the locations to give 

a WVC location (latitude/ longitude), and the binning grid is essentially “thrown 
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away” at this point and passes the “good” data to the Wind Retrieval algorithm. Upon 

return from wind retrieval, the ambiguous wind vector data is placed in the Level 2B. 

Basically, brightness Temperatures from the Level 1B data are grouped on the wind 

vector cell grid in the same way as the sigma0 and related data. To reduce the inherent 

relative noisiness of the Tb data, the Tb measurements within a WVC are averaged 

by polarization. 

 There are typically 4-8 Tb measurements of each polarization in each WVC. In 

addition to the mean Tb values thus obtained, the standard deviations and the number 

of measurements for each polarization are provided in the Level 2A data.  

The locations of the Tb measurements are not explicitly provided in the Level 2A 

product; however, the locations may be generated from the Level 2A data. 

Alternatively, the WVC locations from the Level 2B data, which are those same 

sigma0 centroid locations, may be used in conjunction with the Level 2A Tb data. 

Table 3.2 summarizes all parameters that are used in this dissertation. Note that 

Latitude and Longitude have been extracted from both L2A and L2B for grid 

establishment. 
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Table 3.2: Descriptions of L2A and L2B Parameters. 

 

Parameters Name Descriptions  

cell_lat The latitude of the center of a sigma0 cell. 

cell_lon The longitude of the center of a sigma0 cell. 

cell_azimuth 
The azimuth angle of the antenna boresight at the center of a sigma 

0 cell. 

cell_incidence 
The angle the antenna boresight direction vector normal vector to 

the earth’s surface and at the center of a sigma0 cell  

num_wvc_tb_in 
The total number of horizontal polarization brightness temperatures 

located in each wind vector cell. 

num_wvc_tb_out 
The total number of vetical polarization brightness temperatures 

located in each wind vector cell. 

std_dev_wvc_tb_in 
The standard deviation of the horizontal polarization brightness 

temperatures located in each wind vector cell. 

std_dev_wvc_tb_out 
The standard deviation of the vertical polarization brightness 

temperatures located in each wind vector cell. 

sigma0_mode_flag 
Bit flags which indicate the RapidScat instrument status and mode 

at the time the sigma0 measurement was obtained. 

Surface _flag 
Bit flags of the effect of surface conditions on the sigma0 

measurements. 

Impact of rain From L2B Impact of rain upon wind vector retrieval.  

Rain flag From L2B, rain bit flag 0: rain free, 1: rain    
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3.3 GDAS data 

For the Tb modeling, the surface truth parameters were extracted from the Global 

Data Assimilation System (GDAS). Since 2012, GDAS has been the system used by 

the National Center for Environmental Prediction (NCEP) Global Forecast System 

(GFS) to initialize weather forecasts with observed data organized in a gridded space. 

NCEP gridded fields integrate data collected from a variety of platforms, such as 

surface observations, balloon data, wind profiler data, aircraft reports, buoy, radar, 

and satellite observations.  The GDAS data are updated every six hours at 0:00, 6:00, 

12:00, and 18:00 UTC and stored in a1º latitude by 1º longitude grid, resulting in 

four daily 181 x 360 matrices [10, 11].  

Parameters listed in the NCEP file include temperature, surface pressure, 

geopotential height, humidity, cloud liquid water, sea surface temperature, and wind 

vectors. The atmospheric parameter profiles have 21 levels defined by atmospheric 

pressure between sea-level and 100 millibars. The GDAS wind vector can be 

expressed in two alternative ways: as a wind speed and direction or as a pair of 

orthogonal velocity components.  [37].  
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Table 3.3: GDAS surface and profile parameters. 

  
PARAMETER UNITS DESCRIPTION 

1 
Atmospheric Pressure Pa Surface Pressure 

2 
Sea Surface Temperature (SST) K Temperature at ocean surface 

3 
2 Meter Temperature K Temperature at 2 m above surface 

4 
Surface Wind Speed (WS) m/s Wind Speed at 10m above ocean surface 

5 
Surface Wind Direction Degrees Wind Direction at 10m above ocean surface 

6 
Geopotential Height Profile M Geopotential Height at 21pressure levels 

7 
Temperature Profile K Temperature at 21pressure levels 

8 
Relative Humidity Profile % Percent Relative Humidity at 21 pressure levels 

9 
Cloud Liquid Water kg/m2 Total Atmospheric Column Cloud Liquid Water 

 

The list of surface and profile parameters from this GDAS is shown in Table 3.3 

above. Each RapidScat point has a corresponding set of GDAS parameters by 

interpolating every selected parameter of a 1º x 1º   latitude/longitude bin in which 

the RapidScat point fell in within ±1 hour [38]. An example of the NCEP/GDAS 

global wind speed magnitudes is shown in Figure 3.7. 
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Figure 3.7: Wind speed distribution map. 

Wind vector determining two dimensions can be expressed in two alternative ways: 

as a wind speed and direction or as a pair of orthogonal velocity components. In the 

first alternative, the wind direction is expressed following two conflicting 

conventions: the meteorological and oceanographic. The oceanographic convention 

references the angle between the north and the direction towards which the wind is 

blowing, and the meteorological convention references the angle between the north 

and the direction from which the wind is blowing [10, 11].  

The meteorological convention is commonly followed in scatterometry where the 

relative wind direction is defined as the difference between the radar azimuth look 
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angle and the surface wind direction. The wind speed and wind direction can be 

expressed in the following equations as defined in 

                    WS =  √u2 + v2                                                              3.1                               

While the WD can be expressed as;  

                    WD =  180 π⁄ ∗  tan−1 2(−u, −v )                                3.2 

Where u is the component of the horizontal wind towards the East, and v is the 

component of the horizontal wind towards the North. The concept of the relative 

wind direction is illustrated in Figure 3.8 [38]. 

