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Cari Soci, 

quello che avete appena ricevuto è il secondo numero della Rivista Italiana di 
Telerilevamento nella nuova veste editoriale. Il formato ridotto consente una maggiore 
compattezza della rivista senza perdere in qualità; le norme per gli autori sono state 
aggiornate e, seppure con qualche sacrijkio, è stato deciso di continuare a pubblicare 
immagini e foto a colori e ad ospitare un 'immagine in copertina. Il Consiglio Direttivo sta 
inoltre facendo notevoli sforzi per garantire la regolare pubblicazione di tre numeri lan- 
no, mantenendo l'attuale livello di qualità degli articoli ospitati nella Rivista. Tutto que- 
sto ha naturalmente un costo che l'Associazione copre con le entrate che derivano dal 
pagamento delle quote associative. E'bene ricordare che la Rivista è Io strumento di infor- 
mazione e comunicazione più eficace per i soci e che la sua pubblicazione è subordinata 
a due fattori che coinvolgono direttamente i soci: l'invio di articoli ed il pagamento delle 
quote sociali. Sapete tutti che AIT non ha aumentato l'importo delle quote individuali e di 
quelle collettive, proprio per consentire a tutti di continuare a far parte dell 'Associazione. 
Attualmente le quote associative, che vengono pagate con regolarità da circa il 50% dei 
soci, coprono le spese per la pubblicazione di due numeri della rivista. E' evidente che il 
perdurare di questa situazione richiederà delle scelte necessarie per la riduzione dei costi 
afinché possa essere mantenuto l'impegno di uscire con regolarità. 
Vi rivolgo pertanto l'ennesimo appello afinché possiate regolarizzare la Vs. posizione nei 
confronti dell 'Associazione e, naturalmente, la richiesta di fornire articoli alla Rivista. 
Vi ricordo che il CD dell'Associazione è disponibile per discutere qualsiasi commento, 
proposta o critica che riteniate opportuna per migliorare le iniziative sostenute 
dal1 'Associazione. 

Desidero infine ricordare un amico e collega che ci ha lasciato prematuramente. Molti di 
Voi avranno avuto modo di manijèstare il proprio afetto alla famiglia di Eugenio Zilioli. 
Io credo che sia giusto dedicare ad Eugenio un pensiero dalle pagine della rivista, uno di 
noi tra i più appassionati e convinti sostenitori del Telerilevamento. 

Un saluto a tutti, 

Il Presidente 
Ruggero Casacchia 
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In ricordo di Eugenio 

I colleghi dell'IREA di Milano hanno pubblicato sul sito del loro Istituto questa frase, per 
commemorare il collega e amico Eugenio: 
Il 9 novembre 2004 è prematuramente scomparso Eugenio Zilioli, responsabile della sezione 
del1 YREA di Milano. Il direttore dell'IREA e i colleghi di Napoli partecipano commossi al 
dolore della famiglia e del personale della sezione milanese, ricordando le qualità umane, 
il valore scientifico e l'impegno della costituzione e nello sviluppo dell'lstituto, profuso con 
passione j n o  alla fine. 
Chiunque volesse esprimere una testimonianza può farlo collegandosi al sito della sezione di 
Milano ail'indinwo: http://milano.irea.cnr.it". 
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The thirst of our planet 

Many Earth observations programs are in progress in US, Asia, and Europe for a closer mo- 
nitoring of our planet, especially in view of the increasing problems related to global changes 
and anthropic pressure on the environrnent. Flooding, fires, water waste, glacier retreat, 
deforestation, desertification, and climate changes in general, are very topical subjects which 
need to be deeply investigated and which are al1 related to the global water cycle. Although 
the climate variabili9 of our planet can be greatly attributed to natura1 oscillations rather than 
to human cause, the increasing waste of water and the consequent impoverishment of water 
resources is a fact. 

In order to gain as much information as possible on the water cycle, NASA has launched a con- 
stellation of satellites with different sensors onboard covering a large part of the e.m. spectm, 
and therefore able to retrieve information on several parameters of ocean, atmosphere and 
land: Terra and AQUA have already been launched in 1999 and in 2002, respectively. 
Simultaneously, other national space agencies (i.e. JAXA (former NASDA) in Japan, ESA 
in Europe, ASI in Italy, CNES in France) have programmed space rnissions with the same 
aim. In March 2002 ESA launched ENVISAT and JAXA ADEOS-I1 in December of the 
same year. Future missions will be developed by ASI together with CNES for the creation of 
a consteiiation of satellites (COSMO-SKYMED) with a SAR at X-band and a new genera- 
tion optical sensor. Particular attention to soil moisture content and sea salinity will be paid 
by SMOS, an interferometric radiometer at L-band, developed by CNES. 

AQUA and ADEOS-I1 are Earth Science satellite rnissions of NASA and JAXA, respectively, 
especially dedicated to collecting large amounts of information about the Earth's water cycle, 
including evaporation from the oceans, water vapor in the atmosphere, clouds, precipitation, soil 
moisture, sea and land ice, and snow cover on the land and ice. Additional variables also being 
measured include radiative energy fluxes, aerosols, vegetation cover on the land, phytoplankton 
and dissolved organic matter in the oceans, and air, land, and water temperatures. On May 2, 
2002, the AQUA satellite was launched from the Californian Air force basis of Vanderberg, 
whereas ADEOS-II was launched on December 14, 2002 from Tanegashima Space Center. 
Onboard both satellites is a new-generation multi-channel microwave radiometers (AMSR and 
AMSR-E, Advanced Microwave Scanning Radiometer, both developed by JAXA), boasting 
more advanced performances than the previous generation of micrmve sensors (SMMR and 
SSMA). These sensors are multifrequency microwave radiometers, and, in spite of the rather 
coarse ground resolution, still in the order of several tens of kilometers at the longer wavelengths, 
are the most promising for the study of water cycle on a global scale. An analysis of their data 
makes the observation of the global dynarnic of many parameters involved in the hydrological 
cycle possible, e.g. sea surface temperature (SST), atmospheric precipitable water and water 
vapor, sea ice and snow cover, and, more challenging, the temporal and spatial evolution of the 
soil moisture content (SMC) and vegetation cover. 
Unfortunately, ADEOS-I1 suddenly expired, after almost one year of data collecting, thus 
spoiling the project of a morning and an afternoon simultaneous orbit able to retrieve infor- 
mation on the surface in two different temperature status. 

In this special issue of the Rivista Italiana di Telerilevamento (Italian Journal of Remote 
Sensing) we would like to give an overview of the status of research conceming the AMSR I 
AMSR-E sensors by giving voice to a pane1 of scientists involved in the algorithm creation 
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for the retrieval of the geophysical parameters. The papers presented here cova topics ranging 
from the description of the microwave sensor and its characteristics, to its applications on earth, 
ocean and atmosphere. In particular there are papers on the retrieval of severa1 geophysical 
parameters involved in the water cycle: sea surface temperature, total colurnn of precipitable 
water, S a  Ice Concentration, snow depth, snowfall aver the ocean, and soil moisture content. 
Also covered in this issue is the topic of radio fkequency interfèrences, which dramaticaily affect 
microwave data, especiaily in industrialized countries. 

Hoping that the subject of these papers is of interest to you, I wish you a good reading, 

Simonetta Paloscia 

Unfortunately, I must add that a sad cloud passed over our enthusiasm in preparing this special 
issue. Alfked Chang (Goddard Space Flight Center, NASA) suddenly passed away on May 26, 
2004. We sincerely regret that he is not able to be here and share with us the fniits of our com- 
mon research. 
P u m p p o  devo aggiungere che sull'entusiasmo di questa iniziativa è passata una nuvola: AI@d 
Chang (del Goddard Space Flight Center, NASA) è improwisamente scomparso il 26 Maggio 2004. 
Siamo sinceramente addolorati che lui non sia qui per condividere con noi la soddisfm'one per I'u- 
scita di questo numero speciale. 

S.P 

Al Chang (on the nght) with Simoneiia PalosciaICNR-IFAC (Italy), 
Ann M S D A ,  Tom JacksonAJSDA, Venkat LaksMniversity 
of South Carolina and Eni NjoMJPL at the AMSR Meeting, Kyoto, 
Japan, 1999. The photo was kindly provided by Don Cavalieri. 

Al Chang (a destm) con Simonetta Paloscia del CNR-IFAC (Italia), 
Ann Hsu dell'USDMARC (USA), Torn Jackson dell'USDALARC 
(USA), Venkat Lahhmi dell' Università del South Carolina (USA) 
e Eni @ o h  del JPL (USA) durante il meeting AMSR in Kyoto, 
Giappone, nel 1999. La foto è stata gentilmente concessa da Don 
Cavalieri. 
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La sete del nostro pianeta 

Molti propmmi spaziali di osservazione della Terra sono in corso in tutto il mondo (Stati 
Uniti, Asia, Europa) per un monitoraggio più stretto del nostro pianeta, soprattutto in vista dei 
crescenti problemi legati ai cambiamenti globali e alla pressione antropica sull'ambiente. 
Inondazioni, incendi, spreco delle risorse idriche, ritiro dei ghiacciai, deforestazione e deser- 
tificazione e cambiamenti climatici in genere sono degli argomenti molto attuali e 'caldi'che 
hanno bisogno di essere indagati a fondo e che sono tutti legati al ciclo dell'acqua. 
Anche se la variabilità climatica del nostro pianeta può essere attribuita più ad oscillazioni 
naturali che a cause antropiche, il crescente spreco delle risorse idriche e il loro conseguen- 
te impoverimento è un dato di fatto. 

Per ottenere più informazioni possibili sul ciclo dell'acqua, la NASA ha deciso di lanciare 
una costellazione di satelliti con a bordo diversi sensori coprenti una larga parte dello spettro 
elettromagnetico e perciò in grado di ricavare informazioni su molti parametri della super- 
ficie terrestre, inclusi gli oceani e l'atmosfera: Terra e AQUA sono già stati lanciati, rispet- 
tivamente nel 1999 e nel 2002. Contemporaneamente anche in altri paesi le agenzie spazia- 
li nazionali (cioè JAX4 (m-NASDA) in Giappone, ESA in Europa, ASI in Italia, CNES in 
Francia) si sono attivate per programmare missioni spaziali di tipo analogo. Nel marzo 2002 
ESA ha lanciato ENVISAT e JAXA ADEOS-I1 nel Dicembre dello stesso anno. 
Un 'altra missione futura è programmata da ASI insieme a CNES per la creazione di una 
costellazione di piccoli satelliti (COSMO-SKYMED) con a bordo un SAR in banda X e sen- 
sori ottici di nuova generazione. Attenzione particolare sarà dedicata aIla misura di umidità 
del terreno e salinità del mare con il satellite SMOS che è un radiometro interferometrico a 
microonde in banda L sviluppato dal CNES. 

AQUA e ADEOS-11 sono due satelliti rispettivamente costruiti dalla NASA e dalla JAXA e 
dedicati espressamente alla raccolta di una grossa mole di dati sul ciclo idrologico, per la 
misura dell'evaporazione dagli oceani, del vapor d'acqua atmosferico, delle precipitazioni, 
dell'umidità del terreno, del ghiaccio su terra e mare e della copertura nevosa. Altre varia- 
bili misurabili sono ijlussi di energia radiativa, gli aerosol, la copertura vegetale, ilfitoplanc- 
ton e la sostanza organica disciolta negli oceani e la temperaiura sup@ciale. 
Il satelllite AQUA è stato lanciato dalla base spaziale cal$orniana di Yanderberg il 2 maggio 
2002, mentre ADEOS-11 è stato lanciato il 14 dicembre dello stesso anno dalla base spaziale 
giapponese di Tanegashima. A bordo di entrambi satelliti c'è una nuova generazione di radio- 
metri a microonde multicanale (AMSR e AMSR-E, Advanced Microwave Scanning Radiometeq 
entrambi sviluppati da J a ) ,  con caratteristiche avanzate rispetto alla vecchia generazione di 
sensori a microonde come SMMR e SSM/I. Questi sensori, a dispetto della risoluzione spazia- 
le grossolana, che è dell'ordine di diverse decine di chilometri per leffequenzepiù basse, sono 
però i più promettenti per lo studio del ciclo idrologico a scala globale. Dall'analisi dei loro 
dati si può osservare la dinamica globale di molti parametri come per esempio la temperature 
supe$ciale del mare (SST), l'acqua atmosferica precipitabile e il vapor d'acqua, la copertura 
nevosa e del ghiaccio sul mare, e in modo più ambizioso l'evoluzione spaziale e temporale del- 
l'umidità del terreno (SMC) e della copertura vegetale. 
Sfortunatamente dopo circa un anno di vita ADEOS-II ha smesso di finzionare, rovinando 
così il progetto di avere due misure simultanee con un orbita mattutina ed una pomeridia- 
na che avrebbe consentito di avere informazioni sulla superjìcie in diverse condizioni di 
temperatura. 
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In questo numero speciale della rivista Italiana di Telerilevamento vorremmo dare unapano- 
ramica dello stato dell'arte della ricerca riguardante il radiometro AMSRIAMSR-E, dando 
voce al gruppo di scienziati coinvolti nella creazione degli algoritmi per la stima dei para- 
metri geofisici. Gli articoli qui presentati spaziano dalla descrizione del sensore a microon- 
de, e delle sue caratteristiche, alle sue applicazioni su tema, mare e atmosfem. Sono articoli 
attinenti alla stima dei parametri geoJsici collegati al ciclo idrologico, quali la temperatura 
superjkiale, la concentrazione di ghiaccio e le precipitazioni su mare, la colonna di acqua 
precipitabile, lo spessore del manto nevoso e l'umidità del temeno. Un altro argomento inte- 
ressante trattato in questo numero è il problema delle inteflerenze a radio-Jrequenza che 
injluenzano in modo considerevole l'emissione a microonde, soprattutto nei paesi industria- 
lizzati. 

Sperando che l'argomento di questi articoli si riveli atiraenteper voi, vi auguro buona lettura, 

Simonetta Paloscia 
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The Advanced Microwave Scanning Radiometer for the 
Earth Observing System (AMSR-E) and its products 

Elena S. Lobl and Roy W. Spencer 

University of Alabarna in Huntsville, GHCC, National Space Science and Technology Center, 
320 Sparkman Dr., Huntsville, AL 35805, USA. E-mail: Elena.lobl@msfc.nasa.gov 

Abstract 
The Advanced Microwave Scanning Radiometer for NASA's Earth Observing System 
(AMSR-E) is a dual-polarized rnicrowave radiometer having channel frequencies ranging 
from 6.9 GHz to 89 GHz. AMSR-E was designed to retrieve global information on pre- 
cipitation, sea surface temperature, oceanic surface winds and integrated cloud water and 
water vapor, vegetation, sea ice, and snow cover. Mitsubishi Electric Corporation of Japan 
built the instrument for the National Space Development Agency of Japan (now called 
Japanese Aerospace Exploration Agency, JAXA). AMSR-E was launched on 4 May 2002 
on NASA's Aqua satellite. AMSR-E is providing the highest spatial resolution yet attained 
for a civilian spaceborne microwave sensor, with spatial resolutions ranging from 5 km at 
89 GHz to 60 krn at 6.9 GHz. A distributed array of six feedhorns are illuminated by a 1.6 
m diameter offset parabolic reflector on AMSR-E. While JAXA is responsible for the cal- 
ibration of the AMSR-E data, science software for the retrieval of the various geophysical 
parameters has been independently developed by JAXA- and NASA-funded researchers. 
Extensive product validation efforts, involving many different countries, are discussed. 
Initial data from AMSR-E are also presented. 

Riassunto 
L'Advanced Microwave Scanning Radiometer (AMSR-E) progettato per l 'Earth Observing 
System del1 Agenzia spaziale americana (NASA) è un radiometro a microonde a duepola- 
rizzazioni che opera in un intervallo di frequenza fra 6.9 GHz e 89 GHz. L'AMSR-E è stato 
concepito per ottenere informazioni sulle precipitazioni, sulla temperatura superficiale e 
il vento sul mare, sulle colonne integrate di acqua e vapor acqueo, sulla vegetazione, sul 
ghiaccio marino e sulla copertura nevosa. La Mitsubishi Electric Corporation giappone- 
se ha costruito lo strumento per la National Space Development Agency (NASDA, ora 
chiamata J M ,  ovvero Japanese Aerospace Exploration Agenq). L'AMSR-E è stato lan- 
ciato il 4 Maggio 2002 sul satellite AQUA della NASA. Questo radiometro ha la risoluzio- 
ne spaziale più alta mai raggiunta da un sensore civile di questo tipo dallo spazio: da 5 
km a 89 GHzjìno a 60 km at 6.9 GHz. Un array distribuito di sei antenne coniche è illu- 
minato da un rzjlettore parabolico di 1.6 m di diametro. Mentre la JAXA è responsabile per 
la calibrazione dei dati AMSR-E, i programmi per la stima dei diversi parametri geofisici 
sono stati sviluppati in modo indipendente dai ricercatori finanziati dalla J M  e dalla 
NASA. In questo articolo vengono esaminati gli sforzi compiuti da molti paesi per la vali- 
dazione dei prodotti e sono presentati i dati iniziali dell'AMSR-E. 
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Background 
The application of microwave radiometry from space to remote sensing of the Earth began 
with the observations from the Russian satellite Cosmos 243, launched in 1968. This first 
space radiometer (a non-scanning, nadir-viewing instrument) had channels between 3.5 
and 37.5 GHz. In the United States, Nimbus 5 was launched in 1972 with two microwave 
sensors on-board: the Electrically Scanning Microwave Radiometer [Theon, 19731 with 
one channel at 19.3 GHz and Nimbus-5 Microwave Spectrometer (NEMS, 22.2 GHz - 
water absorption line and 3 1.4 GHz - window frequency, plus three oxygen channels at 
53.6, 54.9 and 58.8 GHz). These and subsequent microwave radiometers can be catego- 
rized as one of two different types: either atmospheric sounders, providing information 
about the vertical profile of the atmosphere, or surface (or window-frequency) sensors, 
where the surface characteristics can be imaged through the atmosphere. 
The Microwave Sounding Units (MSUs), flying on the National Oceanographic and 
Atmospheric Adrninistration (NOAA) satellites, have provided a twenty-five year global 
temperature record that scientists are still following and debating [Spencer and Christy, 
19901. The MSU follow-on, the Advanced Microwave Sounding Unit (AMSU), is flying 
on the latest NOAA satellites: NOAA 15, 16, and 17. 
The Special Sensor Microwave/Imager [Hollinger et al., 19901 series of instruments on the 
Defense Meteorologica1 Satellite Program (DMSP) platforms led to much wider use of 
satellite passive microwave data. With dually polarized channels between 19.3 and 85.5 
GHz, the wide variety of surface and atmospheric pararneters retrievable from SSMII data, 
and its external calibration system, have made window frequency microwave radiometers 
a valuable addition to any weather and climate monitoring satellite. 
The follow-on to S S M ,  the Tropical Rainfall Measuring Mission [Simpson et al., 19881 
Microwave Imager (TMI), was designed with an additional 10.7 GHz channel. This lower 
frequency channel was added to better observe heavy rainfall over the ocean and to allow 
retrieval of tropical sea surface temperature. 

AMSR-E system description 
Hardware 
An overview of the hardware is shown in Figure 1. Table 1 lists the main characteristics 
AMSR-E. 
Antenna subsystem 
The antenna subsystem consists of the reflector, the feedhorn array, and the calibration 
loads. The reflector is an offset parabolic reflectors with an f D  value of 1.25. The pre- 
launch measured main beam efficiency was greater than 92% for al1 channels. MELCO 
calculated the spillover to be 2 to 4 %. 
The feedhorn array is made up of individua1 horns for every center frequency, except the 
18.7 and 23.8, which share a horn. Al1 the horns are dual-mode horns. Figure 2 shows the 
layout of the horns for AMSR-E. 
The calibration loads are a cold sky reflector (mirror, CSM) and a warm load (high tem- 
perature noise source, HTS). The loads are mounted on the stationary axis of the rotating 
drum. The CSM has an effective aperture of 38 cm. The HTS is a square that is 24 cm on 
each side. It has 16 pyramids and each pyramid has an interna1 heater. The heaters are 
wired in four circuits, each with its own temperature control. The temperature of the HTS 
is maintained at approximately 30 deg C. Data from 8 (6 mounted inside the pyramids, and 
2 mounted on the outside surface of the HTS) platinum resistance thermometers (PRTs) 
are incorporated into the science data stream and together with the CSM data are used in 
calibrating the science data. The HTS design is not optimum, and has led to large temper- 
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Figure 1 - OveMew of AMSR-E. 
The refiector supports have 
deployment mechanisms. 

Sensor Unit (SU) 

Main Reflector 

Feed-homs. 

A,,~~,,,,~ Contro1 Unit (CU) 
Electronics 

Sensor Unit (SU) 

Main Reflector 

Feed-homs omenium Wheel 

Table 1 - Charscteristtes of AMSR-E. 

Chmel  center fkequencies: imaging (GHz) 
Palwimtion: imaging chmels 
Antenna effective aperture size (m) 
&bit altitude (km) 
Swath width (km) 

6.925, 10.65, 18.7,23.8,36.5, 89.0 (2) 
VandH 

1.6 
705 
1450 

Incidente angle (deg) 1 55 (54.5 for one of the 89.0 GHa chaanels) 

ature gradients throughout the load. Analysis of over one year of on-oi'bit data, however, 
has led to a revised calibration strategy primarily involving weighting the eight PRTs in 
such a way that the AMSR-E brightness temperatures are consistent with those measured 
by the TRMM Microwave Imager as well as the SSMO instruments. 
Receiver subsystem 
Al1 the AMSR-E receivers, except the 6.925 GHz, have a heterodyne architecture. The 
6.925 GHz receiver uses direct detection. Table 2 lists the design requirements for the RF 
subsystem. The NEAT values have been verified during unit and system tests. The instru- 
ment appears to meet al1 the design requirements, after correction is made for receiver non- 
linearity at 6.9 GHz. 
Balancing mechanism 
The instrument has a momentum wheel to take care of the momentum imparted to the 
spacecraft by the rotating Sensor Unit (SU). In addition, AMSR-E has an orbita1 balanc- 
ing mechanism (OBM) on the outside of the SU, which can further adjust its balance. The 
Aqua platform imposed very stringent attitude requirements on al1 instruments on-board. 
The AMSR-E OBM can be controlled with ground commands. After the launch of Aqua, 
AMSR-E's angular momentum imbalance was within the required values; nevertheless, 
this imbalance was successfully decreased further by commanding the OBM. 

htemtion time (msec) 
Scan rate (rpm) 

2.5 (1.2 for both 89 GHz channels) 
40 

IFOV: imaghg channels (lai x km) I 40~70,27~46,14x25,17x29,8~14,3~6 
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Figure 2 - Layout for the AMSR-E feedhom array. 