 

Figure 3.8: The relative wind direction [39]. 
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3.4 Salinity 

The global coverage of salinity measurement has been sampled by ship-borne 

measurements to determine the sea water salt content. Both salinity and the ocean 

surface temperature have an effect on the emissivity of the ocean. In this work, the 

monthly averaged salinity values were taken from the National Oceanographic Data 

Center WOA98 Ocean Salinity climatology (https://www.nodc.noaa.gov).  

The salinity data product includes annual, seasonal, and monthly data, with spatial 

and temporal distribution on 1/4° latitude-longitude grids. Since salinity is a slow 

varying function of time and location, all parameters in this work will be gridded to 

1° x 1°. Salinity data interpolation is required to 1°x 1°.  

Figure 3.9 is an example of filtered monthly averaged map (1° x 1° grid) for May 

2015, which shows salinity changing from 25 in a specific area to 38 Practical 

Salinity Unit (PSU) with the mean value 34 [4]. 

 

 

 

 

https://www.nodc.noaa.gov/
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Figure 3.9: Salinity map for May 2015 original (top) and filtered. 
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3.5 Data Match-ups 

This section presents the procedure of a comprehensive validation of the RapidScat 

measured Tb’s for vertical and horizontal polarization to accurately validate the 

RapidScat’s measurements over the yearly seasonal cycle. The instrument’s 

brightness temperatures for two years have a wide geographic coverage for 

ascending and descending passes, this data set was spatially selected within 1° 

latitude x longitude boxes, and within a ± 60 minute window with GDAS using a 

conservative land, rain, and heavy cloud mask. For each revolution of RapidScat 

data, there must be corresponding GDAS parameters [9].  

Also, there could have been more than one RapidScat orbit corresponding to GDAS. 

To ensure high quality validation, these boxes were quality controlled and edited to 

remove non-homogenous ocean scenes and/or transient environmental conditions. 

Rain flag and rain impact from L2B were used to remove any 1° box with a rain rate 

higher than zero, and when the GDAS indicated high water vapor (> 60 mm). The 

final valid date set now consists of the environmental parameters (GDAS) as 

described in the previous section with incidence angle, measured vertical Tb’s, and 

horizontal Tb’s (from L2A) as shown in figure 3.10. 
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Figure 3.10: Data Match-up L2A, L2B, and GDAS. 

 

3.6 Oceanic Radiative Transfer Model (RTM). 

The goal of the mathematical model (RTM) is to calculate the brightness temperature 

at the defined operating frequency and incidence angle. The first RTM model, known 

as XCAL, was developed by the Central Florida Remote Sensing Laboratory 

(CFRSL), using the ocean surface emissivity model by Elsaesser. The second model, 

known as Remote Sensing Systems (RSS), replaces the surface emissivity model 

with that of Meissner and Wentz [40].  
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Dependence of the surface emissivity with ocean roughness is the major difference 

of these models. RTM is a state of the art for the physics associated with atmospheric 

and oceanic emissivity for the microwave window channels (<100 GHz). This 

section describes the RTM, which is used in this work to generate Tb’s at 13.4 GHz 

for each orbit; then, global measured and modeled RapidScat Tb’s can be compared 

for both polarizations [41].  

The calculated brightness temperature, which is a function of the environmental 

parameters of the ocean and intervening atmosphere, were prepared for the input to 

a RTM as discussed in previous sections (GDAS and NODC). The most important 

characteristic of the RTM is that it accurately captures the dynamic change of the 

ocean scene Tb and environmental parameters. Of the latter, water vapor (WV), wind 

speed, CLW, and sea surface temperature are the most variable over space and time 

[4, 7, and 15].  

It is important to assess the sensitivity of the derived brightness temperature, since 

the RTM (physics and absorption coefficients) is not perfect. Figure 3.11 shows the 

three RTM components that contribute to the apparent Tb captured by a space-borne 

sensor, which is an incoherent summation from the atmosphere and surface [42].  

Below are the calculations for each of these components in the RTM:   

𝑇𝑎𝑝 =  𝑇𝑢𝑝 + 𝜏 × (𝑇𝑠𝑢𝑟𝑓 +  𝑇𝑟𝑒𝑓𝑙)                                                  3.3 



54 

 

 

𝑇𝑠𝑢𝑟𝑓 =  ε × 𝑆𝑆𝑇                                                              3.4  

𝑇𝑟𝑒𝑓𝑙 = (1 −  ε )𝑇𝑠𝑘𝑦                                                                        3.5 

𝑇𝑠𝑘𝑦 = (𝜏 × 𝑇𝑒𝑥) + 𝑇𝑑𝑜𝑤𝑛                                                 3.6 

 

Where, 𝑇𝑎𝑝 is the apparent brightness temperature from radiometer measurements, 

𝑇𝑢𝑝  is the upwelling atmospheric emission, and τ is the atmospheric power 

transmissivity.  

The ocean surface brightness temperature ( 𝑇𝑠𝑢𝑟𝑓 ) is obtained from the product 

between the surface emissivity (ε) and the sea surface temperature (𝑆𝑆𝑇) in Kelvin. 

𝑇𝑟𝑒𝑓𝑙 is the ocean surface which reflects the sky brightness with some loss, ε is the 

ocean surface emissivity and (1 −  ε ) is the sea surface reflectivity (Fresnel power 

reflectivity).  

Sky brightness temperature (𝑇𝑠𝑘𝑦 ) is the combination of (𝑇𝑑𝑜𝑤𝑛 ) down-welling 

atmospheric brightness temperature that is reflected at the ocean surface and cosmic 

attenuated external brightness temperature (𝑇𝑒𝑥).  
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Figure 3.11: RTM components. 

 

3.7 Radiometric Calibration 

This section explains the radiometric processing and calibration of RapidScat 

brightness temperatures. Basically, the radar’s sensor is designed to measure only 

relative power, but the microwave scatterometers can measure absolute received 

power similar to total power radiometers.  
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For this reason, the radiometer function can be implemented to find the ocean’s 

brightness temperature. The radiometer operates simultaneously with the radar 

during the receiver range-gate period. The received signal (radar echo and blackbody 

noise) spectrum is shown in Figure 3.12 during the range-gate interval [14, 15]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: The received power spectrum (Echo and Noise). 

 

To evaluate the ocean Tb measurement, the process of calculating the ocean (σ0) is 

reversed. The echo channel output energy is subtracted from the noise channel output 

to yield the total system noise power (N) which is represented by: 

𝑁 = 𝐸𝑛 −  𝛽 𝐸𝑒 = 𝐾𝑇𝑠𝑦𝑠𝐵𝐺𝑛𝑇, Watts                                                          3.7 

Noise Chan ~= 1 MHz 

Echo Chan ~= 250 KHz 
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where (𝐸𝑒) is echo channel output energy; (𝐸𝑛) the noise channel output;  𝛽 is the 

gain ratio, 
𝐺𝑛

𝐺𝑒
⁄  , 𝐺𝑛 is the noise channel gain, and (𝐺𝑒) is the echo channel gain; 𝐾 

is Boltzmann’s constant; 𝐵 = (noise bandwidth - echo bandwidth); 𝑇 is the range 

gate width (integration period), The 𝑇𝑠𝑦𝑠 is the system noise temperature, which can 

be calculated by ; 

𝑇𝑠𝑦𝑠 =  𝑇𝑟𝑒𝑐𝑣 +  𝑇𝑎𝑛𝑡 , Kelvin                                                 3.8 

Where 𝑇𝑟𝑒𝑐𝑣 , is the receiver noise temperature, and 𝑇𝑎𝑛𝑡 is the antenna noise 

temperature which is given by;  

𝑇𝑎𝑛𝑡 =  𝑇𝑎𝑝 × 𝐿𝑓𝑒 + (1 − 𝐿𝑓𝑒) ×  𝑇𝑝ℎ𝑦𝑠 , Kelvin                                              3.9 

The antenna temperature that inputs to the receiver includes both the Earth’s apparent 

brightness temperature 𝑇𝑎𝑝 collected by the antenna and the noise emitted from the 

front-end loss.  The 𝑇𝑝ℎ𝑦𝑠 is the front-end loss physical temperature; 𝑇𝑎𝑝 is the ocean 

apparent brightness temperature; and  𝐿𝑓𝑒 is the front-end loss power ratio.  

The ocean brightness temperature can be calculated when the physical temperatures 

for both front-end losses, receiver noise figures, and channel gains are determined. 

[9, 14, 15, and 17]. 
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For self-consistency, inter-calibration is implemented for single sensor, to correct 

and identify the systematic biases across the scan or along the orbit path. To do that, 

the observed Tb values are compared with corresponding modeled Tb’s, which have 

been evaluated by the RTM. This defines the single difference (SD) between the 

actual sensor measurement and the expected measurement modeled which can be 

computed as: 

 𝑆𝐷 = 𝑇𝑏𝑜𝑏𝑠 −  𝑇𝑏𝑅𝑇𝑀                                                3.10 

The SD is correlated with flight parameters to determine if the sensor is self-

consistent [43, 44]. Figure 3.13 represents the block diagram of the calibration 

process. These differences are calculated for instrument view taken at different 

azimuths and polarizations. The measured values are not averaged within a box. The 

1° grid box is the reference for the underlying GDAS wind vector, so that each 

modeled value in the box uses the same wind vector to calculate the model 

counterpart to the measured Tb value and enable difference calculation. Once 

individual differences are calculated, they can be averaged on any desired level: 1° 

× 1° GDAS box, wind speed range, latitude, polarization, and time, among others.  
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Figure 3.13: Radiometric calibration procedure.
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Chapter 4 

Validation results of Brightness Temperature 

4.1 Introduction   

This chapter presents three parts of Tb’s validation based on ocean brightness 

temperature models, the atmospheric models, and geometry parameters. The results 

are based on 1,084 RapidScat revolutions which were collected between Jan. 2015 

and Aug. 2016. This section presents the investigated results of RapidScat Tb bias as 

a function of the main RTM environmental inputs in 4.2 and 4.3. Of the 9 RTM 

environmental inputs, Wind Speed (WS), Water Vapor (WV), Sea Surface 

Temperature (SST), and Cloud Liquid Water (CLW) are four major factors that affect 

microwave apparent brightness temperatures. To understand their contribution to the 

RapidScat Tb bias, these four environmental factors were precisely examined for 

different ranges as specified in Table 4.1. The trends of the Tb deviation could be 

studied by this method to assess the Tb bias affected by each parameter. Part of this 

work had been already published in [19]. 
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Table 4.1: Categorization of Geophysical parameters. 

 

 
 

 

In the last section, biases defined in Chapter Three, Equation (3.10) are calculated 

for both polarization as a function of latitude and incidence angle presented in a series 

of graphs. From these graphs, conclusions on RapidScat accuracy, stability, and self-

consistency can be drawn. 