Table 2 - The AMSR-E RF subsystem design characteristics, which meet ali the design requirements. 

So ftware 
Separate retrieval codes have been developed by both NASDA- and NASA-funded scientists 
for a wide variety of geophysical parameters. These include precipitation, sea surface tem- 
perature, oceanic vertically integrated cloud water and water vapor, ocean surface wind 
speed, sea ice parameters, snow water equivalent, and soil surface moisture. The AMSR-E 
raw data are processed at the Earth Observation Center (EOC) to Level 1. In Japan further 
processing to Level 2 and 3 will initially be tested at Earth Observation Research Center 
(EORC) in Tokyo, Japan. Once the AMSR-E algorithms are validated, the processing will 
move over to EOC for operational processing. The archive and distribution of the AMSR-E 
products will be done at EOC. The Science Investigator-led Processing System (SIPS) 
processes the AMSR-E data with NASA-funded algorithms. The SIPS receives the Level 1 
data from JAXA (through the Physical Oceanography Distributed Active Archive Center, 
PO.DAAC) and further process them into Level 2 and 3 products. The AMSR-E SIPS has 2 
components: Remote Sensing Systems (RSS) processes the data from Level 1 to Level 2A, 
and Global Hydrology and Climate Center (GHCC) continues the processing to Level 2B 
and 3. Figure 3 shows the flow of the Ah4SR-E data, from the Aqua satellite to the National 
Snow and Ice Data Center (NSIDC), the Ah4SR-E DAAC, and finally to the users. 

Validation 
Table 3 lists the NASA-led AMSR-E validation campaigns. The JAXA scientists partici- 
pated in many of these campaigns, and in fact the extra tropical precipitation mission took 
place around Japan. Besides the campaigns listed, there are other activities that are on- 
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going. For example, radars and raingauges are continuously monitoring the precipitation 
in Eureka, CA; there is a network of raingauges in Iowa. 

Geophysical products 
The NASA AMSR-E algorithms went through an Algorithm Theoretical Base Docurnent 
(ATBD, www.eospso.gsfc.nasa.gov ) process. The ATBDs were defended in fiont of a com- 
mittee made up of scientists working in the field. Figure 4 shows the NASA AMSR-E stan- 
dard products. 
Table 4 lists the target accuracy and the spatial resolution for the NASA AMSR-E Level 2 
(swath) and Level 3 (gridded) products. The newer capabilities in Table 4a are sea surface 
temperature (SST) and surface soil moisture. The SST capability of passive microwave 
observations at 10.7 GHz has been recently demonstrated by F. Wentz with TMI data. 
AMSR-E will allow SST retrievals to be done separately at 6.925 and 10.65 GHz. The soil 
moisture retrievals build upon the SMMR experience, as well as severa1 field experiments 
utilizing airborne microwave radiometers. 

AGS 
EDOS 
EMOS 
EOIS 
FDS 
GBAD 
PDS 
RBD 
SGS 

Alaska Ground Station 
EOS Data and Operations System 
EOS Mission Operations System 
Earth Observation Information System 
Flight Data System 
Ground Based Attitude Determination 
Production Data Set 
Rate Buffered Data 
Svalbard Ground Station 

I i ...................... <.<.<<... : 

Figure 3 - AMSR-E data flow from the spacecraft to the users. 
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Table 3 - AMSR-E has had validation campaigns in every discipline. 

SGP 99 Oklahoma Jul. 8 - 
Jul. 21, 1999 

P3 (F'SR-C, ACMR, ESTAR), C-130 
(PALS, Step-C), intensive ground sam 
pling http://hydrolab.arsusda.gov/sgp99/ 

Melpond 2000 Baffin Bay Jun. 25- NRL P3(PSR, SLFMR, video and digital 
Jul. 6,2000 cameras) http://pol~pgsfc.nasagov/ 

seaice- projects.html 

Cold Lands NW Colorado IOP1:Feb. 17- DC-8(AIRSAR, POLSCAT, PSR, and 
Processes Feb. 24, 2002 GAMMA), intensive ground sampling, 
Experiment (CLPX) htipd//www.nohrsc.nws.gov/-cline/clp.hQi 

Soil Moisture Iowa Jun 24 - 
Experiment 02 Jul. 12,2002 
(SMEX 02) 

Exira-tropical Wakasa Bay, Jan. 5 - 
Precipitation Japan Feb. 15,2003 

Sea of Okhosk Sea of Okhosk, Feb. 7,2003 
flight N. of Japan 

CLPX NW Colorado IOP 3:Feb. 19 
- Feb. 27,2003 

Arctic Sea Ice N. and W. of Mar. 3 - 
Aiaska Mar. 24,2003 

CLPX NW Colorado IOP 4:Mar. 25- 
Apr. 2 

N Alabama, Jun. 23 - 
S, Georgia, Jul. 18 
Oklahoma 

Antarctic Sea Ice Belhghausen Aug. 23 - 
sea Sep. 10 

SMEX in Brazil Barreihas, Dec. 1 - 
Brazil Dec. 12 

SMEXO4MAME Arizona, 
Mexico 

Jun. 18 - 
Jul. 18 

Antarctic Sea ice Weddell sea, Oct. 12 - 
-airborne ody Bellinghaiisen sea Oct. 30 2004 

P3 (F'SR, ESTAR), C-130 (PALS), intensive 
ground sampling http://hydrolab.arsusda. 
gov/smexO2/ 

P3 (radiometers: 10-220 GHz, Precipitation 
radar, cloud radar), Guifstream (cloud physics 
insments), ground radars, raingauges 
http://ralli.atmos.colo~.edu/WW 

P3 (same as above), ships for ground 
sampling 

P3 (same as above), AC690 (gamma 
measurements), ground radiometers 
(19, 37, and 89 GIiz), ground radars 
(L, C, X, Ku) intensive ground sampling 

P3 (radiometers), surface obserwtions: sea ice 
conditions, snow depth on sea ice, ice surface 
temps., temps. Profile 
ht@J/polynya&.nasa.gw/seaiceqrojects.htmi 

P3 (radiometers), DC8 (AIRSAR), AC690 
(gamma measurements), ground radiometers 
(19,37 and 89 GHz), htembz ground sampiing 

P3 (radiometer, 2DStar), ground radiometers, 
intensive ground sampling 
http://hydrolab.arsusda.gav/smex03 

NSF ship for in-situ measurements Aircraft 
plan at http://aasi-campaign.gsfc.nasa.gov/ 

Ground sampling 

P3 (radiometer, 2DStar), intensive ground 
sampling http://hydrolab.~gov/smex041 

P3 (radiometers, ATS, THOR, 2DP, cameras) 

Arctic Sea Ice N. of Alaska March 2006 P3(mAiitxaneW+m,-) 
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Cylindrical Eq- 
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'produceci by EOC, NASDA 

Figure 4 - NASA AMSR-E standard products flow. 

Table 4a - NASA Standard products: Level 2 (swath) using AMSR-E data. 

Table 4b - NASA Standard ~roducts: Level 3 (eridded) uslng AMSR-E data. 

Type 

Ocean: Sea Surface Temperature 0.5 K x Il4 degrees daily asc and dsc 
weekly, monthly 

Colurnnar Water Vapor 1.0 rnm Il4 x Il4 degrees daily asc and dsc 
weekly, monthly 

Columnar ~ l o u d  Water 0.02 mm l/d x l/d degrees daily asc and dsc 

Land: Surface soil moisture 

, , -  
weekly, monthly 

Wind Speed 0.9 m/s Il4 x Il4 degrees daily asc and dsc 
weekly, monthly 

Rainfall: Over oceans 20% 5 x 5 degrees monthly 
Over land 40% 5 x 5 degrees monthly 

Sea Ice: Concentration 15% 12.5,25 daily asc and dsc 
Temperature U K  25 daily asc and dsc 
Snow depth on ice 15  cm 12.5 5 days 
Gridded brightness temp 0.3 - 0.6 K 6.25, 12.5, 25 daily 

Land: Surface soil moisture 0.06 &cm3 25 daily 
Gridded brightness temps 0.3 - 0.6 K 25 daily 

Snow: Water equivalent 10 rnrn or 20% 25 (EASE grid) Daily, 5 days, monthly 

0.06 g/m3 56 
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Figure 5 -AMSR-E 89 GHz imagery of the west coast of Southhenca at 18:Ol UTC, June 2,2002. 
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C 

Figure 6 - A b e t i  interactions wealed by AMSR-E on 13 June, 2002. Over the confluente of the 
MaMnns and Brazil Cwents, the surface wind speed ia modified by the sea suriace temperature (SST). 
Over the cold MsMnas Current the wind speed is lmer than over the warm Brrilal Current waters. 
The image to the right shows the AMSR-E wlnd speed with SST contours snperimposed. 

Figure 7 - AMSR-E 89 GHz brightness temperatures (ascending passes, horizontal polarization) for 
June 2,2002. Note the green and yellow patterns over the oceans, depicting clouds. (Data provided 
by NASDA and processed by NASA GHCC). 
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AMSR-E products are now available to the public. 
The products are available either from the NSIDC DAAC in Boulder, CO, or from the 
J M s  EOC in Tokyo, Japan. NSIDC distributes the products that have the EOC's Level 
1 as input, and the NASA-fùnded algorithms as the processing algorithms, to arrive at 
Level 2 and 3 products. The data can be obtained from http://nsidc.org/amsr. 
The EOC distributes the products that have been processed with the JAXA funded algo- 
rithms. These products can be obtained from www.eorc.nasda.go.jp/AMSR. 

Sample AMSR-E imagery 
The images below (Figures 5, 6 and 7) are preliminary results. The intent is to show the 
quality of the data obtained from AMSR-E. 

Conclusions 
The AMSR-E provides passive microwave measurements of unprecedented quality for 
monitoring regional to global climate variability. With a wide range of frequencies (6.9 
through 89 GHz), and a relatively large (l .6 meters main reflector aperture), AMSR-E will 
allow further improvements in our ability to monitor and understand variations in the 
Earth's hydrologic system. 
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Abstract 
Land observations by the Advanced Microwave Scanning Radiometer for the Earth 
Observing System (AMSR-E), particularly of soil and vegetation moisture changes, have 
numerous applications in hydrology, ecology and climate. Quantitative retrieval of soil and 
vegetation parameters relies on accurate calibration of the brightness temperature measure- 
ments. Analyses of the spectral and polarization characteristics of early versions of the 
AMSR-E data revealed significant calibration biases over land at 6.9 GHz. The biases were 
estimated and removed in the current archived version of the data. Radio-frequency interfer- 
ente (RFI), observed mainly at 6.9 GHz, is more difficult to quanti@ and remove however. 
A calibration analysis of AMSR-E data over land is presented in this paper for a complete 
annua1 cycle from June 2002 through September 2003. The analysis indicates the genera1 
high quality of the data for land applications (except for 6.9 GHz RFI), and illustrates sea- 
sona1 trends of the data for different land surface types and regions. 

Riassunto 
L'osservazione della superficie terrestre con l 'AMSR-E (Advanced Microwave Scanning 
Radiometer) per I'Earth Observing System e in particolare delle variazioni di umidità della 
vegetazione e del terreno, ha numerose applicazioni in diverse discipline quali l' idrologia, 
l'ecologia e la climatologia. Le stime quantitative dei parametri del suolo e della vegetazio- 
ne dipendono dall'accuratezza della calibrazione delle misure di temperatura di brillanza. 
L'analisi delle caratteristiche spettrali e polarimetriche delle prime versioni dei dati 
del1 'AMSR-E hanno rivelato errori di calibrazione signijicativi sulla superficie terrestre a 
6.9 GHz. Nell' attuale versione archiviata dei dati gli errori sono stati stimati e rimossi. 
Tuttavia le interferenze a radio-fequenza (RFI), osservate soprattutto a 6.9 GHz, sono più 
dificili da quantijkare e rimuovere. In questo articolo viene presentata un 'analisi della cali- 
brazione dei dati AMSR-E misurati sul territorio durante un ciclo annuale completo da 
Giugno 2002 a Settembre 2003. L'analisi eflettuata ha messo in evidenza una qualità dei dati 
generalmente buona per le applicazioni terrestri (eccetto per le RFIa 6.9 GHz) e degli anda- 
menti stagionali dei dati per diversi tipi di supe$ci e regioni. 

Introduction 
The Advanced Microwave Scanning Radiometer for the Earth Observing System (AMSR-E) 
was launched in May 2002 on NASA's Aqua satellite [Parkinson, 20031. The instrument was 
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developed for NASA by the Japan Aerospace Exploration Agency (JAXA) [Kawanishi et al., 
20031. AMSR-E provides observations of several water-related geophysical parameters of 
interest to hydrology, ecology and climate. Over land, measurements of soil moisture and 
vegetation water content rank high on the list of measurements needed for improved weath- 
er h d  climate forecasting and for monitoring floods, droughts, and ecosystem dynamics. 
Algorithrns to derive soil and vegetation parameters have been developed and are being eval- 
uated using AMSR-E data [Njoku et al., 2000; Owe et al., 2001; Paloscia et al., 2001; Njoku 
et al., 20031. Quantitative retrieval of geophysical parameters requires accurate radiometric 
data calibration to avoid biases in the retrieval estirnates. Calibration offsets that are stable in 
space and time can be relatively easily estimated and adjusted, either in a revised instrument 
calibration or in the geophysical retrieval algorithrns. However, spatial and temporal varia- 
tions in the instrument calibration are less easily removed, and the residua1 calibration errors 
can lead to spurious trends in the retrieved geophysical parameters. The stability of the rela- 
tive calibration offsets between channels is particularly important for multichannel algo- 
rithms that rely on spectral or polarization differences to discriminate between different geo- 
physical parameters. 
In previous satellite missions, homogeneous extended targets over ocean and land regions 
have been used for on-orbit calibration assessments of microwave radiometers. The brightness 
temperatures of the extended targets are relatively stable and can be estimated reasonably 
accurately for comparison with the satellite observations. Such targets include tropical forests, 
oceans, deserts, and Antarctic sites. By analyzing observations over these targets continuous- 
ly during the mission, calibration offsets and their long-term stability and trends can be esti- 
mated and corrected [Hollinger et al., 1990; Tsai et al., 1999; Ruf, 2000; Wentz et al., 20011. 
In this paper we investigate the AMSR-E data characteristics and calibration over land by 
examining statistics of the brightness temperatures, spectral differences, and polarization dif- 
ferences over geographical regions including forests, deserts, and land ice. The intent is to 
evaluate the quality and space-time variability of the current version of AMSR-E calibrated 
and archived data for retrieval of land geophysical quantities. 
Two versions of AMSR-E leve1 2A brightness temperature data were used in this study. 
The first version, designated 'Xl', was made available to the AMSR-E science team shortly 
after launch for algorithm and product evaluation during the initial evaluation phase. 
The second version, designated 'BOl', was the result of an improved calibration, and data of 
this version were made available for public release as of September 2003 through the AMSR- 
E data archive at the National Snow and Ice Data Center in Boulder (NSIDC), Colorado 
(http://nsidc.org/daac/amsr/). 
Early analyses of the 'X1 ' data showed consistently high values of brightness temperature in 
the 6.9 GHz channels over land, indicating a high calibration bias. Calibration assessments 
performed by the AMSR-E team led to implementation of a modified AMSR-E calibration 
algorithm, resulting in an improved calibration version 'B01' data [Wentz et al., 20031. 
The current analysis of the 'B01' data indicates that the calibration biases appear to have 
been removed satisfactorily for land applications. However, some differences may exist 
between the calibrations of the 'B01' data available through NSIDC and the AMSR-E bright- 
ness temperature data made available through the EOC data center in Japan [Kawanishi et 
al., 20031 since the latter were processed using a different calibration correction. 
In the following sections of the paper we review briefly the AMSR-E instrument and data 
processing. We then discuss the procedure used to estimate calibration biases in the 'X1 ' 6.9 
GHz data using homogeneous forest targets. Subsequent sections of the paper are devoted to 
analyses of the 'B01' data to assess the quality of the currently archived data for AMSR-E 
land applications. 
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Instrument and data 
The AMSR-E instrument has six frequencies in the range 6.9 to 89 GHz, with dual polar- 
ization (Tab. 1). The 6.9, 10.7, 18.7 and 36.5 GHz frequencies are of primary interest for sur- 
face sensing since the 23.8 and 89 GHz frequencies are significantly affected by atmospher- 
ic water vapor and clouds. The antenna system consists of a l .6-m-diameter offset-fed para- 
bolic reflector with six feed horns (there are two feed homs at 89 GHz and one is shared 
between the 18 and 23 GHz frequencies). The beams are offset at 47.5' from nadir, and the 
antenna system rotates about the nadir axis at 40 rpm. The beams view the surface at a con- 
stant incidence angle of approximately 55" across a swath width of 1450 km. The sub-satel- 
lite-track Equator-crossing times are approximately 1 :30 pm and 1 :30 am local sola time. 
However, data samples acquired at opposite sides of the 1445-km swath vary by 50 minutes 
or more in local solar time. 
As described by Kawanishi et al. [2003] the AMSR-E ins tment  calibration assembly 
includes a cold-sky mirror (CSM) and a high-temperature noise source (HTS) made of 
microwave absorber materia1 with emissivity close to 1. mese calibration targets are fixed to 
the spacecraft strutture and intercept the beam path between the feed horns and reflector as 
the antenna system rotates, providing cold and warm reference calibration measurements. 
The 3-K cosmic background radiation reflected into the feed homs by the CSM provides the 
cold reference. The HTS is temperature-controlled and its temperature is monitored using 
eight platinum resistance thermistors (PRTs) distributed over the target, providing a warm 
reference target. Calibrated antenna temperatures are computed by linear interpolation using 
measurements of the two known references. The radiometer system calibration also includes 
corrections for antenna cross-polarization and sidelobes viewing cold sky, such that the out- 
puts represent calibrated Earth-view brightness temperatures. These are often considered to 
be 3-dB footprint brightness temperatures, although this is only an approximation since cor- 
rections are not made for energy received from the region outside the 3-di3 footprint but 
within the Earth horizon. A source of potential calibration error was discovered during the 

Table 1 - AMSR-E nomina1 instrument characteristics. 

Bandwidth (MHz) 350 1 O0 200 400 1000 3000 , 

Sensitivity (K) 0.3 0.6 0.6 0.6 0.6 1.1 
IFOV (km) 75x43 51x29 27x16 32x18 14x8 6x4 
Sample spacing (km) 10x10 10x10 10x10 10x10 10x10 5x5 
Integration time (ms) 2.5 2.5 2.5 2:s 2.5 1.2 
Main-beam efficiency (%) 95.1 94.8 95.8 94.8 93.9 94.0 
Beamwidth (deg) 2.2 1.5 0.8 0.92 0.42 0.19 
Antenna diameter (m) 1.6 
Scan period (s) 1.5 
Antenna offset angle (deg) 47.5 
Earth-incidente angle (deg) 55 
Orbit altitude (km) 705 
Swath width (km) 1445 

_ Orbit type Sun-synchronous, 1 :30 pm equator crossing 
Orbit period (min) 98.8 
Sub-spacecraft velocity (km s-1) 6.76 



pre-launch calibration testing by JAXA of the AMSR-E instrument. Temperature gradients 
were detected in the HTS during thermal cycling that were not adequately measured by the 
PRT sensors. This introduced significant uncertainty into knowledge of the HTS calibration 
reference tempepture. Schedule and resource lirnitations prevented a redesign of the HTS 
prior to launch [Kawanishi et al., 20031. 
In the post-launch data processing flow, AMSR-E level 1A data (uncalibrated, but with cali- 
bration data and coefficients included) are generated by JAXA and sent via the Jet Propulsion 
Laboratory in Pasadena, CA to the AMSR-E level 2A processing center at Remote Sensing 
Systems (RSS) in Santa Rosa, California. The calibrated level 2A brightness temperatures 
[Ashcroft and Wentz, 20001 are used as the basis for the higher-leve1 geophysical processing 
to level 2B and level 3 data products, which takes place at the NASA Marshall Space Flight 
Center (MSFC) in Huntsville, Alabama. The AMSR-E data products are made available to the 
public via the NSIDC Distributed Active Archive Center (DAAC) in Boulder, Colorado. 
An empincal approach was used in the level 2A processing to mitigate the uncertainty in 
knowledge of the on-orbit HTS reference temperature. This approach was developed by RSS 
[Wentz et al., 20031 and involved estirnating the HTS reference temperature by using a real- 
tirne external database of operational satellite measurements acquired over the ocean. The 
operational satellite geophysical pararneter measurements, co-registered to the AMSR-E data, 
were used with a radiative transfer mode1 to cornpute the intensity of radiation entering the 
AMSR-E feed horns. In essence this provides an ocean-target calibration point. A two-point 
linear extrapolation based on the cold-sky mirror and ocean-target calibration points provides 
an estimate of the reference temperature of the HTS target. The reference temperature is then 
correlated with variations in the HTS thermistors to obtain an expression for the reference 
temperature as a function of the thermistor measurements. This procedure was used as the 
basis for version 'Xl' of the AMSR-E data. 
A modification to the above approach for the 6.9 GHz channels was later implemented by 
RSS to correct the warm calibration biases observed in the brightness temperatures (TBs) over 
land (discussed later in this paper). This modification was used to generate the version 'B01' 

Figure l - Global map showing locations of data extraction sites (Tab. 2) for long-term brightness 
temperature trend and calibration monitoring. U. S., Africa, and Eumpe regions are indicated for 
spectraì difference histograms. 
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data. For the analysis described in this paper, we binned the leve1 2A TB data into daily 25- 
km grids, separately for ascending and descending passes, as described in Njoku et al. [2003]. 
This was done to generate time series of data using both the 'X1 ' and 'B01' versions of the 
data. 
To examine the temporal and geographic characteristics of the brightness temperature data 
nineteen locations were selected for investigation, shown in Figure 1. The center coordinates 
are listed in Table 2. The locations were selected over tropical and borea1 forests (dense vege- 
tation), deserts (bare surface), grasslands, and Sahel (sparse vegetation) to investigate the 
characteristics of different classes of homogeneous land surface types. One ice sheet location 
was selected in the Antarctic plateau. The locations were chosen to be free of radio-frequen- 
cy interferente (RFI) where possible. RFI will be discussed later in the paper. At each loca- 
tion, for each day of coverage, a 3x3 (75x75 km) array of gridded data were extracted from 
the ascending and descending daily brightness temperature (TB) grids, and the daily means 
and standard deviations were computed. 