4.2 Validation versus ocean brightness temperature models 

The first examined factor is the wind speed. Plots in Figure 4.1, upper and lower are 

examples of July and May 2015 for both beams; the black line presents the ascending 

(ASC) portion of the orbit, and the red line presents the descending (DSC) portion of 

the orbit.  The figures show the variation of Tb bias of comparisons with wind speed 

changes. In most circumstances, they are within ± 2K, as shown in the yellow shaded 
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area, but there is an exception, especially for wind speeds above 10 m/s. It also shows 

that at high wind speed, the Tb bias became higher.  

Furthermore, Table 4.2 summarizes the selected monthly average single differences 

for both polarizations. It confirms lower SD at lower wind speeds and similar 

behavior for both beams (polarizations). It clarifies the similarity in pattern of Figure 

4.1 

 

Table 4.2: Monthly averaged (SD) vs (WS) 
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(a) July - 2015 

 

(b) May - 2015 

Figure 4.1: Tb bias Variations vs wind speed. 
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In addition, to evaluate RapidScat Tb bias as a function of wind speed, single 

difference dependence on relative wind direction is investigated next in order to 

monitor the bias stability over time in all months. Wind vector can be expressed in 

two ways: as wind speed and direction, or as a pair of orthogonal velocity 

components (meteorological and oceanographic).  

The meteorological convention used in this work references the angle between the 

north and the direction from which the wind is blowing (details are available in 

Chapter Three in GDAS section). Figure 4.2 captures the average Tb biases in 

February and March of 2015, as a function of the relative wind direction. The red 

and the black line represents Tb biases in inner and outer beams, respectively.  

Biases at both polarizations follow the same pattern. RapidScat experiences 

fluctuations in both beams within mostly ±2K and all the radiometric measured data 

in 2015 show stable overall average agreement between inner and outer beams. 
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(a) February – 2015 

 

(b) March - 2015 

Figure 4.2: Tb bias as a function of relative wind direction. 
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The other environmental factor that was examined is the SST.  The color bar in 

Figure 4.3 below, indicates the average variation of SST in Kelvin, corresponding to 

RapidScat coverage regions within range 270 – 310 Kelvin. It is noticeable that, 

along the equator, sea surface temperature is usually higher and gradually decreases 

in temperature toward the poles.  

 

 
 

Figure 4.3: Global variations of SST. 

The presence of water vapor in the atmosphere causes an increase in the brightness 

temperatures measured by microwave instruments. The water vapor is highly 

correlated to the variation in sea surface temperature, and the higher water vapor 

range is located along the equator (>35), so this range of WV has a greater effect on 

sea surface temperature (>290) located in the same region.  
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Figure 4.4 presents examples of the Tb bias dependency of the SST on a different 

range of water vapor for V and H pol for both March and April of 2015. The red line 

presents the low range of water vapor (<30) in all mentioned ranges of the SST, while 

the green line presents the second range (high) of water vapor (>30). Apparently, the 

influence of high range water vapor occurs only in the high SST range. Therefore, 

there is no Tb dependency pattern in low SST at high water vapor.   
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(b) March - 2015 

 

(a) April - 2015 

Figure 4.4: Tb bias as a function of SST vs. WV. 
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4.3 Validation versus atmospheric parameters 

In addition, the Tb bias is evaluated separately as a function of water vapor for both 

V and H pol, and for the ascending and descending portions of the revolution. Figure 

4.5 illustrates examples for April and August of 2015.  

The figure clearly shows an agreement between both ASC and DSC, but the bias 

changes behavior from positive to negative when the water vapor (>22 mm) is 

presents in both polarizations.   

Moreover, the entire period was examined to assess the monthly averaged Tb bias 

contributed by water vapor in two different ranges, > 30 mm and < 30 mm. Table 4.3 

also shows that for the low water vapor range, the averaged SD are positive, while 

they became negative for the water vapor greater than 30mm.   
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(b) April - 2015 

 

(a) August - 2015 

Figure 4.5: Tb bias as a function of water vapor. 
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Table 4.3: Monthly averaged SD vs WV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Additionally, the Tb bias versus the CLW< 0.1 mm were analyzed. The results shown 

in Figure 4.6 are examples for March and April of 2015, both polarization and the 

ascending and descending orbit portions. The red line represents the ascending and 

the green line represents the descending portion. Plots show maximum bias recorded 

in the descending orbit portion for both beams, approximately 1K higher than the 

ascending portion. 
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(b) March - 2015 

 

(a) April - 2015 

Figure 4.6: Tb bias as a function of CLW in (mm). 
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4.4 Validation versus geometry parameters 

In this section, the study also shows the average Tb bias as a function of the incidence 

angle for the entire period in both outer (52 - 57) and inner (46 - 50) beams is ±2 and 

±1.5K, respectively. However, the common range of 51°-52° recorded the highest 

bias in both beams. Figure 4.7 presents an example of average Tb bias in August 

2015, for both the inner and outer beams, where the red line represents the mentioned 

common range.  

 

 

Figure 4.7: Tb bias as a function of incidence angle. 
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On the other hand, to investigate the latitude dependency, averages over longitude, 

known as a “zonal” average, were performed using 5° latitude bins (to compensate 

for the reduced number of samples) to form a latitude series for both beams 

separately.  

As an example, in the results for March 2015, presented in Figure 4.8, the x-axis 

represents (zonal) over the oceans from 55° latitude-south to 55° north, and the y-

axis in (a) shows the averaged Tb bias for ascending and descending for both beams. 

Also, the highest biases recorded 4 Kelvin in the inner beam and 4-6 Kelvin in the 

outer beam in the same region between -20° to 20° latitude for both ascending and 

descending. In (b) the y-axis presents the averaged clustered Tb for both beams, and 

it is noticeable that the peak of the curves moves from slightly above the equator to 

slightly below the equator. 

This research approach was adopted to show the changes which may occur in time 

within the period of an orbit corresponding to changes in latitude. Table 4.4 clarifies 

the similarity in pattern of Figure 4.8 for both H and V polarizations in all examined 

periods. The average obtained SD at the mentioned region is much higher than at 

other regions. Finally, the orbital pattern of RapidScat Tb is consistent for different 

months and exhibits seasonal changes. The Tb variation within one orbit is due to 

the change of the environmental parameters, which are maximum near the equator 

and which decrease toward the north and the south. 
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(b) Tb bias – March 2015 

 

(a) Observed Tb pattern - March 2015 

Figure 4.8: Latitude vs Tb / Tb bias dependency. 
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Table 4.4: Regional monthly averaged SD vs latitude. 

 

 

Furthermore, to examine the seasonal stability (fall, winter, and summer), the 

monthly observed Tb difference from yearly Tb mean (δ Tb) was performed for each 

month on the global Tb’s population. The spread of averaged brightness- temperature 

distributions, averaged Tb bias, and δ Tb per month are tabulated in Table 5 for both 

polarization and for ascending and descending orbit segments. The minimum value 

of the averaged SD for the V-Pol was recorded in March 2015 and August 2015, for 

the ascending portion of the orbit, while for the descending portion the minimum 

value is noticed in September 2015, and October 2015.   

http://www.thesaurus.com/browse/furthermore
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Generally, for most of the processed data set, there is overall agreement between both 

polarizations. Single differences are mostly within ±3.5 K, both absolutely and 

relative to each other, with a difference of ±0.5K. However, in 2016, the single 

difference bias changed its behavior from the negative to positive, resulting in up to 

2.5K, and the difference between the V-pol and the H-pol was more than 2K.  

On the other hand, for the H-pol, both ascending and descending were listed in 

September 2015 as a minimum record. Trends visible in Table 4.5 point to a 

systematic positive bias in RapidScat Tb measurements for the descending portion 

at the beginning of 2016.  

In addition, Table 4.5 shows that the maximum Tb difference δ Tb is approximately 

-4.15 K for the outer beam in February 2016 and in the ascending portion of the orbit. 

In comparison, generally the descending passes recorded higher bias than ascending 

in the inner beam, but during the descending passes, the outer beam bias was higher. 
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Table 4.5: Ascending and descending monthly averaged Tb, SD, and Tb difference for both 

beams. 
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Results of this work have been calculated at the 1°x1° latitude/longitude grid 

resolution, reducing resolution to 0.25° square pixel, imposing a tradeoff between 

increased accuracy of measured Tb and reduced amount of measurement count per 

bin. As mentioned earlier in this chapter, to examine the seasonal stability (fall, 

winter, and summer), the observed Tb difference from monthly Tb mean (δ Tb) was 

performed for each month on the global Tb’s populations. Figure 4.9 summarizes the 

effect of two resolutions on the δ Tb for both polarizations. Note that the maximum 

(δ Tb) can be shown in the 1ox1o resolution for the V_pol which is approximately 

1.2K. The figure also shows a good agreement between both polarizations.  

 

Figure 4.9: The global monthly averages of Tb bias.
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Chapter 5 

Calibration results using GPM microwave Imager  

As mentioned in previous chapters, the RapidScat instrument was not originally 

proposed for radiometric measurements. Fortunately, there are several operating 

radiometers on-orbit that can be used as secondary standards to calibrate the 

RapidScat (e.g., GMI). This chapter introduces the GMI instrument, collocation, 

normalization Tb’s, and both correction methods as the first part (Sections 5.1, 5.1.1, 

and 5.1.2). The second part presents the results of cross calibration between the 

RapidScat and GPM imager. As well as the results obtained after deploying the 

calibration method (described in Chapter Three), The focus is on quantifying biases 

between pairs of radiometers (RapidScat and GMI instruments). The results are 

presented as a monthly average and as a function of geometry parameters (latitude 

and the incidence angles). In addition, evaluations are illustrated as a function of 

atmospheric (water vapor and cloud liquid water) and ocean model parameters (sea 

surface temperature, wind speed, and wind direction) for both outer and inner beams. 

The study includes the entire usable Tb’s in 2015-2016. This work had been already 

published in [9, 50]. 
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5.1 GPM microwave Imager (GMI) 

The GMI is a non-sun-synchronous, dual-polarization, conical-scanning, multi-

channel (ranging from 10 to 183 GHz) radiometer, and it makes calibrated 

measurements at different wavelengths and polarizations [45, 46]. A GPM Satellite 

instrument was launched in 2014, it was designed with high calibration accuracy, 

protection from sun intrusion, inclined 65°, full sampling repeated every 2 weeks, 

and had greater precision than any previous sensors to serve as radiometric standard. 

Figure 5.1 presented the scan geometry for core observatory instrumentations, which 

is set to 52.8 degrees as an incidence angle and 140° sector (swath 904 Km). More 

information about GMI is available in [47, 48, and 49].  

 

Figure 5.1: GPM Core observatory scan geometry. 
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5.1.1 Collocation Algorithm 

Before engaging in any cross-calibration effort, instruments are calibrated 

individually to ensure Tb’s consistency as presented in the previous chapter. 

Consistent Tb measurements from RapidScat and GMI become inputs for the cross-

calibration stage. Cross-calibration uses pairs of RapidScat and GMI revolutions 

collocated in time. Co-temporal data (within one-hour separation in time) from both 

sensors are gridded into 1° × 1° latitude/longitude boxes over the globe.  