Table 2 - Loeaiions of data extraction sites for bnghtness temperature trend analyses. 

Analysis of 'Xl' data 
To assess the absolute brightness temperature calibration of the 'Xl' data over land, data 
from tropical forests sites were analyzed. Homogeneous tropicai forests are the closest land- 
surface analog to an extended blackbody target and can be used to assess the TB calibration 
at the wasm end of the land brightness temperature range. 
Figure 2 shows the mean brightness temperatures of the 'X17 data over two forest sites at 
Saionga (Zaire) and Curua (Brazil), at the fi-equencies of 6.9, 10.7, 18.7 and 36.5 GHz, aver- 
aged over the June through August 2002 time period. The 7 to 10 K TI3 difference between 
ascending and descending passes is expected, due to the difference in canopy temperatures 
between the 1:30 pm (ascending) and 1:30 am (descending) overpass tirnes. For a given 
polarization and overpass time, the TB values at 6.9 GHz are observed to be significantly 
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Figure 2 - Brightness temperatures (version <X19) 

higher than the values at the other fie- 
quencies. This unexpected spectral feature 
was observed consistently at al1 land sites. 
If the forest were a blackbody of uniform 
temperature, with no overlying atmos- 
phere, the observed spectrurn would be 
flat. However, vegetation scattering, 
nonuniform temperature, and atmospheric 
effects could be expected to introduce 
spectral differences. To exarnine the possi- 
ble effects of atmospheric water vapor and 
oxygen, a radiative transfer mode1 was 
used to compute the expected differences 
between brightness temperatures with and 
without an atmospheric layer. The compu- 
tations assumed a standard tropical atrnos- 
phere with two cases of precipitable water 
(5 cm and 7 cm), equa1 ground and surface 
air temperatures of 300 K, and three cases 
of different surface emissivities (0.94, 
0.96,0.98). 
The results, shown in Figure 3, illustrate 
that the atmosphere can either increase 
(positive difference) or decrease (negative 
difference) the observed TB, depending on 
whether the emission contribution of the 
atmosphere is greater or less than the 
attenuation by the atmosphere of the sur- 
face brightness temperature. This is a 
function of the surface emissivity, the 

at the AMSR-E frequencies of 6.9,10.7,18.7 and atmospheric temperature and water vapor 
36.5 GH% averaged aver three months (June profiles, and the fiequency dependence of through August 2002) for sites: (a) Salonga, 
Zaire; (b) Curua, Brazil. Solid Iines: vertical the atmospheric absorption coefficient. 
polarization. Dashed iines: horizontal poiariza- The emissivity depends on absorption and 
tion. Data for ascending and descending passes scatter-ng in the vegetation. Its fiequency 
are shown separately. dependence js influenced by the dimen- 

sions of the canopy and branch con- 
stituents relative to the wavelength, and their shapes, orientations and water content. Figure 
3 shows that differences of a few Kelvins between the 10.7, 18.6, and 36.5 GHz fiequencies 
observed in Figure 2 can be explained by atmospheric effects and surface emissivities vary- 
ing in the 0.94-0.98 range. However, the elevation of the 6.9 GHz TBs by about 7 K relative 
to the 10.65 GHz TBs is clearly anomalous. 
To investigate this further, land surface temperatures (LSTs) fiom the Aqua Moderate-reso- 
lution Imaging Spectroradiometer (MODIS) instrument were used to normalize the AMSR- 
E TE3 data and compute emissivities at 6.9 GHz and 10.6 GHz. The MODIS leve1 3 LST data 
were acquired for dates when cloud-free data were available. The LSTs were derived using a 
generalized split-window algorithm to correct for atmosphere and emissivity effects of 
known land cover types [Wan and Li, 1997; Wan, 19991. The LST data have a spatial reso- 
lution of 1 krn and an estimated accuracy of 1 K [Wan et al., 20041. For this study, cloud-fiee 
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Figure 3 - Computed differences between 
the AMSR-E bnghtness temperatures 
with and without atmospheric effects 
(water vapor and oxygen), for different 
surface emissivities (upper: e = 0.94; 
middle: e = 0.96; lower: e = 0.98) and pre- 
cipitable water amounts (thick lines: qv 
= 7 cm; thin lines: qv = 5 cm). Circles 
indicate the AMSR-E frequencies. 
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MODIS LST data were extracted and averaged over seven of the 75x75 km AMSR-E study 
sites listed in Table 2. LSTs within the study sites did not show significant variabiiity, with 
standard deviations for each site being less than 3 K. The MODIS and AMSR-E data are 
coincident in time since the instruments are on the sarne satellite. 
Figure 4 (upper panels) shows time-series of the nighttime overpass MODIS LSTs and the 
6.9 GHz and 10.7 GHz AMSR-E TBs at V and H polarizations, over the Salonga, Zaire trop- 
ical forest site. Nighttime data were used since the MODIS surface temperature and the deep- 
er-sampled microwave temperature in the canopy are more likely to be similar at night than 
during the day. Also shown in these figures are the 6.9 GHz TBs with 7 K subtracted. The 
resulting close match with the 10.7 GHz TBs suggests a consistent 7 K calibration error in 
the 6.9 GHz V- and H-polarized TB data at this site. Analyses of data over the other forest 
sites showed biases of similar magnitude. Emissivities derived by normalizing the AMSR-E 
TBs with the MODIS LSTs are also shown in Figure 4 (lower panels). The 10.7 GHz emis- 
sivities are quite stable in the 0.95-0.97 range, with V-p01 values being approximately 0.01 
higher than H-pol. The 6.9 GHz emissivities are consistently higher by approximately 0.03 
than those at 10.7 GHz. 
As discussed earlier, the 'Xl' calibration was developed using ocean data, and its perform- 
ance was verified over the ocean at al1 frequencies. However, over land, the above analysis 
showed that the 'Xl' 6.9 GHz AMSR-E TBs were biased consistently high relative to 10.7 
GHz by about 7 K. After considering the various instrument possibilities that could cause 
such a bias, it was concluded by RSS that a non-linear response function for the 6.9 GHz 
radiometer was the probable cause. A non-linear term was therefore added to the calibration 
equation for the 6.9 GHz fiequency [Wentz, 20041. This modified calibration was used in 
processing the leve1 2A version 'B0 1 ' data. The 'BOl ' data are analyzed in more detail in the 
following sections. 

Spectral difference analysis of 'BO1' data 
Monthly mean images of the 'BOI' TB data at 6.9 GHz and 10.7 GHz horizontal polariza- 
tions, and their difference computed as: d6H-IOH = TB6,9H - TB10,7H, are shown in Figure 5. 
The TB images show good consistency between the 6.9 GHz and 10.7 GHz data over forests, 
indicating satisfactory rernoval of the 7 K offset. The difference image, Figure 5(c), shows 
geophysical features related primarily to variations in surface moisture, vegetation water con- 
tent, and penetration depth and scattering influences in vegetation, deserts, and ice sheets, 
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Figure 4 - Upper panels: Time series ofAMSR-E brightness temperatures at 6.9 GHz and 10.7 GHz 
vertical and horizontal polarizations, and MODIS-derived land surface temperatures (LST) over 
the Zaire tropical forest site, for cloud-free days in the period July 2002 to February 2003. By sub- 
tractin~ 7K the 6.9 GHz and 10.7 GHz data overlav almost exacths Lower ~anels: Derived emis- 
sivitiesk 6.9 GHz and 10.7 GHz obtained by norma"iizing ~ ~ ~ A M S R - E  brighhess temperatures by 
the MODIS land surface temperatures. Data from nighttime (descending) passes are shown. 

though these variations are smoothed to a large degree at the monthly time-scale. The figure 
also shows anomalously high A6H-IOH differences in the U.S. and scattered over the Middle 
East, some parts of Europe and Asia, and a few locations in South America and Afiica. These 
'hot spots' are caused by radio-frequency interference (RFI) from ground transrnitters con- 
tarninating the AMSR-E data. Microwave radiometers are sensitive devices designed to 
measure relatively weak naturally-emitted thennal radiation over broad spectral bands. Man- 
made emissions from active rnicrowave transmitters are distinctly different from those of nat- 
ural sources in terms of intensity, spatial variability, polarization and spectral characteristics. 
Although typically narrowband, these microwave transmitter signals have high power levels 
that can cause spurious measurements and saturate a radiometer receiver if the transmissions 
fall within its measurement frequency band. From a radiometric point of view these inter- 
fering sources are classed as radio-frequency interference or RFI. 
RFI signals typically originate from coherent point targets, i.e., radiating devices and anten- 
nas. Their power levels are severa1 orders of magnitude higher than natura1 thermal ernis- 
sions, and are often directional and can be either continuous or intennittent. RFI originates 
from a wide variety of sources, typically clustered near highly populated areas and centers of 
technical and industrial activity. The World Radiocommunication Conferences recornmend 
allocations of the radio frequency spectrum for various services, including passive services 
such as Earth exploration satellites and radio astronomy. These allocations are documented 
internationally by the Radio Regulations of the International Telecommunications Union. 
Near 7 GHz, the "Fixed" and "Mobile" radio services, including cable TV relay and auxil- 
iary broadcasting, are the major sources of RFI for spaceborne radiometry. However, the 
actual sources and characteristics of RFI can only be determined by measuring the radio 
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Figure 5 - Monthly mean images of AMSR-E brightness temperatures (version 'BO1') 
at horizontal polarization for descending (nighttime) passes: (a) 6.9 GHz; (b) 10.7 
GHz; (C) difference (6.9 GHz minus 10.7 GHz). Units are in Kelvins. Hot spots 
(yellow-white) in pane1 (C) indicate anomalously high 6.9 GHz brightness tempera- 
tures caused by radio-frequency interference from man-made ground transmitters. 
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Figure 6 - Histograms of brightness temperature spectral differences (6.9 GHz minus 10.7 GHz) 
over land. (a) Horizontal polarization. @) Vertical polarization. 

spectrum in this frequency band at the RFI contarnination sites. The RFI observed in AMSR- 
E data over the U. S. has been discussed by Li et al. [2004]. In this paper we discuss briefly 
the AMSR-E observed global RFI statistics. A more detailed discussion of global RFI iden- 
tification and characteristics is described in a separate paper [Njoku et al., 20041. Due to the 
widespread RFI encountered at 6.9 GHz, and the possibility of growth during the coming 
decade in worldwide RFI at both 6.9 GHz and 10.7 GHz, RFI identification and filtering has 
become a major priority for operational land algorithrns. 
Figure 6 shows histograms of the horizontally polarized spectral differences, d6H-IOH> of 
Figure 5(c) and also the vertically polarized spectral daerences, A6vIOV. The histograms are 
defined over four regions: World, U. S., Africa & Middle East, and Europe, as indicated by 
the boxes outlined in Figure 1. Only land data are included in the histograms. Excluding the 
Greenland and Antarctic ice sheet areas makes little differente to the World histograms. Most 
data in the H-p01 histograms lie between -6 K and 1 K, except for the U.S. The data in the 
V-p01 histograms lie mainly in the -2.5 K to 4 K range. The histogram means and interquar- 
tile ranges (Tab. 3) show the influence of RFI over the U.S. The interquartile range (IQR) rep- 
resents the range of the middle 50% of the data, and is used here instead of the standard devi- 
ation as a measure of dispersion since it is not affected by outliers with extreme values of 
RFI. The U. S. histograms are positively skewed with means of 1.76 K (H) and 4.1 8 K (V), 
reflecting the large amount of 6.9 GHz RFI in the U. S. (the spike at AwroH = 30 K indi- 
cates al1 points with A6H-IOH 2 30 K .  The negative 'tails' of the Europe histograrns indicate 
the presence of some 10.7 GHz RFI in that region. 

Table 3 - Histogram statistics of 6.9 GHz minus 10.7 GHz brightness temperature spectral differences. 

Region 

World 
U. S. 

Africa 

Europe & 
Middle East 

Bounding Region 
Coordinates 

Global 
25 N to 49 N 

125 W to 67 W 
40 S to 40 N 
20 W t0 60 E 
33 N to 60 N 
20 W to 44 E 

Normaiizing 
Factor C# of points) 

237,178 

15,297 

57,923 

13,057 

Mean 
V H 

IQR (K) 
V H 

1.28 -2.05 

4.18 1.76 

1.87 -2.28 

0.35 -2.77 

2.72 3.21 

4.38 6.50 

1.75 2.52 

1.94 2.0 
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The spectral difference histogram characteristics are important in atternpting to set thresh- 
olds for identification of RFI. However, the histograms do not show clear breaks between 
RFI-free and RFI-contaminated data, hence spectral differences alone are not clear indica- 
tors of RFI. Development of indices that have better RFI discrimination capabilities, using 
both means and standard deviations of spectral differences, is discussed in Njoku et al., 
[2004]. It is difficult to verifi the locations and intensities of RFI in satellite observations due 
to the limited information available on the global distributions of transmitting sources in spe- 
cific passbands. Some progress is being made, however, in identifiing these sources over the 
U. S. [Kunkee, 20041. 

Polarization difference analysis of 'BO1' data 
The relative calibration between the vertical and horizontal polarizations at a given frequen- 
cy is an important aspect of the instrument calibration. Calibration stability of the polariza- 
tion difference is important for geophysical retrieval algorithrns that use multi-polarization 
data. Ths  calibration can also be evaluated by observations of AMSR-E data over forests. 
The polarization difference, PD = TBV- TBH, is expected to be close to zero over homoge- 
neous tropical forests since the dense canopy approximates an unpolarized blackbody emit- 
ter and masks the underlying soil. The polarization difference will deviate from zero if there 
is polarized scattering or emission in the vegetation or if the canopy is not completely 
opaque. 
Figure 7 shows the July 2002 monthly average AMSR-E maps of PD for 6.9, 10.7, and 18.7 
GHz (descending passes). The color scale is chosen to highlight the 0-4 K range (values 2 4 
K are assigned the same color), which is the range of PD expected for dense vegetation. The 
images highlight the densely-vegetated regions of tropical and borea1 forests. The forest PD 
values are generally close to but slightly greater than zero in these regions. (For bare soil sur- 
faces at off-nadir viewing angles TBV is generally significantly larger than TBH, particularly 
for wetter and smoother surfaces.) The forest PD values are typically smailer at 18.6 GHz 
than at 6.9 GHz and 10.6 GHz, due to the increased canopy opacity at the higher frequency, 
which minimizes the polarizing effects of branches, trunks, and underlying surface. 
To examine the polarization differences in more detail, Figure 8 shows time series plots of 
PD for 6.9, 10.7, 18.7, and 36.5 GHz at the forest sites of Salonga (Zaire) and C u m  (Brazil) 
for the 3-month period June through August 2002. AMSR-E observes a given location 
approximately every other day at latitudes near the Equator. The time series generally fit 
expected patterns. The spread between the different frequency plots is less for the descend- 
ing (1 :30 am) than for the ascending (1 :30 pm) passes, indicating a diunial effect most like- 
ly linked to nonunifom temperatures and penetration depths in the canopy. The Brazil and 
Zaire plots look quite sirnilar, though with more spectrai divergence in Zaire, indicating lit- 
tle geographic variability in the forest calibration and brightness temperature characteristics. 
There is a 'sawtooth' pattern evident in the larger PD ascending plots (6.9 GHz and 10.7 
GHz), and visible to a lesser degree in the higher fiequencies and descending plots also. The 
site locations are viewed progressively across the swath for successive samples on subse- 
quent days. Since the swath width is 1445 km, there is an approximately 50-minute time dif- 
ferente in local solar tirne across the swath at these latitudes. For a simple emissivity mode1 
of the surface, the brightness temperature at polarization p ( V  or H) is given by TB = e, TS, 
where Ts is the surface temperature and e, is the emissivity. Thus, the polarization gfference 
is PD = TBV- TBH = (ev - eH) Ts. The sawtooth pattern could therefore be related to diur- 
nal temperature variations in Ts, or possibly in (ev - eH). 
Table 4 shows the means and standard deviations of the time series plots for the three-month 
period at each site, for the ascending and descending passes. The means are plotted for clar- 
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Figure 7 - Monthiy averaged polarization differences, PI' - TBV-TBH (K), for July 2002. (a) 6.9 
GHz; (b) 10.7 GHz; (C) 18.7 GHz. The color scale is chose I highlight the 0-4 K range. 
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ity in Figure 9. The PD means at 36.5 GHz show slightly negative values for the ascending 
(1 :30 pm) psses. 
From Fipre 8, the negative values for the ascending passes are contributed to by the entire 
three-mSnth period in Zaire, but mostly by the August period in Brazil. It is difficult to con- 
cludeGhether this is a geophysical effect at 36.5 GHz (e.g., atrnospheric signal) or represents 
a s@l calibration variation between the descending and ascending passes. However the 

P ct is small (-0.5 K) and not significant enough to cause concern for land parameter 
etrieval algorithms. Calibration biases, if they exist, appear to be minima1 in the 'B01' data, 

/and the polarization differences over land are reasonably consistent with expectation. More 
extensive theoretical modeling and controlled radiometric measurements of forest canopies 
would be required to interpret these data further. 

Seasonal trends 
The self-consistency and calibration stability of the brightness temperatures can be evaluat- 
ed by plotting the time series data at different sites. Figures 1 0 ~ 1 2  show time series plots at 
sites 1,3,9, 10 and 19 (Fig. l and Tab. 2). The two forest sites and the Antarctic site are tem- 
porally relatively stable and are therefore suitable as external calibration targets. Fifteen 
months of data are shown, covering the period June 2002 through August 2003, illustrating 
the annua1 cycle trends over the forest, desert, and ice sheet surface types. The TB data are 
shown for vertical polarization and descending passes only, minirnizing the temporal vari- 
ability of surface emissivity and temperature, respectively. Similar plots have been made for 

O 20 40 60 80 100 O 20 40 60 80 100 

Days Slnce June 1, 2002 Days SInce June 1, 2002 

Figure 8 - Time series plots of polarization difference, PD = TBV-TBH, for 6.9, 10.7,18.7 and 36.5 
GHz at forest sites in Zaire and Brazil, for ascending and descending orbits. 
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Table 4 - Means and standard deviations of time polarhation difference (PD) 
for the three-month period at each site, for ascending and descending passes. 

Zaire (ascending) 

0.3 

I OV-H 
0.4 
0.4 

Zaire (descending) 

18V-H 
0.5 

Brazil (descending) 

1 8V-H 
0.3 

I Figure 9 - Mean values of the polar- 
ization differences @D) (Tab. 4) 
plotted as a function of frequency at 
the Zaire and Brazil forest sites, for 
ascending and descending passes. 

-1 
O 10 20 30 40 

Frequency (GHz) 

1-4 - Zaire ( k c )  -+- Zaire (Des) --A- - Brazll (Ax) -t Brazll (Des) I 

al1 sites listed in Table 2 as part of the continuing APVISR-E land calibration analysis, but are 
not shown here due to space limitations. 
Figure 10 shows the mean TB plots at 6.9, 10.7 and 18.7 GHz for the forest (Mitu and 
Salonga) and desert (Western Desert and Simpson Desert) sites, determined by taking the 
average of the nine points in each daily extracted 3x3 array centered at the site locations. The 
adjustrnent of the 6.9 GHz TB leve1 by 7 K is seen to have roughly equalized the 6.9 and 10.7 
GHz TBs over the forests, though with a residua1 small positive bias at the Mitu site. The for- 
est data show very little temporal variability over the annual cycle. The annual cycle is evi- 
dent in the desert time series due mainly to the large annual variation in surface temperature 
over these deserts. Severa1 low TB spikes are seen in the tirne series for the Simpson Desert. 
These are due to precipitation and surface wetting, indicating the occasionally intense rain in 
this desert region. 



Rivista Italiana di TELERILEVAMENTO - 2004, 30131: 19-37 

Figure iu  - 'lime series means or brightness temperatures withln 3x3 (75 JUU 
x 75 km) grid area (vertical polarization, descending passes) at forest and 
desert sites (sites 1,3,9 and 10 of Tab. 1). 
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Figure 11 - Time series standard deviations of brightness temperatures with- 
in 3x3 (75 km x 75 km) grid area (vertical polarization, descending passes) 
at forest and desert sites (sites 1,3,9 and 10 of Tab. 1). 
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Days since June 1,2002 

@) standard deviations, within 3x3 (75 km x 75 km) grid area (vertical polariza- 
tion, descending passes). 