 

Two grids are overlaid, assuring comparable environmental conditions within the 

temporal collocation window in overlapping non-empty grid points. Underlying 

GDAS parameters (mentioned in Chapter Three) are extracted in each grid point 

from the closest (in time) GDAS file. GDAS grids provide common baseline 

conditions for brightness temperature modeling and a comparison with 

measurements from two sensors. Multiple views with different azimuth angles and 

polarizations are present within a box. For both instruments, estimated Tb’s are 

calculated using RTM for each view at various azimuths and polarizations within a 

box and underlying GDAS Parameters. 

 



83 

 

Examples of RapidScat and GMI orbits mapped over the globe are illustrated in 

Figures 5.2 and 5.3. It shows a wide RapidScat swath in red, and the GMI orbit in 

blue. The wide RapidScat swath in Sun-asynchronous orbit allows collocation at 

different latitudes. For each collocated (RapidScat / GMI) data, there must be 

corresponding GDAS parameters within a ± 60-minute window. This temporal 

criterion eliminates about 2/3 or all data for which GDAS reference may not be valid 

(4 GDAS daily files spanning a total 8-hour window to collocate with satellites).  

The collocated RS/GMI brightness temperatures over a two-year period have a wide 

geographic coverage for ascending and descending passes. To ensure high quality 

calibration/validation, this data set was spatially selected within 1° latitude x 

longitude boxes, using a conservative land, rain, and a heavy cloud mask.  

These boxes were quality controlled and edited to remove non-homogenous ocean 

scenes and/or transient environmental conditions. Rain flag and rain impact from 

L2B were used to remove any 1° box with a rain rate higher than zero, when the 

GDAS indicated high water vapor (> 60 mm). The final valid data set now consists 

of the environmental parameters (GDAS) with incidence angle and measured vertical 

and horizontal Tb’s (from L2A).  
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Figure 5.2: Global view of the RapidScat/GPM Imager collocations. 

 

Figure 5.3: Collocation sample of Footprints between RapidScat and GMI.  
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5.1.2 GMI - Tb’s normalization 

The RapidScat operates at 13.4 GHz with incidence angles 54 ̊ (V-pol) and 46 ̊ (H-

pol), and the closest GMI channel is 10.65 GHz with 52.8 ̊ at vertical and horizontal 

polarizations. GMI Tb’s normalization is required before the calibrations. The GMI 

brightness temperatures will be translated to yield an equivalent Tb prior to direct 

comparison with RapidScat [9, 14, and 50]. To achieve this (correction 1), the RTM 

(discussed in Chapter Three) will be used to transform the GMI 10.65 GHz (one 

channel) measurements to the equivalent 13.4 GHz at the corresponding RapidScat 

incidence angles. As mentioned, the goal of the radiative transfer model (RTM) is to 

calculate the brightness temperature at the defined operating frequency and incidence 

angle. Then, global measured and modeled RapidScat Tb’s can be compared for both 

polarizations. The environmental parameters of the ocean and atmosphere were 

prepared for the input to the RTM. The most important characteristic of the RTM is 

that it accurately captures the dynamics of the ocean Tb and environmental 

parameters [9, 50]. 

The calculated ∆Tb is the difference between the simulated brightness temperatures for 

the parameter GMI Tb’s at 10.65 GHz, and RapidScat Tb’s at 13.4 GHz for V and H pol; 

then the average GMI Tb’s at 10.65 GHz will be normalized to compensate for the difference 

in center frequency and the incidence angle, as shown in the following steps [9, 51]: 
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∆TbV =  RS𝑟𝑡𝑚𝑉 − GMI𝑟𝑡𝑚𝑉                                                               (5.1) 

∆TbH =  RS𝑟𝑡𝑚𝐻 −  GMI𝑟𝑡𝑚𝐻                                                                (5.2) 

Tb_𝐺𝑀𝐼_𝑉 =  Tb_GMI measured_V + ∆TbV                                                             (5.3) 

Tb_𝐺𝑀𝐼_𝐻 =  Tb_GMI measured_H + ∆TbH                                                             (5.4) 

 

The second method for GMI Tb’s normalization (correction 2) is to use two adjacent 

channels instead of one channel. For the Imager, the two lowest frequency channels 

at 10.65 GHz and 18.7 GHz bracket the RapidScat at 13.4 GHz; however, the 

incidence angles do not match. The GMI incidence angle is 52.8° for all channels; 

however, for RapidScat, the inner (H-pol) beam is 46°, and the outer (V-pol) beam 

is 54°. Thus, GMI Tb’s are translated to yield an equivalent Tb prior to direct 

comparison with RapidScat [9, 50].  

The radiative transfer model is used to calculate the equivalent RS Tb’s from GMI 

channels (10.65 and 18.7 GHz), to produce the equivalent 13.4 GHz at the 

corresponding RapidScat incidence angles. This process involved using a spectral 

ratio (𝑆𝑟) parameter for both polarizations calculated as a function of water vapor, 

cloud liquid water, and sea surface temperature, which is defined by Equation 5.5: 
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S𝑟(𝑤𝑣, 𝑐𝑙𝑤, 𝑠𝑠𝑡) =  
RS𝑟𝑡𝑚13.4− GMI𝑟𝑡𝑚10.65

GMI𝑟𝑡𝑚18.7− GMI𝑟𝑡𝑚10.65
                                                          (5.5) 

Where RS𝑟𝑡𝑚13.4 ,  GMI𝑟𝑡𝑚10.65, and GMI𝑟𝑡𝑚18.7  are the modeled brightness 

temperatures for RS and GMI, respectively [9, 52]. Using this ratio, the GMI 

brightness temperatures (10.65 and 18.7 GHz) were translated to the RapidScat 

equivalent Tb (13.4 GHz) as shown in Equation 2: 

Tb GMI13.4 =  Tb GMI10.65 + S𝑟( Tb GMI18.7 −  Tb GMI10.65 )                            (5.6) 

 

Where 𝑇𝑏 GMI10.65, and  Tb GMI18.7 are the observed brightness temperatures. By 

having the equivalent 13.4 GHz Tb's (TB GMI eqv), the difference between the 

observed RapidScat and the equivalent GMI Tb's can be calculated by Equation 5.7. 