The time series of TI3 standard deviations within each extracted 3x3 site are shown in Figure 
11. It is notable that the forest sites show very low standard deviations, indicating that the 
sites are very homogeneous. Small spikes are seen, prirnarily at the 18 GHz frequency, indi- 
cating effects of clouds and precipitation variability across the sites. The desert site in 
Australia is much more homogeneous than that in Egypt, except for the occurrences of rain. 
Figure 12 shows the mean and standard deviation time series for the site in Antarctica. This 
site, designateci 'Dome C', is known for its extremely dry, col4 and low-wind atmospheric 
conditions, and stable surface emissivity conditions. It has therefore been considered a use- 
fui calibration site for polar-orbiting satellite sensors [Bingham and Drinkwater, 2000; Six et 
al., 20041. The mean time series, Figure 12(a), shows the combined effects of the spectral 
emissivity differences and the annua1 temperature cycle. Increased volume scattering in the 
ice structure at shorter wavelengths causes the emissivity to decrease as the frequency 
increases, thereby lowering the brightness temperatures at the higher frequencies. 
At the same time, because the penetration depth increases with wavelength, the emission at 
the lower frequencies originates from deeper in the ice, thus sarnpling the colder temperature 
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at depth. The emission at 36.5 GHz samples mainiy the near-surface temperature. As a result, 
the annual TB variability at 6.9 GHz is quite smail (less than 5 K) despite the large annual 
surface temperature variation. (The average surface air temperature at Dome C typically 
ranges fiom about -60°C in winter to -30°C in sumrner.) The standard deviations of Figure 
12(b) are indicative mainiy of the temperature variations across the spatial extent of the 3x3 
grid point region at the different sampling depths. 

Discussion and Conclusions 
In this study we have investigated the AMSR-E spectral difference and polarization differ- 
ente brightness temperatures and trends for a complete annual cycle over different land sur- 
faces. Homogeneous and time-stable caiibration regions of the globe were investigated pri- 
marily to examine the stability and self-consistency of the AMSR-E TBs. A high bias in the 
6.9 GHz TB data was identified and adjusted in the early version of data processing. 
Examination of the current version of archived TB data (version 'B01') indicates that the 
data show good self-consistency for geophysical retrievals over land. A discussion of the 
radio frequency interference problem was provided, with references to more detailed studies 
elsewhere. Severa1 interesting features of the multifrequency AMSR-E brightness tempera- 
ture characteristics over forests, deserts, and ice sheets have been illustrated and discussed. 
Further work would be useful to better define the spectral scattering and volume emission 
characteristics of forest vegetation and ice sheets, in orda to help interpret the observed 
spectral signatures. This would increase the vaiue of homogeneous tropical forests and ice 
sheets as calibration targets for future radiorneter rnissions. 
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Abstract 
New satellite-based low frequency microwave radiometers are being evaluated for esti- 
mating soil moisture. These include the Advance Microwave Scanning Radiometer 
(AMSR) instruments on the NASA Aqua satellite and the Advanced Earth Observing 
Satellite (ADEOS-11). Although there have been satellite instruments in space previously 
with these frequencies, the AMSR programs include the first ever cornmitments to pro- 
viding a soil moisture product. As part of its algorithm selection process, the Japanese 
Aerospace Exploration Agency (JAXA) has been evaluating faur different soil moisture 
algorithm approaches including a single channel method. This algorithm was evaluated 
here using validation data collected in Mongolia. Data quality issues, approaches to vali- 
dation and algorithm performance are analyzed and discussed. Overall, the algorithm per- 
formed as expected based upon previous research. 

Riassunto 
E' in corso la valutazione di nuovi radiometri a microonde da satellite per la stima del- 
l'umidità del terreno. Questa include il sensore Advanced Microwave Scanning 
Radiometer (AMSR) montato sui satelliti Aqua della NASA e ADEOS-I1 (Advanced Earth 
Obsewing Satellite) della Japanese Aerospace Exploration Agency ( J M ) .  Anche se ci 
sono stati in passato strumenti operanti a queste frequenze, il programma AMSR com- 
prende i primi impegni per garantire un prodotto di umidità del terreno. Come parte del 
suo processo di selezione degli algoritmi J M  sta valutando quattro approcci per un 
algoritmo di estrazione dell'umidità del treno, compreso un metodo basato su un solo 
canale radiometrico. Questo algoritmo viene qui discusso, usando per la validazione degli 
archivi di dati raccolti in Mongolia. Vengono esaminati inoltre le questioni della qualità 
dei dati, gli approcci di validazione e le prestazioni dell'algoritmo, che sono state buone, 
come previsto dai risultati della ricerca svolta in precedenza. 

Introduction 
The year 2002 began what may be a new era in global soil moisture mapping. Three satel- 
lite low fiequency (<7 GHz) microwave radiometers were launched into Earth orbit. Two 
of these were the Advance Microwave Scanning Radiometer instruments on the NASA 
Aqua (AMSR-E) and the Japanese Aerospace Exploration Agency (JAXA) Advanced 
Earth Observing Satellite (ADEOS-I1 AMSR). The third was the Coriolis Windsat instru- 
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ment. Each system includes dual polarization 6 and 10 GHz channels as well as severa1 
higher frequencies. With these sensors it is possible to map the Earth every two to three 
days. Although there have been satellite instruments in space previously with similar 
microwave fiequencies, the current AMSR satellite programs include the first ever com- 
mitments to providing a soil moisture product. Only data from AMSR-E will be utilized 
here. 
As part of its algorithm selection process, JAXA has been evaluating four different algo- 
rithrn approaches [Koike et al., 20001. One of these is the single channel algorithm 
described in Jackson [1993]. In order to make a selection from the alternatives, a number 
of validation analyses are being conducted. The first of these utilizes a data set collected 
in Mongolia in 2002. In the investigation conducted in this paper, the single channel algo- 
rithm was evaluated using the Mongolia data. Validation of satellite soil moisture estimates 
using ground-based observations can be challenging and requires a number of tradeoffs. 
Some of these are discussed in the context of the Mongolia Match-Up data set. 

AMSR-E data 
The Aqua AMSR-E instrument includes dual polarization data at fiequencies 6.925, 10.65, 
18.7,23.8,36.5, and 89.0 GHz. Ground footprint sizes are 75~43,51~29,27~16,32~18, 14x8, 
and 6x4 km respectively. The viewing angle of AMSR is a constant 55" and the total swath is 
1445 km. Overpass times are 1 :30 arn (descending-D) and 1:30 pm (ascending-A) in local 
time. The nomina1 footprint spacing is 10 km. Additional details on AMSR-E can be found at 
http://~~~gh~~.msfc.nasa.gw/AMSR~ and at h a p : / / s ~ . e o r c . d g o j p / A M S R /  index-e.htm 
Preliminary studies indicate that there is widespread radio frequency interference (RFI) in 
the C band channels (6 GHz), especiaiiy in populated regions and within the U.S. [Njoku 
et al., 20031. Therefore, it is likely that the most useful channels for soil moisture retrieval 
will be those operating at the slightly higher X band (10 GHz). 

Soil Moisture Algorithm 
For a vegetated site, the brightness temperature (TB) value measured is a combination of the 
radiation emitted by the vegetation and the radiation emitted by the underlying soil as mod- 
ified by the vegetation. This is described by the radiative transfer equation [Jackson, 19931: 

Where TB is the brightness temperature, Ts and Tc are temperatures of soil and canopy 
respectively, o is the single scattering albedo, e, is the surface emissivity and Tis  the trans- 
rnissivity of the canopy. At microwave wavelengths, the single scattering albedo can be 
very small. When this term is set to zero and if it is assumed that the physical temperatures 
of soil and canopy are nearly the same, Equation [l]  reduces to: 

TB - e=(-)- l-( l -er)r2 
T, 

L21 

Where e is the emissivity of the surface, which may or may not be covered with vegetation. 
Inverting Equation [2] gives e, expressed as a function of two observations, TB and Ts: 

l  - T ~ L  

In the current version of the algorithm used here, the surface temperature (Ts) is estimat- 
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ed using brightness temperature from the vertically polarized 37 GHz band according to 
the following equation [De Jeu, 20031 

The transmissivity of the canopy r can be described by: 
- 7 

Where p is polarization, z is the optical depth of the canopy and 8 is the incidence angle 
of the radiation. z is determined by: 

Where b is a vegetation parameter that depends on land use and frequency, and VWC is the 
vegetation water content in [kg m-21 [Jackson and Schmugge, 19911. The vegetation water 
content can be obtained from Normalized Difference Vegetation Index (NDVI) data 
[Jackson et al., 19991 using linear relationships: 

VWC = 2,O * NDVI 
W C  = 2,5 * NDVI 
W C  = 3,O * NDVI 

when 
when 
when 

The surface emissivity, e,, is corrected for the influence of surface roughness according to 
Choudhury et al. [l9791 yielding the smooth surface emissivity e,: 

Where h is a roughness parameter (=4s2k2), which is proportional to the root mean square 
(RMS) height variations of the soil surface (s), and wave number (k = 2 d A  where il is 
wavelength in cm). With the inverted Fresnel equation for horizontally polarized radiation 
the dielectric constant E is computed from the smooth surface reflectivity R, (=I - e,): 

From E the volurnetric soil moisture is computed using the dielectric mixing mode1 of 
Wang and Schmugge [1980]. 
Before brightness temperature values are used in the algorithm, they are screened for rain- 
fa11 using the algorithm presented in Ferraro et al. [1997]. In addition the data are also 
screened for certain land uses. Retrieval is only possible in areas with low vegetation con- 
tent, so some categories such as forests are left out. 
The soil moisture algorithm requires land cover information not only to screen the data but 
also to provide the vegetation b parameter, which is a static database. The soil texture data- 
base required for dielectric constant is also static. Vegetation water content is estimated 
using NDVI. As originally implemented this too was a static database derived from historic 
data. This database and alternative approaches using dynamic data sets will be described 
in a later section. 



Jackson et al. Soil rnoisture algorithm valklation from the AMSR-E in Mongolia 

Mongolia Match-Up data set 
A data set was provided by JAXA consisting of AMSR-E brightness temperature and 
ground based soil moisture and temperature data for a region in Mongolia. Some specifics 
of the data set were: 

- Time period DOY 182 to 254 of 2002 (July 1 - September 21); 
- Products covered latitudes 45.ON - 47.5N and longitudes 105.5E - 108.OE. 

The in situ or ground observation data used here is based on data from a network of soil 
moisture and meteorologica1 stations distributed in this region of Mongolia [Kaihotsu et 
al., 20031. There are two types of stations, automated weather stations (AWS) and auto- 
mated soil and temperature stations (ASSH). Locations are shown in Figure 1. Al1 stations 
include one point of soil moisture and temperature at depths of 3 and 10 cm collected every 
hour. Data are recorded onto loggers and are downloaded once every few months during 
the year. Only the ASSH data were used for soil moisture in this study. Figure 1 shows the 
spatial domain of the study as well as the locations of the ground observations. 
Two types of products were provided, point and grid. The point data consisted of an ASCII 
file georeferenced for each of twelve soil moisture ground sampling sites. For each date 
and ascending (A) and descending (D) overpass time there is a record consisting of al1 
AMSR-E channels for the closest satellite footprint to the site followed by the soil mois- 
ture and temperature at depths of 3 and 10 cm for the previous and following twelve hour 
period. 
Grid data were generated on a O. l-degree basis for the 2.5 by 2.5 degree spatial domain. 
These are shown in Figure 1. Ce11 values were generated for both satellite and ground data 
by interpolation and extrapolation of the observations and resampling to the fixed grid. 

Longiiude (Degrees) 

Figure 1 - Mongolia Match-Up data set spatial domain and in situ site 
locations. 
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usedlor measuring surface roughness. I 

One can expect a relatively large number (-600 to 800) of AMSR-E footprints to fa11 with- 
in the study area box, therefore, the resulting map products should be representative. 
However, only the twelve ASSH soil moisture sites shown in Figure 1 were used to gener- 
ate the soil moisture and temperature grid data over the entire domain. This data will be 
discussed in more detail in a later section. 
Landscape conditions in the Mongolia study region are compatible with the expected capa- 
bilities of C and X band soil moisture retrieval algorithms. Vegetation consists mostly of 
sparse grasses and smooth surfaces. Figure 2 is a photograph from one of the sites. The 
soils are sandy loams and there appears to be a significant amount of surface rocks in most 
photographs. 

Validity of comparing data products 
There are severa1 different ways that the data might be compared in soil moisture 
retrievals: 
Point Data: Comparing one ground based soil moisture point to an AMSR footprint (- 50 
krn) is not statistically reasonable or physically defensible. Figure 1 includes an example 
of a nomina1 CIX band footprint that shows this disparity in scales. To illustrate the flaws 
of this approach we conducted a temporal stability analysis of the 3 cm in situ soil mois- 
ture data collected over the three-month period. 
This technique, temporal stability analysis [Vachaud et al., 1985; Mohanty and Skaggs, 
200 1; Cosh et al., 20041, exploits the hypothesis that a soil moisture field maintains its spa- 
tial pattem over time. The principle variable used in this analysis is the relative difference, 
calculated bv 

where Si . is the soil moisture at time j for site i. A mean and standard deviation for each 
site are tden calculated using al1 samples in time, j .  These are plotted in rank order (based 
upon the mean) to produce a mean relative difference plot. Stability of a site is measured 
by the standard deviation of the relative difference. Low values indicate stability, while 
high values indicate instability. 
If the sensor location is demonstrated to be stable at long time scales, it is possible to use 
this to an advantage. These locations can be used to reliably estimate the area1 mean. If the 
mean relative difference plot shows a bias, indicated by a large deviation from zero, an 
appropriate correction will have to be made. With this knowledge the number of sites with- 
in a network could be reduced, yet the network would remain reliable. 
Here we wili use this analysis a bit differently. We will use temporal stability analysis to 
illustrate the weakness of assuming that a single point can be compared to a satellite foot- 
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print, especially without the apriori knowledge of a temporal stability analysis. 
Figure 3 is a mean relative difference plot for the surface soil moisture data from the 
Mongolia network. Also plotted are the errors bars equivalent to the standard deviation of 
relative differences for each site. Comparing these results to information in Figure 1, there 
appears to be no relationship between geographic location within the study region and 
mean relative difference, indicating that sampling sites can be randomly selected. Also, 
there was a single site that appeared to be significantly wetter than the surrounding region, 
Site 'FO'. This site is also less stable in time, as indicated by the large standard deviation 
of relative differences. More detailed surface studies are necessary to confirm whether this 
site is representative of the surrounding region or if it is anomalous. 
Figure 3 indicates that very few of the network sites could be used to reliably estimate a 
large-scale average in this region. Only "A6" and "E4" have no bias and low standard devi- 
ations. Some other sites such as "GUS" have low standard deviations but are biased. 
Without correcting for bias a comparison to footprint estimates could be erroneous. 

Grid Cell: Retrieval of soil moisture from the microwave data on a cell-by-ce11 basis is 
probably valid due to the high density (- 10 km) of the AMSR-E sampling but results need 
to be carefully interpreted at the grid ce11 scale. However, comparing these results to the 
gridded soil moisture generated using the 12-in situ points is not valid over the entire study 
domain. As shown in Figure 1, the point samples cover only a portion of the region. Much 
of the region must be gridded by extrapolation of pattern based upon this small number of 
points located in the center of the region. In addition, inferring spatial patterns from 12 

Rank 
Figure 3 - Temporal stability analysis plot with mean relative difference values plotted versus rank. 
Error bars are equivalent to the one standard deviation of the relative differences and site labels are 
included for reference. 
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points distributed over a region this size is also not justified based upon known sources of 
variation in soil moisture. 

Subset of Region: After considering the issues described above, we concluded that the only 
valid comparison that can be performed with the Mongolia Match-Up data provided is to 
compare the retrieved soil moisture for the portion of the gridded domain that encom- 
passes the twelve-in situ points to the average of those twelve points. This subset of the 
region is shown in Figure 1. 
For each daylpass, soil moisture was retrieved for each of the origina1 grid cells in this sub- 
set. These were averaged to obtain a single value. The in situ soil moisture data for the 
closest hourly observation were then averaged. These two averages were then compared. 

Estimating VWC from Vegetation Indices 
The soil moisture algorithm described above involves two vegetation characteristics; a veg- 
etation type pararneter (b), which is fixed by land cover, and the vegetation water content 
(VWC), which will exhibit daily, seasonal, and annual variability related to environmental 
and meteorological factors. In this approach it is hypothesized that the VWC can be ade- 
quately estimated using readily available satellite based vegetation index products. The 
most widely available of these is the Normalized Difference Vegetation Index (NDVI), 
which is computed from red and near infrared measurements. 
NDVI and other products have been generated from severa1 satellite sensors for over twen- 
ty years. To compensate for cloud cover, products are usually available as composites over 
multiple days. They are also high resolution (as compared to microwave measurements). 
Ingesting and processing these data dynarnically in an algorithm is certainly feasible, how- 
ever, during initial algorithm development this wasn't possible. Therefore, in order to facil- 
itate the soil moisture algorithm during initial formulation we chose to establish a global 
set of 10-day interval NDVI values based upon the NOAA AVHRR NDVI Pathfinder data 
set (http://daac.gsfc.nasa.gov/CAMPAIGN~DOCS/LAND~BIO/GLBDST~main.html). 
This data set provides 10-day composite values between 1982 and 1999. 
For each 10-day interval we averaged al1 years to establish a climate average set of 10-day 
NDVI values. Figure 4a shows a plot of the average value for the Mongolia subset region 
for the studied time period. Our approach facilitated analysis but it ignores the annual vari- 
ation in the NDVI resulting from meteorological and cultura1 influences. If a region expe- 
riences drier or wetter than norma1 conditions it might result in quite different NDVI val- 
ues. This is an inherent limitation of this database, however, it was our intention to use 
more timely input on NDVI later in algorithm application. Figure 4a includes the Mongolia 
subset regional average for each year of record to illustrate this inter-annua1 variability. 
In order to account for NDVI variability in this particular match up test, we extracted con- 
current vegetation index coverage from the NASA Moderate Resolution Instrument 
(MODIS) land products for the region in 2002. Two indices are plotted in Figure 4b along 
with the climate averages that the retrieval algorithm default would have provided. For the 
NDVI, the data match up well in the early portion but diverge in the later portion. This like- 
ly reflects low rainfall during the season. 
The second index plotted in Figure 4b is the Enhanced Vegetation Index (EVI). This is an 
alternative index being produced from MODIS data (http://lpdaac.usgs.gov/modis/ 
modl3a2.htrnl). It is similar to NDVI but attempts to minimize the effects of two very 
important sources of temporal and spatial variability that are not related to vegetation, 
aerosols and the soil background. Our review of ground photography indicates that the soil 
background (especially with higher rock fractions and dry vegetation) will be brighter than 
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Figure 4 - Vegetation indes data for the Mongolia region a) AVHRR NDVI Pathfbder Project averagea 
for the Mongolia subset study area Data are 1-y composites for each year of the project and b) 
ASWRR NDVI Pathfider Projeet averages and 2002 MODE vegetation products for the Mongolia sub- 
set shidy area. 
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conditions encountered in the development of our VWC estimation methods. Brighter soil 
backgrounds should result in generally lower NDVI values for a corresponding VWC 
[Huete et al., 19941. In order to account for this factor we used the EVI values to estimate 
VWC. Figure 5 shows the spatial and temporal distribution of the EVI for the study area 
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Figure 5 - MODIS Enhanced Vegetation Index for the Mongolia area in summer of 2002. 

and time period. Generally higher values in July and early August would be expected based 
upon the data in Figure 4. 

Results and Discussion 
Genera1 temporal behavior of TB and soil moisture 
The average TB and soil moisture for the subset region were plotted versus time. Data were sep- 
arated into A and D plots in Figure 6. A review of these plots shows that soil moisture varied 
over a relatively small range during the extended study period: -3-10%. This suggests sandy 
soils with low precipitation amounts. Most of the variation occurred during two periods, one 
around DOY 200 and the other around DOY 250. TB data were not available for a significant 
period in the middle of this data set. Unfortunately, based upon the values on DOY 221 it 
appears that some interesting conditions rnay have occurred during this gap. We were not pro- 
vided the soil moisture data for those days without AMSR coverage. 
The TB data show a range of 240 to 275 K over the study period for the ascending dayhme orbits 
(225 to 255 K for the descending nighttime orbits). This is a fairly large range for C band, 
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Figure 6 - Mongolia Match Up obsewation averages for the subset area as a function of time, (a) 
Ascending and (b) Descending passes. 

which should indicate good potentiai for soil moisture retrieval. Severa1 large drops in TB occur 
that correspond to increases in soil moisture. However, in every case the drop in TB lasts a very 
short period of time (one to two days). Following the decrease, the TB increases to the same 
leve1 as the preceding date, yet soil moisture shows a gradual decrease over 5 or 6 days (as 
expected). There is obviously a physical reason why a disconnect occurs between soil moisture 
and TB One explanation we cm offer is that AMSR is responding to a shallower depth of soil 
than the in situ sensors. Deeper layers take longer to dry than the near surface. This is a likely 
condition foilowing rain events. 

Soil moisture and temperature retrieval results 
We assembled EVI and soil ancillary data sets and computed retrieval algorithm parameters for 
the subset region. Soil temperature was estimated using the method described in De Jeu (2003) 
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Figure 7 - Obsewed and retrieved soil temperature as a function of time, (a) Ascending and @) 
Descending passes 

with the AMSR-E 37 GHz V data. Results for the A and D data are shown in Figure 7. The A 
data set predictions are excellent with a 1.60 C standard error of estimate (SEE) and low bias 
(Tab. 1). The D data sets have a larger SEE (2.98 C), which is mostly the result of a larger bias. 
The 37 GHz channel is expected to respond more to the near surface. At night the surface could 
be cooler than deeper layers. These temperature data were used in our reirieval algorithm to esti- 
mate soil moisture. Results are summarized in Figures 8 and 9 and in Table 1. The SEE values 
are w i t h  the expecw leve1 of performance of the retrieval algorithm. As in the case of soil tem- 
perature, the ascending (daytime) retrievals are better than the descending results. 
It should be noted that the calibration of the AMSR-E C band data is currently under revi- 
sion and will result indecreased TB values (as much as 7 K). A reduction of TB will lead to 
increased estimates of soil moisture. Since the algorithm has a small underestimation bias for 
ascending data, the calibrationchanges could not result in improved algorithm performance. 
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with the AMSR-E 37 GHz V data. Results for the A and D data are shown in Figure 7. The A 
data set predictions are excellent with a 1.60 C standard error of estimate (SEE) and low bias 
(Tab. 1). The D data sets have a larger SEE (2.98 C), which is mostly the result of a larger bias. 
The 37 GHz channel is expected to respond more to the near surface. At night the surface could 
be cooler than deeper layers. These temperature data were used in our reirieval algorithm to esti- 
mate soil moisture. Results are summarized in Figures 8 and 9 and in Table 1. The SEE values 
are w i t h  the expecw leve1 of performance of the retrieval algorithm. As in the case of soil tem- 
perature, the ascending (daytime) retrievals are better than the descending results. 
It should be noted that the calibration of the AMSR-E C band data is currently under revi- 
sion and will result indecreased TB values (as much as 7 K). A reduction of TB will lead to 
increased estimates of soil moisture. Since the algorithm has a small underestimation bias for 
ascending data, the calibrationchanges could not result in improved algorithm performance. 
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Figure 8 - Observed and retrieved soil moisture as a function of time, (a) Ascending and @) 
Descending passes. 