    Tb Dif = Tb RSobs −  Tb GMIeqv                                                                       (5.7) 

After GMI Tb’s normalization, the RapidScat brightness temperature has been 

compared to the GMI. The purpose of this technique was to find a radiometric 

calibration bias from one radiometer to another, and thus to reduce the relative biases 

among the sensors [50]. Figure 5.4 summarizes the calibration procedure in a block 

diagram. 
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Figure 5.4: Radiometric Calibration Process (RS/GMI). 
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5.2 Cross Calibration results 

This section presents RapidScat/GMI Tb differences in arbitrary selected periods 

between January 2015 and August 2016. To assess the Tb difference affected by each 

parameter, geometry and environmental factors were precisely examined. In each of 

the processed data sets overall agreement between both polarizations was observed. 

Figures from 5.5 through 5.8 summarize the Tb differences as a function of wind 

speed in July 2015, relative wind direction in Feb. 2015, sea surface temperature in 

both April and July 2015, water vapor in June 2015, and cloud liquid water in Sept. 

2015.  

As mentioned in the Introduction, this paper describes RapidScat’s passive mode 

with radiometer measurements to obtain the brightness temperature. This work 

presents differences between RapidScat and the GPM Imager measured Tb’s as a 

function of the geometry and the main RTM environmental inputs. More details and 

discussion are available in Section (5.3). 
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(a) July 2015 

 

(b) February 2015 

Figure 5.5: Tb differences as a function of wind speed (top), relative wind direction. 
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(a) April 2015 

 

(b) July 2015 

Figure 5.6: Tb differences as a function of sea surface temperature (SST). 
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(a) Difference - July 2015 

 

(b) Bias (SD) - July 2015 

Figure 5.7: Tb differences / biases as a function of zonal latitude. 
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(a) September 2015 

 

(b) June 2015 

Figure 5.8: Tb differences as a function of cloud liquid water (top), water vapor. 
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5.3 Results Discussion 

To evaluate RapidScat/GMI differences as a function of latitude, Tb difference 

dependence on wind speed (Figure 5.5.a) and relative wind direction (Figure 5.5.b) 

was investigated and presented for both beams. The difference in variation changes, 

in most circumstances, are within ± 3K; however, there is an exception, especially 

for wind speeds above 10 m/s where the Tb difference became higher. Moreover, 

Figure 5.5.b captures the average Tb differences as a function of the relative wind 

direction.  

From ocean side also, the dependence of Tb difference on the SST is investigated as 

SST >290 and SST <290; this is summarized in Figure 5.6 (good agreement for both 

polarizations). Differences at both polarizations follow the same pattern, and all the 

radiometric measured data in 2015 shows good overall average agreement in both 

inner and outer beams, with the red and blue lines presenting the averaged Tb 

differences in inner and outer beams, respectively.  

In addition to ocean brightness temperature models, latitude dependency was also 

investigated. To present latitude dependency, averages over longitude, known as 

zonal averages, were performed to form a latitude series (to reduce the Tb 

measurement standard deviation).  
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As shown in Figures 5.7.a and 5.7.b for July 2015, the horizontal axis represents the 

latitude over the oceans from 55° latitude-south to 55° north (collocation region). 

Figure 5.7.a presents the average RapidScat/GMI Tb differences separated in 

horizontal (blue line) and vertical (red line) polarizations, while Figure 5.7.b presents 

the RapidScat Tb biases for both beams (Single Difference (SD): Tb measured – Tb 

modeled). It is noticeable that the highest differences were recorded in the same 

region between -20° to 20° latitude for both polarizations.  

Moreover, Table 5.1 shows results of the Tb difference as a latitude series (Zonal 

average over 360 degree longitude). Results illustrate the mean and STD of Tb 

difference between observed RapidScat and normalized GMI for both H- and V- Pol. 

It shows that after Tb normalization, there are reasonably small differences in the 

mean ocean brightness temperatures between RapidScat and GMI, which indicates 

that the RapidScat radiometric calibration is basically stable (within a couple of 

Kelvins) over one-month periods. It’s noticeable that the mean values for 

RapidScat’s biases on a monthly basis are less than ± 1K for 6 months, except April, 

May, July, and August) for both polarizations. Results from the Correction 2 GMI 

Tb’s normalization factors that have been added to Tb observed GMI for each month 

are also tabulated.  
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Table 5.1: Global averaged Tb difference as a function of zonal latitude (2015). 

 

Month 

Mean Tb_Dif / Std (Kelvin) 

zonal latitude 

Mean _normalization 

value (correction 2) 

(Kelvin) 

Dif_V Dif_H V H 

2015-January -0.69/1.77 -0.15/3.73 11.28 9.89 

2015-February 0.1/3.4 0.82/2.8 12.25 9.8819 

2015-March 0.09/4.8 0.1/3.8 11.43 10.73 

2015-April -2.17/3.01 -0.6/2.56 10.5 10.1 

2015-May -3.50/4.7 -0.34/2.8 10.72 9.89 

2015-June -0.8/6.0 0.73/3.77 9.12 7.8 

2015-July -2.8/3.91 -0.07/3.62 8.81 6.89 

2015-August -3.8/4.3 -1.58/4.57 8.68 6.07 

2015-September -0.9/4.6 1.4/4.4 8.72 7.53 

2015-October -0.05/5.2 2.7/4.9 12.07 10 
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In addition to ocean brightness temperature models and latitude, the atmospheric 

parameters are also investigated in Figure 5.8, and an analysis of the Tb differences 

versus the cloud liquid water (CLW) was examined in figure 5.8.a (top). The plot 

shows the Tb differences mostly within ± 2K, except for the CLW higher than 0.05 

mm for both beams (the red is outer, and the blue is inner). 