Summary 
For the first time an effort is undenvay to use satellite measurements to estimate and map 
global soil moisture. This is a result of the availability of new satellite-based low frequency 
microwave radiometers and in particular the Advance Microwave Scanning Radiometer 
instrument on the NASA Aqua. Both the NASA and JAXA AMSR prograrns include com- 
rnitments to providing a soil moisture product from the satellite data. As part of its algorithm 
selection process, JAXA has been evaluating alternative soil moisture algorithm approaches 
including a single channel method. Here, this algorithm was evaluated using validation data 
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Figure 9 - Obsewed and retrieved values of (a) Ascending soii moisture, @) Descending soil 
moisture, (C) Ascending soil temperature, and (d) Descending soii temperature. 

collected in Mongolia. Various methods for comparing ground and satellite data were con- 
sidered. Temporal stability analysis revealed that care must be taken in what data are used in 
validation tests. Overall the retrieval algorithm produced acceptable results for soil moisture 
and temperature, ascending results were better than descending. It was necessary to use a 
modified vegetation index in the estirnation of the vegetation water content due to the unusu- 
al soil and surface properties in the test site. It is well known that vegetation has a significant 
effect on the ability to retrieve soil moisture. The conditions in Mongolia were relatively 
benign for the expected capabilities of AMSR, very low levels of vegetation. More chal- 
lenging sites will be considered in the future along with more robust data sets. 

Table 1 - Standard error of estimate and Bias for soil moisture and temperature in Mongolia. 

Soil Moisture: Ascending 
Soil Moisture: Descending 
Temperature: Ascending 
Temperature: Descending 

3.24% 
3.38% 
1.60 "C 
3.21 "C 

-0.91% 
0.36% 
0.06 "C 

-3.11 "C 
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Abstract 
In this paper a semi-empirical algorithm for estimating soil moisture content from dual-fre- 
quency (C- and X-bands) microwave data is described. Data were collected from the new 
spacebome rnicrowave radiometer AMSR-E onboard the AQUA satellite. The algorithm is 
based on a simplified form of the Radiative Transfer Theory and estimates the soil reflectiv- 
ity through the brightness temperature at C-band and the optical depth of vegetation 
obtained from the Polarization Index at X-band. The test of the algorithm was carried out by 
using airborne data of the multifrequency microwave radiometer IROE (Instment of Radio- 
Observation of the Earth), collected in 2000 on the agricultural area of Cerbaia. The algo- 
rithm was la ta  validated by using the Mongolia AMSR-E and the Tibet TMI data sets. 

Riassunto 
In questo articolo viene descritto un algoritmo semi-empirico che stima l'umidità del ter- 
reno a partire dai dati del nuovo radiometro a microonde multicanale AMSR-E a bordo del 
satellite AQUA. L'algoritmo si basa su una forma semplzjìcata della Teoria del Trasporto 
Radiativo e stima la rzflettività del terreno dalla temperatura di brillanza in banda C e lo 
spessore ottico della vegetazione attraverso l'indice di Polarizzazione in banda X Il test 
preliminare dell'algoritmo è stato egettuato con i dati raccolti sull'area agricola di 
Cerbaia con i radiometri a microonde multifrequenza IROE (Znstrument of Radio- 
Observation of the Earth) montati su aereo. È stato poi validato successivamente con 
archivi di dati AMSR-E e TMI raccolti su alcune aree di test in Mongolia e in Tibet. 

Introduction 
The launching of new microwave radiometric sensors (Advanced Microwave Scanning 
Radiometer: AMSR-E and AMSR) on board the AQUA and ADEOS-Il satellites opens up 
new possibilities of application of microwave radiometers from space [Kawanishi et al. 
20031, with respect to the generation of old sensors, which, due to their coarse ground reso- 
lution, was mainly devoted to climatological applications. Unfortunately, the project of col- 
lecting data simultaneously from moming and afternoon orbits by using the two satellites 
ADEOS-I1 and AQUA fell through, as the ADEOS-I1 suddenly expired after almost one year 
in space, leaving AQUA alone in its duty of observing the water cycle. 
The improved characteristics ofAMSR and AMSR-E (an in-depth description of the sensors 
has been provided in other papers of this special issue, e.g., Lobl and Spencer, 2004), both 
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in ground resolution and radiometric accuracy, enable a better inspection of the Earth's sur- 
face and, consequently, more accurate retrieval of some large scale geophysical pararneters. 
Microwave radiation is, in fact, strongly influenced by the dielectric properties of the ob- 
served media. Since the dielectric constant of soil and vegetation ranges from a few units for 
dry matter to about 80 for free liquid water, microwaves have a very high sensitivity to the 
moisture of the observed bodies, depending on the water molecule's ability to align its dipole 
moment along the applied field. These peculiar characteristics, along with the large frequen- 
cy interval (between 6.9 GHz and 89 GHz) of the AMSR and AMSR-E sensors, make the 
investigation of almost al1 the parameters involved in the hydrological cycle, such as soil 
moisture, vegetation biomass, precipitation, and snowcover features, possible [Kelly et al., 
2003; Njoku et al., 2003; Wilheit et al., 20031. 
The measurement of soil moisture is irnportant, since this pararneter plays a critica1 role in 
the surface energy balance and can be considered a key state variable that influences the 
redistribution of radiant energy and runoff generation as well as percolation of water in soil. 
The possibility of measuring soil moisture on a large scale from satellites, with complete and 
frequent coverage of the Earth's surface, is, therefore, extremely attractive for hydrological 
and climatological applications [Paloscia et al., 2002; Jackson et al., 2002 1. The most suit- 
able frequencies for soil moisture sensing are the lowest of the microwave banà, and in par- 
ticular in the L-band range (1-2 GHz). Indeed, at this frequency, the contrast between the per- 
mittivity of water and dry soil is the highest. Moreover, since the thickness of the investigat- 
ed soil is a Caction of the wavelength (h), the use of a radiometer at h=21 cm makes the 
investigation of a soil layer of some centimeters possible, giving a more representative meas- 
urement of moisture conditions below the surface. This frequency is not yet available from 
current satellite sensors; however, the launch of an interferometric L-band radiometer 
(SMOS) is forthcoming and some spatial prograrns concerning L-band radiometers and 
radars from space (i.e. Hydros) are in progress [Kerr et al., 2001; Enthekabi et al., 20041. At 
higher frequencies, vegetation and roughness effects become more pronounced, thus reduc- 
ing the sensitivity to moisture. Nonetheless, up to the C-band range ( 4-8 GHz) a certain abil- 
ity in measuring moisture has been demonstrated, especially in regions covered by sparse 
vegetation [Jackson et al., 20021. 
Many experimental activities were and are being carried out worldwide in order to gather 
large microwave data sets to validate new algorithrns able to correct the effects of soil sur- 
face roughness and vegetation cover, which significantly influence C-band emission 
[Jackson et al., 2002; Kaihotsu et al., 2003; Paloscia et al., 2002; Schmugge et al., 19921. 
An algorithm for the retrieval of soil moisture fi-om satellite based on a simplified forrn of 
the Radiative Transfer Theory is described in this paper. The results of the algorithm, which 
estimates soil moisture from C-band brightness temperatures and corrects the effect of veg- 
etation by means of the polarization index at X-band, were compared with soil moisture data 
measured on ground. In particular, the algorithm was first tested by using experimental data 
collected during the Cerbaia Hydrological Experiment for Earth Remote Sensing 
(CHEERS), carried out on an agricultural area close to Florence, in February and May 2000, 
by using the IROE multi-frequency radiometric sensor at L-, C- and X-bands [Paloscia et al., 
20011. The same algorithm was validated successively with TMI and AMSR-E datasets in 
Tibet in 1998 and in Mongolia in 2002, respectively, provided by JAXA. 

Description of the algorithm 
The algorithm for the retrieval of soil moisture from AMSR-E data is based on two 
assurnptions: a) the brightness temperature (Tb) at C-band is sensitive to the soil moisture 
content, and b) the Polarization Index (PI=(Tbv-Tbh)/O.S*(Tbv+Tbh)) at X-band is sensi- 



Rivista Italiana di TELERILEVAMENTO - 2004,30/31: 53-64 

tive to the vegetation biomass. The algorithm was developed according to a semi-empirical 
approach based on the Radiative Transfer Theory, although strongly simplified [Mo et al., 
1982; Parnpaloni and Paloscia, 19861, where vegetation is assurned to be a uniform absorb- 
ing layer over the soil surface. Three components are taken into consideration: 1) direct emis- 
sion from vegetation, 2) direct ernission from soil, and 3) emission from vegetation reflect- 
ed by soil. By solving the genera1 equation with respect to the soil reflectivity (Rp), we 
obtain: T T 

where: 
Rp = surface reflectivity 
Tb = brightness temperature at C-band 
Ts (soil temperature) = TV (vegetation temperature) 
p = cos(@, 29 is the incidence angle 
w = single scattering albedo = ks/ka, ranging between 0.05 and 0.13 at C-band m o  et al.,1982], 
and assume4 in this case, equal t0 O. 1 
z = vegetation optical depth 

The soil and vegetation physical temperatures were derived by the Tb at 37 GHz assuming a 
surface characterized by high values of emissivity: Ts=Tv=0.95 Tbj7/O.95 [Santi, 20041. 
The optical depth (T) was found strictly related to the vegetation biomass, and therefore to both 
the plant water content (PWC) and Leaf Area Index (LAI) of agricultural crops, by means of 
the following equations [Pampaloni and Paloscia 1986, Paloscia and Pampaloni 19881: 

where k is a crop factor, independent of wavelength and dependent on the crop type, 
which ranges between 0.1 ml" for sunflower and 0.4 ml" for alfalfa, yis a best-fit coef- 
ficient with the best fit between LA1 and PWC, and A is the wavelength (m). 

The sensitivity of the Polarization Index (PI) at X band to the evolution of vegetation cover 
is shown in Figure 1, which represents two maps of P1 at X-band obtained from AMSR-E 
over Europe and Northern Africa in July 2002 and January 2003. The variations of P1 point 
out the areas with low vegetation density (high values of PI, in red) and those correspon- 
ding to densely vegetated areas (low values of PI, in blue). Red areas in Northern regions 
(i.e. Nonvay) point out the presence of snow which produces high values of P1 as well. 
Moreover, the seasonal variations in vegetation growth can also be noted, at least in rela- 
tively large and homogeneous areas. The percentage of blue areas is, in fact, higher in July 
than in January. These observations led to relate P1 at X-band directly to PWC and LA1 of 
some agricultural crops (e.g. corn, alfalfa, sugar beet and sunflower) through the follow- 
ing equations [Pampaloni and Paloscia,1986 and Paloscia and Pampaloni, 19881: 
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Figure 1 - Polarization Index ( ' I )  maps at X-band measured from AMSR-E over 
Europe and Northern Africa in July 2002 and January 2003. 

The optical depth, T, can be therefore described as a function of X-band P1 in the follow- 
ing way: 

z = p Ln (PI(o,~)/PI i41 
where: PI(0) is Polarization index at X-band of bare soil (which, according to experi- 
menta1 measurements, is considered equa1 to about 0.05). 

At this point, Rp can be estimated fiom Equation [l]. From Rp, the rea1 part of the dielec- 
tric constant (E') ,  and consequently SMC, are obtained by using the Fresnel equations and 
the Dobson et al. [l9851 model. 
The fina1 equation for computing SMC is: 

SMC = 
(-0,3062 + ,/(0,3062)' - 0,047~)) 

0,Ol 

Test and validation of the algorithm 
CHEERS Experiment 
The algorithrn was tested using multi-fiequency microwave data collected at C- and X- 
bands in the Cerbaia agricultural area in Italy in February and May 2000, during the air- 
bome CHEERS Experiment [Paloscia et al., 20011. The IROE (Instrument of Radio- 
Observation of the Earth) microwave radiometers at L, C and X bands operated from ultra- 
light aircrafts at 9=20° and 50" incidence angles (Tab.1) [Macelloni et al., 20001. 
Simultaneously to the flights, plant water content (PWC, in kg/m2), soil moisture (SMC, 
in gIcm3) and surface roughness (s, in cm) were measured. Measurements of SMC at dif- 
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Table 1 - IROE Microwave Airbome Radiometers. 

ferent depths were carried out using an L-band probe. Heavy rainfalls occurred before the 
February survey and therefore soil moisture content was rather high (SMC>20%), at least 
in the deeper soil layers. In this case, L-band measurements were used to obtain a SMC 
map to be compared with local ground SMC measurements and used as reference. 
In Figure 2 C-band Tb @I pol., and 8 = 50") is shown as a function of SMC% of the first 
2.5 cm of soil. As expected, vegetation cover strongly influences microwave emission at 
this high incidence angle and considerably affects the SMC sensitivity. Here, the rather 
widely spread experimental points have been separated into three groups according to dif- 
ferent vegetation covers: (a) bare soils (BS), @) low-vegetated (BBSS, with a PWC 2 
kglm2), and (C) well-vegetated fields (VEG, with a PWC > 2.5 kg/m2). The three groups 
of data have been fitted by the following regression lines, with the corresponding regres- 
sion coefficients: 

Tb=279-0.27*SMC (R2=0.96), 
Tb=289-2. 1 *SMC (R2=0.79), 
Tp=295-1 .34*SMC (R2=0.8 1). 

By using the algonthrn described in the previous section, the regression equation between 
the soil moisture measured on ground (SMCm) and the soil moisture estimated (SMCe) 
from sirnultaneous C- and X-band measurements is the following: 

SMCm = 0.75 SMCe + 1.93 

The coefficient of determination, R2, for al1 data is = 0.57, and the Standard Error of 
Estimate (SEE) is = 4. We can note that, although the dispersion of data is still very high, 
using this method, the retrieval of SMC is feasible with a adequate approximation. 

Figure 2 - Tb at C-band (H pol., +SO0) 
vs. SMC% of the first 0-2.5 cm layer 
for different types of surfaces: bare 
soils (BBSS), low (BS) and weii-vegetat- 
ed fields (VEG). 
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Mongolia Experiment 
A subsequent validation of the algonthm was performed by using AMSR-E data collected 
in July-September 2002 over the Mongolian Plateau, where good quality data were expect- 
ed to be obtained due to the relatively uniform ground-surface-conditions. Figure 3 shows 
the location of the study area on the Mongolian plateau, along with the position of 12 
meteorological stations, which provided the SMC and soil temperature values measured at 
different depths (3 & 10 cm). The Japanese Aerospace Exploration Agency (JAXA) provid- 
ed the corresponding values of AMSR-E for each area. The location of the site was between 
45.ON - 47.5N latitudes and 105.5E - 108.OE longitudes [Kaihotsu et al., 2003; Koike et al., 
2003 1. As it can be noted from the photo of Figure 4, the soil in the area is generally smooth, 
covered by stones and sparse grasses and bushes. Additional details on this experiment can 
be found at the site http://www.eorc.jaxa.jp/edimgdata~topics/20/0422.h1. From 
the archive of ground measurements, only hourly measurements collected at the same tirne 
of the AMSR-E passes were selected, in order to obtain the best match between remote 

I 

measurements stations. 

- 
Figure 3 -Test area of Mongolia. The zoom represents the area of the experiment with ground 

Figure 4 - ncture 01 tne typicai iand- 
scape of Mongol Plateau (August, 
2002) in the area of 100km south of 
Ulan Bator, at latitude 46ON and lon- 
gitude 106OE (provideci by CEReS). 

sensed data and ground measurements. AMSR-E 
passes were around 6.00 arn for the descending orbit 
and close to 7.00 pm for the ascending one. For each 
ground station, Tb values were compared with SMC 
measurements at the two different depths. 
In general, the average values of SMC were rather 
low, mostly ranging between 5 and 10 g/cm3, and, as 
a consequence, the correlation between C- and X- 
band Tb values with SMC was generally scarce, as 
can be noted in Figure 5 (a and b). This diagram 
shows the results obtained for the station a6 chosen 
as an example. As expected, some correlation can be 
found only for SMC values higher than 8 -1 0 glcm3. 
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m6 vs SMC 

Figure 5 - Tb (H pol.) at C (a) and X-bands @) measured from AMSR-E as a function of the SMC 
of the first 3 cm Iayer for stations a6. 
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Regardless, an attempt was made to retrieve the SMC values using the algorithm. In 
Figure 6 the temporal trends of measured and computed SMC values are shown for two 
ground stations (a6 and c3). Due to the scarce relation between Tb and SWC, even the 
retrieval of SMC cannot be expected to be very good, af~d a direct compat.ison between 
measured pnd retrieved SMC data for the whole data set showed very low coefficients of 
determination (Rk0.2 ). 
In an attempt to improve the retrieval accuracy, the data were first grouped into four class- 
es of measured soil moisture between 5% and 20%, by averaging al1 the available SMC 
data. Measured and estimated values of SMC are compared in Table 2. 
The corresponding regression equation and the coefficient of determination, between the 
SMC measured on ground (SMCm) and the SMC estimated with this algorithrn (SMCe), 
are the following: 

SMCm = 0.63 SMCe + 2.53, 
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These results can be considered rather satisfactory, although with a slight underestimation 
for higher values of SMC. We also have to take into account the poor correlation that might 
be expected between ground measurements and satellite acquisitions due to spatial scales. 

. . 
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Table 2 - Estimated and measured SMC values. 
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Figure 6 - Temporal trends of measured and computed SMC values for 
two ground stations of the Mongol Plateau (a6 and c3). 

Tibet Experiment 
A dataset of ground measurements was collected inTibet in sumrner1998 (Lat.: 28-38", Lon: 
85-98"), showing a higher number of sampling and a wider SMC interval. Although at this 
date AMSR-E data were not yet available, JAXA provided a dataset from the Tropical 
Rainfall Measuring Mission (TRMM) Microwave Imager (TMI), which is a five-channel, 
dual-polarized, passive microwave radiometer with a frequency range from 10 GHz to 
85GHz and a coverage limited to latitudes between +38" and -38". An interesting feature of 
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Figure 7 - Tb (H pol.) at X-band 300 
from TRRMtTMI data as a func- 
tion of the SMC of the first 4 cm 
layer, measured on Tibet. Lines 
correspond to regression lines 
found with X-band emission past 
data sets for l: very smooth soiis 250 
(s«lcm), 2: O<s<lcm, 3: s>lcm, tu 
4: vegetated soiis. 

SMC% (0-4 cm) 

the TMI is its higher spatial resolution with respect to other radiometers (at 19 GHz the TMI 
has a spatial resolution four times as good as the SSMA) [Jackson and Hsu, 2001; Wentz et 
al. 20011. X-band (10 GHz), which is the lowest frequency available on TMI, is not the best 
for the retrieval of SMC, since it is strongly affected by surface roughness and vegetation 
cover and has a scarce penetration into the soil. 
However, the Tibet site appears to be very well suited for soil moisture estimation using 
microwave data from TMI, since the areas are covered by very light vegetation, and the soils 
are rather smooth. In this case, microwave data were collected during sumrner 1998, between 
July and August, and SMC was measured at 4 and 20 cm depth. A direct comparison 
between Tb at X-band and SMC (of the first 4 m) on Tibet is shown in Figure 7. The 
obtained regression line is: TbH = 278.9 -2.43SMC, with a coefficient of deterrnination 
R2=0.49. Although the points appear rather disperse4 the correlation between the two param- 
eters is in this case rather good. On the same diagram, different correlation lines obtained by 
our group with past data sets of ground-based X-band microwave radiometer are drawn. The 
regressions correspond to soils with different surface roughness (s, in cm): the bottom line is 
for very smooth soils with s << lcm, the two intermediate lines correspond to soils with s 
between O and lcm and higher than lcm, respectively. The upper line represents vegetated 
fields. In this case we did not use the algorithm described in the previous section, but a sirnpli- 
fied one which was based on the sensitiviiy of higher frequencies (in this case Ka-band) to the 
soil roughness. By using the IFAC data set over bare or scarce vegetated soils, the following 
relationship between the Polarization Index (PI) at Ka band and soil roughness was obtained: 
PIb=0.013-0.0125*Ln(s). Although the decrease of P1 at Ka band with s is very steep, at least 
2 levels of roughness can be identified: PIK, < 0.04 for soils with O<s<lcm and PIKa > 0.04 for 
soils with s> l cm. The two corresponding correlation lines for the retrieval of SMC become the 
following: 

The fina1 retrieval of SMC from Tb at X-band was carried out after the soil roughness 
effects are corrected using P1 at Ka band and is shown in Figure 8. The experimental data 
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SMCmeas 

Figure 8 - SMC estimated as a function of SMC measured on 
ground for the Tibet dataset by using TMI data at X and Ka 
bands. Points refer to smoother soils (O<s<lcm), squares to soils 
with p l c m .  

have been subdivided into two clusters of different roughness according to their values of 
P1 at Ka-band and their SMC value was estimated by using the above regression lines. The 
parameters of the two regression lines between SMCm and SMCe, along with their deter- 
mination coefficients, are shown in Table 3. 

Table 3 - Regression parameters of the correlation lines between SMCe 
and SMCm for the two groups of data at different surface roughness. 

Soil Roughness Regression equatian R~ 
O<s<l SMCe = 0.63 SMCm+5.3 0.5 
s> l SMCe = 1.04 SMCm -1.58 0.56 

Conclusions 
An algorithm for estimating soil moisture content from AMSR-E satellite data has been 
proposed in this work. Such an algorithm is based on a simplified form of the Radiative 
Transfer Theory, and uses two-frequency emissions: the brightness temperature at C-band 
and the Polarization Index at X-band. So far, the mode1 has been tested with satisfactory 
results using the multi-frequency data set collected on the Cerbaia area during the 
CHEERS airborne microwave experiment in 2000, and then validated with the AMSR-E 
data set collected on the Mongolia Plateau and provided by JAXA in 2002. In spite of the 
very limited range of measured soil moisture in Mongolia, the fina1 results can be consid- 
ered acceptable. 5 classes of soil moisture (from 5% to 20%) were indeed correctly 
retrieved, with a slight underestimation for higher values of soil moisture. A further 
attempt at estimating SMC on a regional scale was carried out by using TRMM/TMI data 
collected in 1998 over Tibet, along with a simplified form of the algorithm using data at 
X and Ka bands. Due to the higher number of measurements and to the wider range of 
SMC, the results in this case have been encouraging. 
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Abstract 
The heterogeneous nature of soil moisture results in difficulty acquiring both fi-equent and reli- 
able measurements using traditional point measurements. This is especially true for large areas 
(lulometers) such as those needed in land surface and weatherlclimate models. Research has 
shown that longer wavelength (-2 1 cm) passive rnicrowave remote sensing is withh the opti- 
mum range for retrieval of soil moisture over lightly vegetated areas. However, the most effec- 
tive method for moisture retrieval must be tested using ground, aircraft and satellite-based 
instruments. Large-scale field experiments in the order of hundreds of square kilometers are 
needed for these validations to allow both footprint heterogeneity analysis and investigation of 
scaling issues particularly important to microwave radiometry. This paper discusses two exper- 
iments designed for the validation of airborne and space-borne microwave remote sensing 
instruments, the 1999 Southern Great Plains Experiment (SGP99) and the 2002 Soil Moisture 
Experiment (SMEX02) in Iowa. Microwave brightness temperatures from the PassivelActive L 
and S-band sensor (PALS) have been observed over a wide range of soil moisture and vegeta- 
tion water contents from both studies. This allows for a robust analysis of passive L-band 
microwave remote sensing. Comparisons of in situ collected soil moisture show a significant 
decrease in brightness temperature for al1 areas encountered. Regression and sensitivity analy- 
ses of observed brightness temperatures and in situ soil moisture (O-lcm, 0-5cm and 0-6cm) 
have been performed over varying arnounts of vegetation water content. The highly vegetated 
fields resulted in a more attenuated rnicrowave signal, R2 = 0.46 for corn and 0.65 for soybeans. 
Soil moisture estirnation from the inversion of a physically based mode1 over the low vegetat- 
ed fields is within 2.23% of observed gravimetric soil moisture. Finally, in the context of the 
Advanced Microwave Scanning Radiometer (AMSR-E), we present a comparison between L, 
S, C, and X-bands sensitivity for soil moisture under different conditions of vegetation cover 
(leaf area index). Since AMSR allows C and X-band analysis, it creates an interesting compar- 
ison between 6, 10 and 19 GHz vis-à-vis soil moisture sensitivity under varied vegetation con- 
ditions. The L-band sensor will be available in the future, but in the meantirne C-band is the 
only available microwave sensor for soil moisture remote sensing. 

Riassunto 
L'elevata eterogeneità sia spaziale che temporale dell'umidità del terreno comporta molte dif- 
ficoltà nel misurarla in modo>equente e afidabile con i metodi locali tradizionali. Questo è 
particolarmente vero per aree estese (chilometri) come quelle necessarie per i modelli clima- 
tologici. La ricerca eflettuata finora ha messo in evidenza che le lunghezze d'onda ottimali per 
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stimare l'umidità di un terreno ricoperto da vegetazione non troppo densa con i radiometri a 
microonde sono quelle più elevate (attorno a 21 cm, banda L). Tuttavia il metodo più eflcace 
per stimare dell'umidità del terreno deve essere veniJcato utilizzando sensori montati a terra, 
SU aereo o su satellite. Per questo tipo di validazione sono necessari esperimenti a terra del- 
l'ordine delle centinaia di chilometri quadrati che permettano sia unanalisi dell'eterogeneità 
del fooprint che un esame dei problemi di scala, particolarmente importanti per la mdiome- 
tria a microonde. In questo articolo vengono descritti due esperimentiprogettati per la valida- 
zione di sensori a microonde da aereo e da satellite: il SGP99 (Southem Great Plains 
Experimeno e lo SMEX02 (Soil Moisture Experimeno in Iowa, realizzati rispettivamente nel 
1999 e nel 2002. In entrambi gli studi sono state osservate le temperature di brillanza misum- 
te dal sensore PALS (Passive/Active L and S-band sensor) in un ampio intervallo di umidità del 
terreno e contenuto in acqua della vegetazione. Questo ha permesso un'analisi approfondita 
delle capacità della radiometria a microonde in banda L. Il confinto e l'analisi di sensibilità 
fm la temperatura di brillanza osservata e l'umidità del terreno misurata in situ, a 0-1 cm, 0-5 
cm e 0-6 cm di profondità, sono stati efl&tuati per diversi valori di contenuto in acqua della 
vegetazione. Sui campi coperti da vegetazione ben sviluppata è stato misumto un segnale a 
microonde attenuato rispetto ai campi nudi, con un R* = 0.46per il mais e 0.65 per la soia. 
L'emre sulla stima di umidità del temno ottenuta dal1 'inversione di modellifisicamente basa- 
ti su campi non troppo vegetati è inferiore a il 2.23% dell'umidità misurata. Per quanto riguar- 
da I'AMSR-E, viene presentato un confinto fm la sensibilità dell'emissione alle bande L, S, 
C e X in di$renti condizioni di copertura vegetale (indice di area fogliare). Dal momento che 
I'AMSR-E ha le bande C e X, diventa interessante il confinto fra l'emissione a 6, I O  e 19 
GHz e la sensibilità all'umidità del terreno per diverse condizioni della vegetazione. In un 
prossimo futuro diventeranno disponibili anche i dati in banda L, ma nelfrattempo la banda 
C è l'unica frequenza disponibile per misurare l'umidità del terreno. 

Introduction 
Soil moisture plays a vita1 role in the field of hydrology and associated disciplines. As a 
boundary layer between the atrnosphere and land surface, the amount of water in the top 
-10 cm of soil is the driving force for many systems including runoff, evapotranspiration, 
surface heat flux and biogeochemical cycles [Shukla and Mintz, 1982; Delworth and 
Manabe, 1989; Brubacker and Entekhabi, 1996; Piekle, 20011. Currently, many parame- 
ters needed to mode1 these relationships such as vegetation, temperature, and rainfall can 
be observed using established remote sensing techniques and ground measurements. 
However, the heterogeneous nature of soil moisture result in infrequently recorded point 
measurements that are very costly at the spatial and temporal scales needed to estimate 
these land surface processes with confidence [Chang and Wetzel, 19911. 
Since the mid seventies, researchers have taken advantage of the unique relationship between 
soil moisture content and emission of these soils in the microwave region [Schrnugge et al., 
1988; Wang et al., 1989; Wang et al., 1990; Li and Islam, 19991. It is widely accepted that 
the longer wavelengths in the microwave region, between 6 and 21 cm, (C and L-band 
respectively) are op timum for sensing soil moisture in bare and lightly vegetated (-8 kg/m2) 
surfaces. Even though microwave emission is dependent prirnarily on the water content of 
the soil surface roughness, surface temperature, topography and vegetation also influence 
the total emission from a land surface [Wigneron et al., 1993; Njoku and Entekhabi, 1996; 
Njoku and Li, 19991, therefore making it difficult to interpret the microwave signal from a 
soil surface, and to determine how much of the signal is actually from soil water content. 
The complexity of the soil moisture inversion problem has required in-field instnunent val- 
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idation and algorithm development over varied land surfaces and moisture conditions. Since 
L-band sensors are still not available on current satellites, the use of a slightly higher fre- 
quency such as C-band can be helpful. Previous investigations have shown that passive and 
active microwave remote sensing is effective in the study of soil moisture [Dobson and 
Ulaby, 1986; Jackson and Schmugge, 1989; Jackson, 1993; Hollenbeck et al., 1996; 
Sirnmonds and Burke, 1998; Owe et al., 1999; Jackson, 20011 and precipitation [Olson et al., 
2001; Katsaros et al., 2002; McCollurn et al., 2002; Sorooshian et al., 20021. Severa1 studies 
have been done involving aircraft and ground-based remote sensing instruments; one of the 
first major experiment being the MACHYRDO in 1990 pngman, 199 l]. The robust nature 
of such large field studies has caused them to be either short-term experiments lasting only 
a few days, or longer durationlless intensive studies [Schrnugge et al., 1992; Lakshmi, 19981. 
This paper discusses two such experiments designed to provide contrasting field sites for 
understanding the implications of soil moisture retrieval using aircraft and satellite-based 
microwave instruments. We discuss soil moisture observations from the Passive and Active 
L and S-band (PALS) instrument during the 1999 Southern Great Plains (SGP99) experiment 
in Oklahoma and the 2002 Soil Moisture Experiments (SMEX02) in Iowa. In situ measure- 
ments of gravimetric soil moisture, soil temperature, soil bulk density, vegetation water con- 
tent were carried out simultaneously with PALS observations for both studies. This paper 
evaluates the performance of a soil moisture retrieval algorithm using passive measurements 
for a range of vegetation water content conditions and land cova. 

Data and Methods 
The PassivdActive L and S-band instrurnent 
Data from the PALS instrument were used to retrieve soil moisture in both the Southern 
Great Plains Little Washita, Oklahoma region and Walnut Creek watershed near Ames, 
Iowa. PALS was developed to study the utilization of dual-frequency, dual-polarization, 
passive and active measurements for remote sensing of ocean salinity and soil moisture. 
The instrument provides simultaneous collection of horizontally and vertically polarized 
1.4 and 2.69 GHz (L and S-band) brightness temperature in the radiometer channels and 
1.26 and 3.15 GHz backscatter coefficients in the radar channels. The instrument was 
flown on a C-130 aircraft for both studies providing microwave brightness temperatures 
and backscatter coefficients, nadir-looking thermal infrared surface temperature, footprint 
latitude and longitude position and aircraft altitude. Data collected during both studies 
were calibrated and geometrically corrected for aircraft navigational and attitude variations 
and organized for each flight line overpass of the individua1 fields. A more thorough 
description of the PALS technical specifications and applications can be found in [Wilson 
et al., 20011. An analysis of PALS soil moisture observations during SGP99 has been per- 
formed; the approach and results are provided in detail by Njoku et al. [2002]. 

Field experiments 
Southern great plains 1999 (SGP99) 
The SGP99 experiment included a variety of airborne C, S, and L-band microwave instru- 
ments in order to provide large-scale soil moisture mapping in the Little Washita Basin (603 
krn2), near Chickasha, Oklahoma. This paper deals with L-band data from PALS exclusively. 
A description of additional instruments used during SGP99 and experiment details can be 
found on the experiment web site (http://daac.gsfc.na~a.Gov/CAMPAIGN~DOCS/ SGP991 
index. html). PALS flew over the Little Washita Watershed at a nomina1 altitude of 3,000 feet 
with an approximate footprint size of 300 x 400 m for a total of 6 days between July 8 and 
20, 1999. Flight lines were selected over a range of field sites to provide a comprehensive 
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analysis of varying ground cover. The land conditions and time of study of the Little 
Washita Basin are ideal for evaluating new sensor systems and algorithrns. Forest cover with- 
in the watershed is very sparse and typically follows streams constituting a small portion of 
the watershed [Njoku et al., 20021. The basin consists mostly of rolling hills (maxirnurn relief 
is less than 200m), rangeland and pasture. For the purposes of this paper, the representative 
texture for the surface layer soil is taken to be 30% sand and 20% clay. Within the watershed, 
the ground truth data collection included eleven field sites (0.8 krn x 0.8 km), chosen among 
five types of land-cover: rangeland, wheat, com, alfalfa and fallow, ranging in vegetation 
water content fiom 0-7.18 kgIm2 (Tab. 1). Collected ground data applicable to this paper 
include: gravimetric soil moisture (O - 2.5 and O - 5 cm), surface roughness, soil bulk densi- 
ty, and vegetation water content as described in [Njoku et al., 20021. It should be noted that 
in this study, the O - 5 cm gravimetric soil moisture (mg) is used exclusively (instead of vol- 
urnetric soil moisture) due to possible measurement error in bulk density. A bulk density 
value of 1.28 g cm-3 has been used for conversion of gravimetric to volumetric soil moisture 
when needed. 
Weather conditions were ideal during SGP99, including a major rain event on the third day 
(July lofi, 1999). This rain event allowed a subsequent dry-down period to be observed 
throughout the basin (a change in gravimetric soil moisture content from about 24.3% to 
3.4% over a period of 8 days). The precipitation was non-uniform throughout the basin (vary- 
ing fiom 3 1.0 rnrn in the western part of the watershed to approximately 9.6 mm in the east- 
ern regions), causing a heterogeneous soil moisture pattern across the watershed [Zebrfubs, 
20011. Although the weather and vegetation conditions presented a sufficient range of soil 
moisture and vegetation water content, the heterogeneous nature of the moisture pattems with- 
in the watershed did not allow for analysis of areas with both high vegetation and moisture. 

Soil Moisture Experiment 2002 (SMEX02) 
SMEX02 involved microwave remote sensing and in situ sarnpling of soil moisture, its 
main goal being the development of models of microwave emission and backscatter from 
observed soil and vegetation conditions. Soil moisture and vegetation retrieval algorithrns 
are validated using airbome and space-borne remotely sensed soil moisture and vegetation 
measurements over a range of spatial scales. In order to satisQ these objectives, an ideal 
test site with significant biomass levels as well as varying soil moisture conditions was 
needed. The study site chosen was Walnut Creek, a small watershed in Iowa. This water- 
shed has been studied extensively by the United States Departrnent of Agriculture (USDA) 
and hence was well instrumented for in situ sampling of hydrologic pararneters. 

Table 1 - Field characteristics within the Little Washita Watershed during SGP99. 
p. I l # $ &  - .  Vaeta,tl,oMa - - .  9-31 

2 Range 0.16 
3 Range 2.38 
4 Range 0.48 
5 Range 0.34 
2 1 Wheat (harvested) 0.12 
22 Wheat (harvested) 0.02 
23 Wheat (harvested) 0.36 
24 Bare 0.00 
25 Corn 7.18 
26 Corn 5.19 
27 Alfalfa 1.01 
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The terrain is undulating and the land cover type for the watershed region is primarily agri- 
cultura1 with corn and soybeans being the major crops. The experiments were conducted 
from June 25 - July 12,2002 dunng which the soybean fields grew from essentially bare soils 
to vegetation water content of 1-1.5 kgIm2 while the corn fields grew from 2-3 kg/m2 to 4- 
5 kgIm2. SMEX02 provided unique conditions of high initial biomass content and signifi- 
cant change in biomass over the course of the experiment. The fields selected for in situ sam- 
pling were approxirnately 800 m x 800 m and the sampling points were distributed through- 
out the field to take into account the variations in soil types and therefore soil moisture with- 
in each field. 
The PALS instrument was flown over the SMEX02 region on June 25,27 and July 1,2, 5, 
6, 7 and 8, 2002. Initial soil conditions were dry but scattered thunderstorms occurred 
between July 4 and 6 enabling a wetting and subsequent dry down to be observed. PALS flew 
at a velocity of - 70 rnls at a nomina1 altitude of - 3500 feet with the incidence angle on the 
surface being - 45 degrees. In this configuration the instantaneous 3 dB footprint on the sur- 
face was 330 m x 470 m. The instrument thus sampled a single line footprint track along the 
flight path. Aircraft location and navigation data and downward looking thermal infrared 
(TIR) temperatures were also recorded in addition to the radiometer and radar measurements. 
As in SGP99, an extensive in situ dataset consisting of gravimetric soil moisture, surface tem- 
perature, bulk density, surface roughness, vegetation water content, crop type and radiometer 
and radar observations were collected during the SMEX02 campaign. This dataset was used 
to construct the emission and backscatter models for interpretation of PALS data. 
Volumetric soil moisture was sampled at 16 locations within each field using theta probes. 
Four samples for measurements of gravimetric soil moisture were also taken from every 
field. At each of these four locations, the bulk density was also measured. The samples were 
used to evaluate gravimetric soil moisture for the 0-1 cm, 1-6 cm and the 0-6 cm depth layers. 
Surface temperature was estimated using hand held infrared thermometers, whereas the soil 
temperatures were measured at l cm, 5 cm and 10 cm depths using temperature probes. 
Temperature sampling was taken at the four locations where gravimetric soil moisture sam- 
ples were also collected. The sand and clay fractions used to for the radiative transfer mode1 
were obtained fkom CONUS-SOIL, dataset [Miller and White, 19981. 
Vegetation water content was sampled for al1 watershed sites 3 to 4 times during the cam- 
paign (Tab. 2). This data was used for calibrating Normalized Difference Water Index, 
NDWI, which is a parameter obtained from Landsat (5,7) Thematic Mapper to obtain a rela- 
tionship between NDWI and Vegetation Water Content, W C .  The VWC of the entire water- 
shed throughout the duration of SMEX02 was obtained from a regression of NDWI and 
W C .  Vegetation was collected only once during SGP99 and severa1 times dwing SMEX02. 
This difference in vegetation sampling must be considered when comparing the results of 
both studies. 
PALS observations were calibrated and geolocated in latitude and longitude using the PALS 
antenna pointing geometry. The corrected and geolocated data were resampled by binning 
the data to a grid resolution of 200 m x 200 m. Maps were subsequently produced from PALS 
observations acquired over the watershed by spatially interpolating flight line data over a 400 
x 400 m grid. 
The Advanced Microwave Scanning Radiometer (AMSR) was launched on May 4,2002 on 
the NASA AQUA satellite. A similar instrument was launched December 2002 from the 
Japanese ADEOS I1 satellite as well. The AMSR is a six frequency (6.9 GHz - 89 GHz) dual 
polarized conically scanning, fixed (550) incidence angle sensor with a 1445 km swath and 
an equatorial nadir observation time of 1:30 amlpm for the AQUA and 10:30 a d p m  for 
ADEOS I1 [Njoku et al., 20031. 
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Radiative transfer at L-band 
An analysis of the remotely sensed and in situ data was performed using a physically- 
based microwave radiative transfer model valid for frequencies in the range 1-20 GHz 
[Jackson and Schrnugge, 1989; Jackson, 1993; Wigneron et al., 19991. The composition 
of the soil is used to determine the dielectric constant, and resulting emissivity at vary- 
ing amounts of water content using the empirical mixing model from Wang and 
Schrnugge [Wang and Schmugge, 19801. The radiative transfer model for bare-soil emis- 
sivity is modified for roughness and vegetation, assuming uniform moisture content to 
the penetration depth of the sensor as described by the radiative transfer equation. 

Ts and Tc are the temperatures of the soil surface and vegetation canopy respectively; zp is 
the vegetation opacity, o is the single scattering albedo of the vegetation canopy and rp is the 
soil surface reflectivity. Observed surface soil and vegetation parameters were assurned 
homogeneous, resulting in average effective values over the radiometer footprint. Table 3 lists 
the media and sensor inputs used in the model for both the SGP99 and SMEX02 datasets. 

Table 2 -Vegetation water content for SMEXO2 Data analysis 

ly or in combination for remote sensing appli- 
cations. Sensitivity computations were done 
by averaging PALS observations for the start 
and end of a particular period and comparing 
the change in spatially averaged PALS obser- 
vations to the change in the averaged layer soil 
moisture during that period (0-5 cm for 
SGP99 and 0-6 cm for SMEX02). The aver- 
age change in emissivity, Ae and backscatter, 
and AoO for al1 vegetation conditions, were 
compared with the average change in gravi- 
metnc soil moisture, Am for al1 the fields 
within the study (slope o? emissivity versus 
soil moisture for al1 fields grouped together) 
before and after the rain events for each study 
(July 9 and July 1 1, 1999 for SGP99 and July 
5 and 7,2002 for SMEX02): 

AeIAmg L21 

Emissivity, e, is determined by dividing the 
brightness temperature by the surface temper- 
ature and is used here to reduce effects of 
temperature on the sensor (highlighting the 
soil moisture effect). With other parameters 

watershedkeld sites on July 8th, 2002. ~ens i t i v i t~  -analysis 
Si@ ~ & e  Type WC (kg/mq 
wco I Corn 4.74 
WC03 soy 0.85 
WC04 Corn 4.87 

Statistica1 analyses were performed on the co- 
located PALS and in situ surface measure- 
ments for both studies. PALS supplies ten 
possible channels that can be used individual- 
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Table 3 - Microwave radiative transfer mode1 inputs. 