The other environmental factor that was examined is the water vapor. The presence 

of water vapor in the atmosphere causes an increase in the brightness temperatures 

measured by microwave instruments. Figure 5.8.b (bottom) illustrates an example 

for June 2015. The examined periods show a good agreement between the inner and 

the outer beams, but the Tb difference changes behavior from positive to negative 

when the water vapor exceeds about 30 mm in both polarizations.  

Moreover, the entire period was examined to assess the monthly averaged Tb bias 

contributed by water vapor in two different ranges (> 30 mm) and (< 30 mm), for 

both V and H pol. Tables 5.2 and 5.3 also show that for the low water vapor range, 

the averaged Tb differences are positive, and the negative pattern for the water is 

greater than 30mm. It can be concluded that the water vapor is highly correlated to 

the variation in sea surface temperature (SST). Along the equator, the SST is usually 

higher and gradually decreases in temperature toward the poles in the range of 207-

310 Kelvin.  
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Table 5.2: Global averaged Tb difference as a function of water vapor (Correction 1). 

 

Month 

Water Vapor < 30 mm Water Vapor > 30 mm 

Dif_V Dif_H Dif_V Dif_H 

2015-January 0.2482 -0.4063 -2.4625 4.9 

2015-February -4.32 -3.50 -5.18 -4.62 

2015-March 1.2 -1.48 -5.85 -6.01 

2015-April 2.5 -0.14 6.01 2.18 

2015-May 3.98 -2.4 -0.45 -8.73 

2015-June 2.45 0.04 -0.07 -5.16 

2015-July 4.49 0.57 5.58 1.64 

2015-August 7.97 4.16 8.86 4.8 

2015-September 1.07 -1.94 1.32 -1.4 

2015-October -2.08 11.9 -7.3 -8.3 
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Table 5.3: Global averaged Tb difference as a function of water vapor (Correction 2). 

 

Month 

Water Vapor < 30 mm Water Vapor > 30 mm 

Dif_V Dif_H Dif_V Dif_H 

2015-January 0.67 0.3330 -4.38 1.59 

2015-February -2.13 -1.25 -5.99 -5.46 

2015-March 1.08 -0.31 -5.74 -7.15 

2015-April 3.23 0.25 2.23 -0.03 

2015-May 4.15 -2.02 -1.05 -10.14 

2015-June 4.84 -0.68 -1.69 -4.66 

2015-July 5.41 1.09 4.5 1.06 

2015-August 8.264 4.67 8.19 3.61 

2015-September 2.43 -0.21 0.59 -2.33 

2015-October -5.02 9.2 -7.2 -8.3 
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Chapter 6 

Conclusions, Summary and Future Works   

6.1 Conclusions and Summary 

 

In summary, the RapidScat instrument in both active and passive modes can be used 

to connect the sun-synchronous sensors that observe the oceans at different local 

times to remove inter-sensor biases. This dissertation describes the RapidScat’s 

passive mode with radiometer measurements to obtain the brightness temperature 

simultaneously with primary active mode collecting normalized radar cross section 

measurements. These dual measurements are useful for flagging rain, which 

frequently contaminates scatterometer wind vector retrievals.  Biases have been 

calculated for the RapidScat as a function of main RTM environmental inputs: 

atmospheric model and ocean brightness temperature models that affect microwave 

apparent brightness temperatures. The differences in the on-orbit thermal 

environments caused erroneous results (Tb biases) as discussed previously.  
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This work also presents differences between RapidScat and the GPM Imager 

measured Tbs as a function of wind speed, relative wind direction, water vapor, and 

cloud liquid water. To understand their contribution to the RapidScat Tb bias, those 

environmental factors were examined. The trends of the Tb deviation could be 

studied by this method to assess the Tb bias affected by each parameter. Results 

obtained from two years of observations indicate that most of the measured data in 

2015 show an overall average agreement.  

Also, it can be concluded that the RapidScat brightness temperature is a reliable 

source of data and it satisfies the accuracy requirements, despite Tb not being 

RapidScat’s primary data product. Data used in the validation were collected from 

the entire RapidScat’s mission. Further analysis of the RapidScat measurement set 

may help estimate relative validity and stability of other scatterometers/radiometers. 

Finally, the objective of this thesis was to find an acceptable solution to eliminate 

these Tb’s anomaly by modifying the ground processing algorithm.   
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6.2 Future Works 

This work can be extended to calibrate the future missions, such as Indian Space 

Research Organization (ISROs) OSCAT-2, China Meteorological Administration 

(CMA), the Russian SCAT on Meteor-M, and extended OW-CDR. Also, further 

analyses of the RapidScat data can be extended to the following:  

• RapidScat land calibration for different targets can be evaluated by 

implementing the method that has been discussed in this dissertation.  

• An ERA-Interim can be used instead of the GDAS, which is a global 

atmospheric re-analysis produced by the European Center for Medium- 

Range Weather Forecast (ECMWF). Their results will be different because 

the datasets are generated using different input and independent models. 

• In both modes, the SNR states of RapidScat can be calibrated separately using 

the method outlined in this thesis and comparing the result.  

• The relationship between surface normalized radar cross section and 

RapidScat Tb bias over the land, can be estimated by performing a cross-

correlation analysis. 

• Similar analyses can be performed to estimate the front-end physical 

temperatures using solar beta angles.   
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