I Vegetation: 
Smgie scattering albedo, o 
Opwity cueficient, b (corn, soy) 

Viewing angle, 9 (deg) 
Frequency, f (GHz) 
hlarization 

, Soil: 
Roughness coeficients, h (cm) and Q 
Bulk density (g cm-3) 
Sand and clay mass fi-actions, s and C 

l O 
0.1,0.19 

0.1 
.086,0.12 

0.2,0.2 
1.28 

0.3.0.2 

Land Surface: 

(vegetation water content, surface roughness) assumed constant over the 2 days, the 
change in e and d is mainly dependent on soil moisture. The results of the sensitivity 
analysis for both studies are listed in Tables 4% 4b, 5% aud 5b. Of the radiometer channels, 
the LH channel has the greatest sensitivity to mg (0.42 compared to 0.30,0.37,0.28 for the 
LW, SH and SV channels respectively; Tab. 4a for SGP99 and similar findings for SMEX02 
in Tab. 5a). Of the primary radar channels shown in Table 4b and 5b, the L W  channel 
proved to be most sensitive to change in mg. These findings support previous studies show- 
ing the LH radiometer channel to be more sensitive to near-surface soil moisture than LW, 
SH or SV [Ulaby et al., 19861 and the L W  radar channel to be more sensitive to soil mois- 
ture than the other active S and L-band channels [Dubois et al., 19951. 
Similar results were seen in the SMEX02 data. As expected, the L-band horizontal polar- 
ization channel had the maximum sensitivity among passive channels with sensitivity 
(magnitude) of 0.316 over corn fields and 1.1 17 over soybean fields, For the radar chan- 
nels the L-band vertically co-polarized backscatter was most sensitive to soil moisture with 
sensitivities of 0.260 for corn and the horizontally co-polarized channel with a sensitivity 
of 0.476 for soybean fields. The S-band was less sensitive to soil moisture than the L-band 
with the sensitivities for passive and active PALS observations being 0.164 (SH) and 0.078 

calibrated, O 
in situ 

CONUS SOIL 

Surface soil moisture, mg (%) I in situ 

Vegetation water content, W, (kgIm2) 
Surface temperature, T (K) 

Table 4a - Sail moisture sensitivity anaiysis was performed for ali of the passive PALS SGP99 data. 
Shown are tite results from calculatin avera e change in emi&~ty, Ae per average change in gravi- 
mctric soil moisture, Ams hom Juiy & to 11% for the aii the ca-located fidds. 

in sifu 

Table 4b - Shami are the results from cakuiating average change in backscatter A& per average change 
in gravimetric soU moisture, from Juiy 9& to I l& fbr the ali the ca-locafed fiekls during SGW. 

in situ 
in situ 

in situ, Landsat TM 
in situ 
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Table 5a - Sensitivity of radiometer channel to 0-6 cm layer 
gravimetric soil moisture evaluated over coni and soy fields 
respectively for the SMEXOZ data. The LH channel has the 
maximum soil moisture sensitivity, with the sensitivity being 
much greater over soy fields than com fields. 

Sensitivity Analysis results 
Passive channels (Sensitivity = Ae 1 Am 

Period LH LV SH SV 

Soy 
Period LH LV SH SV 

I July 6th -July 7th 1.117 0.409 0.379 0.133 1 
Table 5b - Sensitivity of radar channels to 0-6 cm layer gravimetric soil moi- 
sture over corn and soy fields during SMEXO2. The Gband vertically co-pola- 
rized channel is seen to be most sensitive to soil moisture over coni and the 
horizontaiiv co-oolarized channel over sov fields. " .  
Active channels (Sensitivity = Aa / Amg) 
Corn 
Period LHH LVV LVH SHI-I SVV SVH 
July6th-July7th 0.157 0.260 0.153 0.078 0.076 0.121 
Soy 

LHH L W  LVH SHH S W  SVH / Jir&-July7th 0.476 0.460 0.457 0.367 0.295 0.341 1 
(SHH) over corn fields and 0.379 (SH) and 0.367 (SHH) over soybean fields. 
These findings illustrate the lower capability of S-band to penetrate the denser vegetation 
canopies of corn fields as opposed to soybean. In general, the PALS sensor exhibited 
greater sensitivity over the less vegetated soybean fields (VWC - 1 .O Kg/m2) in compari- 
son to the cornfields (VWC - 3.5 Kg/m2) across al1 channels. 

Regressìon an alysìs 
For both studies, the available PALS data were co-located with the in situ measurements of 
gravimetric soil moisture. Locations were considered co-located if the PALS footprint cen- 
ter was located within 300m of the field site centers. Two different methods were used for 
choosing the brightness temperature which represented the field site location. For the SGP99 
study, only the single footprint that fell closest to the field site center (and was within 300 m 
of it) was chosen. However, analysis of the SMEX02 data averaged al1 PALS observations 
within 300 m distance of the field site center. Although some differences emerge among the 
two methods, a comparison of the two is still valid if we maintain the basic assurnption that 
the field sites are homogeneous. 
The co-located values of soil moisture and horizontally polarized L-band PALS observations 
dwing SGP99 and SMEX02 have been plotted in Figures 1 and 2. These initial plots indi- 
cate that the PALS brightness temperatures correlate better with the moisture values 
observed over low vegetated (range and soybean) than over the high vegetated (corn) sites. 
The R2 values during SMEX02 are 0.65 and 0.53 for the 0-1 cm and 0-6 cm layer soil mois- 
ture, respectively. The SGP99 range fields (2, 3 ,4  and 5) have an R2 of 0.89. 
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Figure 1 - Observed PALS Lband horizontally polarized brightness 
temperature vs. gravimetric soii moisture in the 0-5 cm soil Iayer during 
SGP99 for range fields 2,3,4 and 5. 

Figure 2 - PALS observed L-band horizontal polarization brightness 
temperatures (west to east flight lines onlv) vs. m-avimetric soil moisture 
in the 0-6 cm soil layer during SMEX02, = 6.46 for coni (+) and 0.65 
for soy (*), overall R2 = 0.53. 
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In order to determine the PALS band combination that most explain the variance in soil 
moisture measurements, multiple linear regressions were performed on the co-located 
PALS observations for al1 flight lines, every day, and in situ gravimetric soil moisture val- 
ues. Regressions with respect to the gravimetric soil moistures were performed for each 
band combination in order to evaluate the relative influence of the surface and lower layer 
soil moisture on PALS observations. Results for the SMEX02 study are shown in Tables 
6a and 6b, results for the SGP99 experiment are shown in Tables 7a and 7b. 
For the SMEX02 data, the passive band combination LH, LV, SH proved to be the best 
combination with R2 values of 0.69 and 0.55 for the 0-1 cm and 0-6 cm layer soil moisture 
respectively (Tab. 6a). In the active case, the band combination L W  LHH, S W  gave the 
highest R2 values of 0.70 and 0.44 for the 0-1 cm and 0-6 cm layer soil moisture respective- 
ly (Tab. 6b). It was seen that the R2 values were higher in the surface layer (0-1 cm) soil mois- 
ture than the lower layer (1-6 cm) and combined layer (0-6 cm) soil moisture for al1 band 
combinations. This effect may be attributed to the gradient of the soil moisture profile, which 
is significant in most of the fields. In particular, when the surface layer (0-1 cm) soil is wet, 
the change in dielectric constant at the air-soil interface dominates over subsurface gradients 
in determining the aniount of radiation that can penetrate the surface [Schmugge et al., 1980; 
Ulaby et al., 19861. The LV-band brightness temperature was better correlated to 0-6 cm layer 
soil moisture than the brightness temperatures in the LH-band with an R2 of 0.39 for the LH- 
band as compared to R2 of 0.53 for the LV-band. The S-band also provided similar results. 
However, the LH-band proved more sensitive to soil moisture as it underwent a greater reduc- 
tion in brightness temperature due to increase in soil moisture as compared to the LV-band. 
For example, the LH-band brightness temperature in one SMEX02 soybean field decreased 
from 281.4 K to 231.6 K while the change in LV-band decreased from 292.2 K to 268.2 K 
for the same change in soil moisture. The correlation between the radar backscatter and in 
situ soil moisture also appears to be significant (0.45 and 0.33 for L W  and S W ,  respec- 
tively), since a high sensitivity emerges when multiple observations for a particular field are 
considered. 
Co-located PALS observations and in siiu soil moisture data were considered for soybean 
fields and corn fields when analyzing the impact of vegetation on PALS observations during 
SMEX02. The linear regression R2 values between LH-band brightness temperature and 0- 
6 cm layer soil moisture improved to 0.64 for soybean and 0.41 for corn as compared to a R2 
of 0.39 for al1 fields. Classification by crop type also improved the R2 values for the PALS 
radar backscatter coefficients. In the regression analysis between L-band vertically co-polar- 
ized radar backscatter and 0-6 cm layer gravimetric soil moisture, the R2 values increased to 
0.62 for soybean fields but decreased to 0.37 corn fields from a R2 of 0.45, obtained when 
considering al1 fields. Vegetation canopies tend to mask the signal of soil moisture and add 
their own contribution, resulting in lower values of correlation between soil moisture and 
brightness temperature. This effect is greater for corn canopies with significantly higher veg- 
etation water content as compared to soybean canopies. As a result, the PALS radar and 
radiometer data correlate better with in situ soil moisture values in soybean fields as com- 
pared to com. Regression equations were developed for subsets based on field averaged veg- 
etation water content. Multiple channel regressions tend to produce better correlations since 
they take into account the variance in both soil moisture and vegetation water content inde- 
pendently. 
Regression analysis was performed on the SGP99 data in the same fashion as previously stated 
Tables 7a and 7b list the results of the regression analyses applied to al1 vegetation Spes for 
the passive and active channels. Al1 of the fina1 combinations have relatively high correla- 
tions (R2>0.92) with in situ soil moisture. For comparison, using only a single channel, the 
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Table 6a - Regression anaiysis for PALS passive channels, for 
ali fields and days during SMEXO2. Note that the correlation 
of co-located brightness temperature to gravimetric soil mois- 
ture is less for the 0-6 cm layer than the 0-1 cm layer. 

Band Combination R W 1  cm) Bz(0-6 cm). . 
LH, LV, SH 0.694 0.549 
LH,LV,SH,SV 0.694 0.547 
LH,LV 0.675 0.551 

Table 6b - Regression anaiysis for PALS active channel coef- 
ficients. LHH, LW, S W  are the band combination with the 
greatest correlation to soil moisture in the 0-1 cm and 0-6 cm 
layers during SMEX02. 

Band C o m b h ~ ~ n  R4 (0-1 car). --W (0-6 cm) l. 
LHH,SVV,LVV 0.697 0.441 
LW, SVV 0.673 0.365 
LVV 0.636 0.45 1 
SVV 0.506 0.33 1 
SHH 0.470 0.290 

1 LHH 0.415 0.255 1 

best correlation between PALS and mg was found using the LH channel and gave an R2 of 
0.904. It was observed for the passive case that combining multiple channels provided only 
a slight increase in soil moisture accuracy. This was a result of the high correlation pro- 
vided by use of the single LH channel. However, combining multiple active channels gave 
a significant increase in the proportion of explained variation (an increase in R2 of 0.36), 
a consequence of the radar's greater sensitivity towards roughness and vegetation characteris- 
tics. The inclusion of multiple channels helped in charactenzation of the scattenng due to 
roughness and vegetation, and hence increased the soil moisture estimation accuracy. 
Given the lirnited number of SGP99 data points, i.e. 36, match data sets and the large num- 
ber of channels, the minimum correlation of 0.95+ is to be expected using any legitimate 
approach. Had we not achieved this leve1 of correlation with this nurnber of points, it would 
have been correct to conclude that a flaw existed in either; a) measurements on ground or 
functioning of aircrafi sensor, b) understanding of the physical mechanisms leading to the 
measurement by the remote sensor, C) method of analysis. 

Table 7a - Passive channels providing the 
highest correlation with in situ soil mois- 
ture in the 0-0.5 cm range (in al1 fields) 
using 1,2,3 and 4 channels during SGP99. 
a@ . Channels 
,904 LH 

1 ,908 LH, LV 
- -92 LH, LV, SH 

.92 LH, LV, SH, SV 

Table 7b - Active channels pmviding the high- 
est correlation with in situ soil moisture in the 
0-0.5 cm range (in al1 fields) using 1,2,3 and 4 
channels during SGP99. 

Channels 

LHH. LW. SVV. SHHW 
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Soil moisture estimation 
Soil moisture estimation in the present work has been carried out in two ways, regression 
analysis for both active and passive channels and radiative transfer model for the passive 
case. Regression analyses conducted in the SGP99 experiments were sufficiently accurate, 
with standard error in soil moisture estimation of less than 2% for passive channel and 
around 3% for the active channel. However, the SMEX02 campaign involved fields with 
much higher vegetation water content and regression analyses produced greater prediction 
errors. Physical modeling of observed brightness temperatures and subsequent soil moisture 
retrieval proved to be more accurate than the regression analysis technique for both cam- 
paigns. 

Regressìon analysis 
The relationship between soil moisture and microwave emission is nearly linear. Nurnerous 
studies have focused on regression between radiometer or radar observations and in situ 
observations of surface soil moisture [Dobson and Ulaby, 1986; Schmugge et al., 1992; 
Lakshrni, 1998; Jackson, 20011 under conditions of low vegetation water content. 
The present study evaluates the performance of linear regression techniques for soil moisture 
estimation under the conditions of low vegetation water content found in SGP99 and those 
of high vegetation water content encountered during the SMEX02 campaign. Of al1 the days 
of co-located PALS and in situ soil moisture data available, 2-3 days of observations (cali- 
bration period) were regressed to evaluate multiple linear regression equations between soil 
moisture and radar or radiometer measurements for the remaining days (validation period) 
using these (calibration) equations. The regression estimate of gravimetric soil moisture for 
the SGP99 study has an R2 value of 0.96, with prediction accuracy within 1.83 % of observed 
gravimetric soil moisture for a single class comprised of al1 observations. 
Similar to the procedure employed in SGP99, soii moisture retrieval was carried out for 
SMEX02 by a simple multi-linear regression using band combination LH, LV and SH. 
Individua1 observations were classified into five sub-classes depending on the vegetation 
water content. The lowest retrieval error for the VWC > 4.5 kg/m2 class was 0.045 g/g and 
0.034 g/g for the VWC < 1 kg/m2 class. As expected, the retrieval accuracies decrease with 
increase in vegetation water content, indicating that the sensor becomes less sensitive to soil 
moisture as the vegetation water content increases. Active channels also give acceptable 
retrieval errors, with the lowest prediction error for the VWC > 4.5 kg/m2 class being 0.048 
g/g for the LW, S W ,  and LHH-band combination. 

Mode1 ìnversìon 
Soil moisture retrieval was also perfonned on both the SGP99 and SMEX02 data sets by 
using a radiative transfer model by modeling the average brightness temperature (5 = (TBLH 
+ TBLV)/2) and comparing it with observed soil moisture for two or three days of data. An 
iterative least-squares minimization algorithm was applied to the modeled and observed 
brightness temperatures, with soil moisture adjusted (spanning the dynarnic range: mg = 3 to 
35%) unti1 the difference between the modeled and observed average brightness tempera- 
tures was minimized. Figure 3 shows a comparison between the average estimated brightness 
temperature and the PALS observations over al1 fields during SGP99, whereas Figure 4 
shows.the same for the SMEX02 experiment. The standard error between estimated and 
measured brightness temperature q is - 12 K for the SGP99 data, while it is - 8K for the 
SMEX02 data. For the SGP99 data, the model underestimates the PALS brightness temper- 
ature collected over al1 three vegetation types, the best agreement found (R2 = 0.9) in the low 
vegetated fields. 
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Availability of an extensive vegetation water content dataset for the SMEX02 studies led to 
lower standard error of prediction of L-band average brightness temperature. 
Results of the predicted moisture for low vegetation SGP99 sites are shown in Figure 5. 
The mode1 gives a relatively good prediction of soil moisture for July 12, 13 and 14 over 
the low vegetated fields (standard error = 2.23% m&. For the SMEX02 campaign datasets, 
soil moisture retrieval by physical modeling led to an overall soil moisture retrieval accu- 

Figure 3 - Simulated aver- 
age 1.4 GHz- brightness 
temperatures TE = (TBw + 
TBLv)/2 plotted against 
obsewed PALS average 
brightness temperatur"es 
during SCP99. 

Figure 4 - Model predicted 
versus PALS observed L 
band brightness average 
temperatures. The predic- 
tion is better at high soil 
moisture conditions (lower 
average brightness temper- 
ature) when contribution of 
vegetation and roughness is 
not as significant as that of 
soil moisture. Model cali- 
brated using PALS and in 
situ data for Juiy 7th and 
Juiy 8th during SMEX02. observed 
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racy of 0.036 g/g. (Fig. 6). Retrieval errors increased as the vegetation water content 
increased, being around 0.03 g/g for the VWC < 1 kg/m2 fields and greater than 0.04 g/g 
for the fields with VWC > 4.5 kg/m2. 

Sensitivity of radiative transfer to soil moisture at multiple frequencies 
In much of this paper we have dealt with the performance of the L-band channel aver het- 
erogeneous land surface types, with vastly different vegetation in SGP99 than in SMEX02. 

Figure 5 - Passive mode1 
(L-band) retrieval of soil 
moisture for low vegetated 
fields (July 12'h, 1 3 ~ ,  and 
14th) during SMEX02. 

Predicted vs in-situ GSM (Low Veg)-Passive 

Figure 6 - Model predicted 
gravimetric soil moisture 
(glg) versus in situ 0-6 cm 
soii moisture. Model cali- 
brated using PALS and in 
situ data for July 7th and 
July 8th during SMEX02. 
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However, for the case of AMSR-E, we have 6, 10 and 18 GHz channels, which differ in 
sensitivity to soil moisture under various vegetation conditions as opposed to those in the 
1.4 GHz (L-band). 
Using the same radiative transfer mode1 as described in the previous section and assurning 
a soil with 32% sand and 25% clay and an incidence angle of 55", we calculated the change 
in polarization difference brightness temperatures ~ A T ~  for soil moisture 0 = 0.34 and 
0.14 (80 = 0.2) as described by: 

Results using different polarization mixing parameter Q, roughness factor h, leaf area 
index ranging from O (bare soil) to 3, and surface temperature of 33°C and 20°C are pre- 
sented in Table 8a-d. 
We observe that for each leaf area index (0-3), the sensitivity at 1.4 GHz is anywhere 
between 1.5 to 9 times better than that of 19 GHz, 1.5 and 4 times than that of 10 GHz, 
and 1.5 and 1.8 times than that of 6.6 GHz. The higher sensitivity ratios correspond to the 
lower vegetation (LAI=O) case. In addition, the drop in sensitivity is less than 15% for C- 
band over conditions. The C-band results show almost identica1 decreases (10-1 5%) when 
LA1 increases from O to 3 as when the surface temperature, polarization mixing ratio and 

Table Sa-d - Variation of 6(AT,& / 6(8) with changes in temperature, polarization 
mixing ratio, surface roughness, water content, and leaf area index. 

Temp = 33°C Temp = 20°C Temp = 33OC Temp = 20°C 
Q=O Q=O Q = 0.15 Q = 0.15 
h=O h=O h = 0.05 h = 0.05 

a - Fraquency LAZ;4 .- 
l .4 GHz 120.69 115.91 11  1.05 110.26 
2.6 GHz 92.84 
6.6 GHz 82.83 
10 GHz 77.06 
19 GHz 74.24 

b - Freqaeney LAI-]t ' ' - T -  - L , , ,  ,, 

1.4 GHz 117.24 1 12.45 107.26 106.96 
2.6 GHz 
6.6 GHz 
10 GHz 
19 GHz 56.62 55.37 53.86 52.67 

e - l?reqnency -I&+ , , ,  .- _:--'I, - - - 
1.4 GHz 110.39 109.09 104.07 103.77 
2.6 GHz 
6.6 GHz 
10 GHz 
19 GHz 33.5 1 32.77 31.88 31.17 

d - keqneng L&+' - - , , , ' -,L q ~ l - = ~  - - 

1.4 GHz 106.63 105.83 100.98 100.67 
2.6 GHz 78.23 77.40 74.42 73.62 
6.6 GHz 61.68 60.43 58.67 57.48 
10 GHz 3 1.22 30.55 29.70 29.06 
19 GHz 19.95 19.50 18.97 18.55 
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surface roughness change from (33,0, O) to (20,0.15,0.05), respectively. This is quite sim- 
ilar to the L-band results as well and underscores the results of this paper, i-e. the studies 
of sensitivity to soil moisture with increasing vegetation for L-band can be used to inter- 
pret these changes to C-band and AMSR. However, this is not the case at O and 19 GHz, 
where the difference in sensitivity between bare soil (LAI=O) and vegetated (LAI=3) is 
fkom 77.06 (Tab. 8a) to 3 1.22 (Tab. 8d) for (33, 0, O). This is a substantial decrease, cor- 
responding to the same case for 19 GHz ranges from 74.24 to 19.95, an even greater dif- 
ferente. On the other hand, in maintaining our set of surface temperature, polarization 
mixing ratio, and surface roughness cases, the decrease is lirnited to 10%. 
Figure 7 shows the variability of the polarization difference brightness temperatures with 
volumetric soil moisture for al1 frequencies (1 -4, 2.6, 6.6, 10.0 and 19 GHz) and for dif- 
ferent values of vegetation water content (0, 0.5, 1 .O 3.0 kg/m2). It can be easily seen that 
as the frequency of observation increases, the polarization difference brightness tempera- 
ture decreases. This is also true for the slope with respect to soil moisture approaching zero 
at 19 GHz with vegetation water content equa1 to 3 kg/m2. 
Figure 8 displays polarization difference brightness temperatures sensitivity to soil mois- 
ture as a function of frequency of observation, polarization mixing factor, q, and surface 
roughness, h. The points correspond to leaf area index of 0-6 and vegetation water content 
ranging from 0-3 kg/m2. The higher values of the 6(ATB) / &(O) correspond to the lower 
values of LAI and vegetation water content and vice-versa. As vegetation density and water 
content increase, attenuation of the microwave emission results in the signal's lower sensi- 
tivity to soil moisture. We observe that the high values of S(ATB) / 6(0) at each frequency 
range from 125 at 1.4 GHz (corresponding to LAI4 ,  VWC=O) to 80 at 19 GHz. However, 
for high values of LA1 and vegetation water content (LAI=6, VWC=3.0 kg/m2), the sensi- 
tivity decreases to 5 from 75, as compared to that of bare soil conditions (125-80=45). 
Al1 of the previously mentioned results are presented in Table 8. They provide insight to cur- 
rent microwave observations, such as AMSR-E which may have radiofrequency interference 
@FI) for the 6.6 GHz channel rendering it useless over large parts of the United States, 
Europe and Asia in particular. However, the 10 GHz channel can be used albeit with lower 
sensitivity. Therefore, the future Soil Moisture and Ocean Salinity Mission (SMOS) of 
European Space Agency @SA) and the Hydrosphere States Mission (HYDROS) of National 
Aeronautica1 and Space Adrninistration (NASA) will have a significant impact on soiI mois- 
ture retrieval using microwave sensors. 

AMSR Simulation for SMEX02 
A series of co-located in situ ground measurements were compared with observed AMSR 
brightness temperatures for every day in which the instrument passed over the region. Mean 
values of multiple ground data were used to best simulate the large AMSR footprint size. 
Figure 9 illustrates the change in observed and estimated brightness temperatures through- 
out the region for July 4 and July 1 1,2002. Al1 footprints have been interpolated to a 10x10 
grid, smoothed with a 4x4 mean filter. Low brightness temperatures (blue) indicate wet con- 
ditions, while high brightness temperatures (red) indicate dry conditions. 
A physically based microwave emission model was used to provide verification of the AMSR 
vaiues. Observed surface soil and vegetation pararneters (Tab. 3) were assurned homoge- 
neous, fesulting in average effective values over the radiometer footprint. The radiative trans- 
fer model for bare-soil emissivity was modified for roughness and vegetation, asswning uni- 
form moisture content to the penetration depth of the sensor (in this case an approximated 
value 0-5 cm for C-band). Calculated brightness temperatures were then gridded in the 
same fashion as the radiometer data. 
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Figure 7 - Variation of polarization difference bnghtness temperature with volumetnc soil moisture 
for a range of frequencies and vegetation water content. 
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In addition to the comparisons between mapped brightness temperatures, single co-locat- 
ed footprints from both AMSR and the model outputs were compared with the in situ field 
data. The large footprint size of AMSR resulted in a mean value of brightness temperature 
for al1 conditions encountered within the footprint. These various ground-cover and soil 
characteristics were assumed to be distributed evenly over the footprint. Regional effects 
of soil moisture change on brightness temperatures were calculated for each day of the 
study. The mean of the 10.65 GHz horizontally-polarized channel was calculated for the 
AMSR footprints and compared with the mean model outputs for those days (Fig. 10a). 
The regional observed and estimated brightness temperatures were also compared with 
regional averages of volumetric soil moisture, as shown in Figure 1 Ob. 
The simulated brightness temperatures showed a greater range in dry to wet days, following 
the rain event. A mean decrease in AMSR brightness temperature of 18 K was observed for 
the 10.65 GHz horizontally and verticaily-polarized channels, respectively. 
A mean decrease in estimated brightness temperature of 26 K and 25 K was observed for 
the 10.65 GHz horizontally and vertically-polarized channels, respectively. The polariza- 
tion differenceTB illustrated the greater change in estimated brightness temperatures than 
was observed before and afler the rainfall (Fig. 1Ob). The greater range found between esti- 
mated brightness temperatures and observed AMSR brightness temperatures could be a 
result of sub-footprint heterogeneity. Data from the 47 field sites were used to calculate 
brightness temperature throughout the region. The heterogeneity of the rainfall event and 
land cover from field to field resulted in greater variation in ground conditions than the 
few AMSR footprints that fell entirely within the region. For this reason, the estimated val- 
ues showed more range and were typically lower than those observed. Similar results were 

found in the other frequencies, with the 6.9 
-,, ,,,, l l th GHz AMSR channel showing a greater 

28s rth 

response to soil moisture changes. However, ' the 6.9 GHr channel was prone to large 

E amounts of radio frequency interference in 
e 278 and around Des Moines, IA, as well as other 

regions within the study area. Therefore, this 
work has focused on the more stable 10.65 

288 GHz channel. 

Conclusions and Discussion 
I The application of an airborne passive and 

active microwave remote sensing instrument 
was evaluated during two studies, the SGP99 -. and SMEX02, which provided a wide range 
of soil moisture (24.3% to 3.4% gravimetric) 
and vegetation water content (O - 7.18 kgIm2) 
conditions. 

l 
The SMEX02 study encompassed a larger 
region and longer duration than SGP99. 
Ancillary data differences, such as discrep- 
ancies in the soil moisture sampling depths 

m (0-1 cm and 0-6 cm for SMEX02, and 0-2.5 
cm and 2.5-5 cm for SGP99) between the 

Figure 9 - Maps of obsewed and estimated 
AMSR GHz brightness temperahires studies, must be considered when interpret- 
over the SMEX02 region. ing the results. 
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Figure 10a - Mean values of 
observed and modeled 10.65 
GHz horizontally-polarized 
brightness temperatures for al1 
common days. 
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Figure 10b - Mean soil moisture 
and brightness temperatures for 
al1 common days during 
SMEX02. 
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Sensitivity of the PALS radiometer and radar measurements to soil moisture over regions in 
Iowa and Oklahoma has been demonstrated. The role of vegetation in reducing sensitivity 
of the PALS radar and radiometer measurements, thereby increasing soil moisture retrieval 
error, has been analyzed using data before and after major rain events for both studies. 
Soil moisture retrievals were performed using statistical as well as physical modeling tech- 
niques. The root mean square error associated with soil moisture retrieval by statistica1 



Bolten et al. Passive microwave Remote Sensing of soil moisture 

regression for the SMEX02 study was approximately 0.05 g/g, while soil moisture retrieval 
using the radiative transfer model gave retrieval errors of approximately 0.04 g/g gravi- 
metric soil moisture. The physically-based emission model was found to correlate well 
with the PALS data collected during SGP99 over bare and low vegetated (biomass<0.25 
kg/m2), medium (0.25-3.0 kg/m2), and high (>3.0 kgIm2) vegetated fields, giving a LH- 
band brightness temperature standard error of 6.6K, 9.9K, and 6.17K respectively. 
The prediction techniques applied to the SGP99 data exhibited varying soil moisture 
retrieval potential. Most of the estimates using passive channels provided between 2% and 
3% accuracy in comparisons with the in situ gravimetric soil moisture. Estimates using the 
active channels provided accuracies mostly in the 2-5% range. Lower retrieval error asso- 
ciated with using multiple channels as compared to a single channel in soil moisture 
retrieval by statistical regression was also demonstrated. These soil moisture retrieval algo- 
rithms were shown to perform satisfactorily, in spite of considerable vegetation cover. 
The statistical regression technique assumed that the correlation of predicted points 
weighed heavily on those used for the initial regression. An idea1 data set should include 
the fu11 range of soil moisture and vegetation conditions encountered during the study, 
enabling regressions and predictions to be performed over the fui1 spectrum of possible 
environments. Unfortunately, this data set for SGP99 did not span a fuli range since there 
were no fields with simultaneous high soil moisture and high vegetation water content. 
Deviations among predicted and observed moisture may be attributed to sampling and 
measurement error during SGP99 and SMEX02, as well as collocation error (location 
uncertainty of the PALS footprint positions and field data collection sites). With large dis- 
tances (300 m used to assign co-location), the PALS footprints may view different field 
conditions based on the assumed conditions of each field. 
It has been well established that the long wavelength region of the microwave spectmm (- 
21 cm) is valuable for near surface soil moisture retrieval. The recent addition of longer 
wavelength passive microwave bands on spaceborne radiometry missions allow the appli- 
cation of retrieval methods and algorithms developed fiom ground and airborne studies on 
a global scale. However, due to the influence of surface heterogeneity, roughness and veg- 
etation on the microwave signal, the most advantageous resolution and frequency for min- 
irnizing these effects will require additional field observations. In this study, we have com- 
pared brightness temperatures taken from the AMSR microwave remote sensing instm- 
ment and modeled values in same fiequency, in an attempt to study the effects of changes 
in soil moisture, vegetation, and sub-pixel heterogeneity on the low frequency microwave 
region. Both methods showed a significant response to increased soil moisture. Al1 bands 
resulted in an increase in brightness temperature range and standard deviation with 
decreasing vegetation. 
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Abstract 
This paper analyses the characteristics of AMSR-E retrievals of snow depth in the GEWEX 
Asian Monsoon Experiment (GAME) Siberia test site. The Japan Aerospace Exploration 
Agency (JAXA) leve1 1B AMSR-E brightness temperatures are used in the study. Within a 100 
km by 100 km area located near Yakutsk in Siberia, seven acoustic snow gauge sites (Larch, 
Pine, Tulagino, Kenkeme, Molot, Khatassy and Viluy) recorded snow depth every two hours 
between October 2002 and February 2003. These data are used to test AMSR-E retrievals of 
snow depth and results show that the AMSR-E estirnates are within 2.8 cm of the GAME field 
measurements. World Meteorological Organization/Global Telecomrnunication System 
(WMOIGTS) meteorologica1 station data at Yakutsk are also compared with the both GAME 
Siberia and for AMSR-E snow depths. The analysis shows that the WMOIGTS site is a good 
representation of snow depth conditions in the region. 

Riassunto 
In questo articolo si analizzano le caratteristiche delle stime di AMSR-E della profondità della 
neve nell'area dì test GE WEXAsian Monsoon Experiment (GAME). Nel presente studio si uti- 
lizzano le temperature di brillanza AMSR-E di livello I della Japan Aerospace Exploration 
Agency (JAXA). All'intemo di un'area di 100 km per I00 km situata vicino a Yakutsk in Siberia, 
in sette luoghi di misura acustica della neve (Larch, Pine, Tulagino, Kenkeme, Molot, Khatassy 
e Viluy) la pdondità della neve è stata registrata ogni due ore tra Ottobre 2002 e Febbraio 
2003. Questi dati vengono usati per testare le stime di AMSR-E della profondità della neve e i 
risultati indicano che le stime diAMSR-E non si discostano di oltre 2.8 cm dalle misure sul ter- 
reno di GAME. I dati della stazione meteorologica della World Meteorological 
OYganization/Global Telecommunication System (WMO/GTS) di Yahtsk vengono anche com- 
parati con la profondità della neve sia di GAME Siberia sia di AMSR-E. L'analisi indica che 
il sito WMO/GTS è rappresentativo delle condizioni di profondità della neve della regione. 

Introduction 
Terrestiial variability of global snow mass is an important and dynamic variable of the glob- 
al water cycle. Each year, the average maximum snow extent in the Northern Hemisphere is 
approximately 47 rnillion square kilometers, or 50% of the Northern Hemisphere land sur- 
face [Robinson et al., 19931. While snow cover extent affects the energy budget of the lower 
atmosphere, the thickness, mass and melt characteristics of snow affects the dynarnics of ter- 
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restrial hydrological systerns. Estimation of total snow water equivalent, therefore, is of great 
interest not only to climatologists but also to river basin water resource managers who need 
timely mformation about snowpack volume and condition (stable or melting) for effective 
runoff prediction. 
Methods to estimate regional to global snow depth or snow water equivalent (SWE) have been 
developed that use frequent and wide swath coverage observations from passive microwave 
instruments. Two such instruments are the Scanning Multi-hquency Microwave Radiometer 
(SMMR) on Nimbus-7 and Seasat A, and the Defense Meteorological Satellite Prograrn 
(DMSP) Special Sensor Microwave Imager (SSM/I). These two program have a combined 
heritage of 25 years of global daily observations. There is a good theoretical understanding of 
the interaction processes of rnicrowave electromagnetic rachation and snow and both instru- 
ments have been found to be effective for SWE and snow depth estimation [Chang, 1987; 
Foster et al., 1997; Kelly et al., 20031 especiaily in terrain characterized by non-complex topog- 
raphy and low stand, homogeneous vegetation [Derksen et al., 20021. However, practical uncer- 
tainties related to the retrieval process persist, especially in mountainous and forested regions. 
The uncertainties are the caused by the relatively coarse spatial resolutions of the relevant wave- 
bands of these instruments and can be reduced through an increased observation spatial reso- 
lution that resolves better the key snow distribution processes. 
The Advanced Microwave Scanning Radiometer - EOS (AMSR-E) instrument aboard the 
Aqua spacecraft and the Advanced Microwave Scanning Radiometer (AMSR-E) aboard 
Midori-I1 are exarnples of an advanced Earth observing technologies that have improved spa- 
tial resolution compared with SMMR and SSM.4 instruments (Tab. 1). Potentially, AMSR-E 
instruments can provide improved accuracy estimates of snow depth or SWE at the global 
scale. In order to assess the accuracy of the AMSR-E estirnates it is necessary to test the cur- 
rent retrieval methodology against independent SWE or snow depth data measured at a wide 
variety of locations with different terrain and vegetation characteristics. This paper describes 
efforts to test the AMSR-E retrieval approach using data collected at the GEWEX (Global 
Energy and Water Experiment) Asian Monsoon Experiment (GAME) Siberia test site. The 
activity is focused on three research questions. First, what are the error characteristics of the 
AMSR-E retrievals through the winter season and second, what are the spatial characteristics 
of the errors for the sites? Third, how well do measurements from the World Meteorological 
Organization's Global Telecommunications System (WMOIGTS) compare with measure- 
ments from the dedicated field sites in GAME Siberia? 
The f i i t  two questions address the unceriainty of the retrievals from the AMSR-E w i t h  the 
GAME Siberia region, and the thhd question assesses the utility of using a closely located 
WMO/GTS station for testing AMSR-E snow retrievals outside the GAME Siberia study period. 

Table 1 - Instrument characteristics of SMMR, S S M  and AMSR-E (AMSR-E also has a ver- 
tically polarized 50 GHz channel). 

[AMSR-E Center Freq (GHz) 6.9 10.7 18.7 23.8 36.5 89.0 1 
1 Sensitivity (K) 0.3 0.6 0.6 0.6 0.6 1.11 

IFOV (kmxkm) 76x44 49x28 28x16 31x18 14x8 6x4 
SSWI Center Freq (GHz) 19.35 22.235 37.0 85.5 

. Sensitivity (K) 0.8 0.8 0.6 1.1 
IFOV (km x km) 69x43 60x40 37x29 15x13 

SMMR Center Freq (GHz) 6.6 10.7 18.0 21.0 37.0 
Sensitivity (K) 0.7 0.8 0.9 1 .O 1.4 
IFOV Ikm x kml 148x95 91x59 55x41 46x30 27x18 



Rivista Italiana di TELERILEVAMENTO - 2004, 30131: 87-100 

-. . 

Passive microwave snow algorithm 
The rnicrowave brightness temperature of snow observed by spacebome sensors originates 
from radiation from 1) the underlying ground surface, 2) the snowpack, and 3) the atmos- 
phere. The atmospheric contribution is usually very small at microwave frequencies and can 
be neglected over most snow-covered surfaces, especially at higher latitudes during winter- 
time. Snow crystals within the pack are effective at scattering upwelling microwave radiation 
and the microwave signature of the snow depends on both the number of scatterers in the 
snow and their scattering efficiency. The degree of scattering is frequency dependent with 
higher frequency (shorter wavelengths) radiation scattered more than lower frequency 
(longer wavelengths) radiation. The deeper the snowpack, the more snow crystals there are 
available to scatter the microwave energy away from the sensor's field of view. Thus, 
microwave brightness temperatures are generally lower for deeper snowpacks, with a greater 
number of scatterers, than for shallow snowpacks, with relatively fewer scatterers [Matzler, 
19871. Based on radiative transfer experiments and field radiometer observations, Chang et 
al. [l9871 successfully developed a method to estimate SWE from SMMR observations 
based on the brightness temperature difference between the potential scattering dominated 
fiequency of 37 GHz and the emission dominated frequency of 18 GHz. 
SSMA data have also been used to infer routinely SWE in areas of Canada [Goodison and 
Walker, 19941. In the Canadian Prairies, Derksen et al. [2002] found that the time series of 
SSM/I SWE remains within 10-20 rnrn of surface observations. Walker and Silis [2001] 
reported estimated snow cover variations in the MacKenzie River basin and showed that their 
algorithm underestimated ground measurements of SWE by between 10-30 mm. 
There are two key reasons for the difference between satellite-estimated and ground meas- 
ured snow mass. First, the scattering effect varies not only with snow depth but also with the 
snow grain size which is controlled by the vapour gradient through the snowpack. A strong 
vapour gradient encourages aggressive growth of snow crystals sometimes to the extent that 
depth hoar can develop. In the presence of depth hoar, the microwave scattering can be espe- 
cially pronounced. Josberger et al. 119961 found that the strong scattering observed in the 
Upper Colorado River Basin was the result of depth hoar growth in the pack. This compli- 
cation is not a straightfonvard effect for the retrieval algorithms to overcome. Some progress 
has been made in this regard and Kelly et al. [2003] developed a simple grain growth mode1 
to account for an evolving snow grain radius through the season. Josberger and Mognard 
[2002] also developed a retieval approach that accounts for snow metamorphism using a 
gradient temperature approach. The second reason for a discrepancy between estimated snow 
depth and measured snow depth is that in may places, vegetation can mask the true scatter- 
ing effect from snow of the higher frequency signal [Chang et al., 19971. Foster et al. [l9971 
implemented a forest correction factor to adjust for the effect of varying percentage forest 
fraction within a pixel. However, further exploration of the effect of vegetation heterogene- 
ity is still needed to fully understand this error component. 
The underlying ground surface can also affect microwave radiation fi-om the snow pack. 
Hoekstra and Delaney [l  9741 showed that for fiozen soils, the imaginary part of the dielec- 
tric constant of soil is unchanging for any given water content up to 15%. The rea1 part of the 
soil dielectric constant is slightly different for different moisture contents but does not 
change appreciably with temperature. Hallikainen et al. [l9851 found that for different frozen 
soils, fhese dielectric properties are constant between 19 and 37 GHz. For soil temperatures 
greater than O "C, if the soil is dry, the dielectic constant behaves the sarne as its frozen state. 
If the soil is wet, frequency dependent changes to the dielectric constant can be observed and 
will affect upwelling radiation through and from the snow. Thus, providing the soil stays 
frozen, or is dry, the ground surface should play little part in the microwave signal observed 
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by a spaceborne instrurnent. However, if ice in the soil thaws then the microwave response 
from an overlying snowpack will be significantly affected. 
In this paper we use the algorithm by Chang et al. [l9871 to estimate snow depth at the GAME 
Siberia test site and to examine how it varies across the test sites for the winter of 2002-2003. 
The algorithm used to estimate snow depth is the baseline algorithm currently in production 
for the AMSR-E snow products. To summarize, snow depth (SD) is calculated from: 

SD = a(Tbl8H - Tb36H) [cm] 

where Tbl8H and Tb36H are the horizontally polarized brightness temperatures (K) at 18 
and 36 GHz respectively, and the coefficient a is 1.6 cm K-1 and was originally calibrated 
to represent a snowpack with an average snow grain radius of 0.30 mrn and density 0.3 g 
cm-i [Chang et al, 19871. Foster et al. [l9971 showed that for much of Eurasia, the a coef- 
ficient should be re-set to 0.8 cm K-1 to account for the larger grain sizes found in this 
region. They also made a correction for the attenuation effect of forest on the emission sig- 
nal from snow. In this study, no correction is made for forest. 

GAME Siberia study site description and data used 
The GAME Siberia site is located near Yakutsk in Siberia at 62O15' N, 129'52' E. The site 
is characterized by a permafrost regime with an active layer in the surnmer reaching to a 
depth of 2.5 m below the surface [Hamada et al., 20041. Figure 1 shows the GAME Siberia 
location in its regional context (Fig. la) and the specific locations of the field sites are shown 
in Figure l b. Each of the black circles drawn around the sites in Figure l b  is 25 km in diam- 
eter and represents the approximate diameter of the instantaneous field of view (IFOV) of 
the AMSR-E 18 GHz channel. Land cover class data in Figure lb  are taken from the 
International Geosphere Biosphere Programme (IGBP) land cover classification that were 
estimated from Moderate Resolution Imaging Spectroradiometer (MODIS) [Friedl et al., 
20021. The land cover data have been reclassified to emphasise forest and non-forest land 
categories. The 17 original IGBP classes have been collapsed to three forest classes and six 
non-forest classes with water a missing data class. With the exception of Tulagino and 
Khatassy, deciduous needle leaf forest cover characterizes many sites. From visual observa- 
tions, the area1 density of trees around the Larch and Pine sites is 1 m-2 while at Kenkeme 
and Molot, it is 0.5 m-* and 0.25 m-2 respectively. The average tree height at Larch, Pine and 
Kenkeme is 20-25 m while at Molot it is 2-15 m. Detailed biornass surveys were not con- 
ducted but Figure 2 shows photographs of six of the field sites. It should be noted that the 
'Pine' site is actually surrounded by a larger larch forest stand even though the precise loca- 
tion of the GAME site was observed to be of a pine species. The Viluy site had an incom- 
plete data record and is not included in the analysis (see below). Khatassy is characterized by 
more of a mix of land cover type with deciduous needle leaf forest and open shrub land dom- 
inant. Tulagino has a similar cover except that it is also located closer to the Lena River, the 
major waterway of the area. Table 2 summarizes the local scale site characteristics of the six 
main experiment sites. The fina1 station of note is the Yakutsk WMOIGTS site and is locat- 
ed between Tulagino and Khatassy. No land cover information is available for this site 
although it is probably most similar to the Khatassy and Tulagino sites. 
As part of the GAME Siberia field experiment in this region, a suite of measurements was 
made at each field site during the winter of 2002-2003. The data set of interest for this 
study includes of snow depth measurements at each site taken by an acoustic distance sen- 
sor (Campbell Scientific SR50) which detects changes in height of the underlying surface 
relative to the sensor. Data were recorded every two hours from 23 October, 2002 unti1 the 
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Figure l - Study site locations. 
Figure l a  shows a shaded relief map 
of the GAME Siberia regional con- 
text and Figure l b  shows the loca- 
tions of the 7 test sites plus the loca- 
tion of the WMOIGTS meteorologi- 
cal weather station at Yakutsk. The 
legend in the figure relates to domi- 
nant land cover categories mapped 
in Figure lb. The black circles are 25 
km in diameter and represent the 
approximate dimension of the 
AMSR-E 18 GHz footprint. 

Figure 2 - Photographs of the GAME Siberia study site locations' land cover characters. 

91 
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Latitude 62'15'18'' 62'14'29" 62O15'18" 62'13'51'' 62'16'14" 61'54'17'' 
Longitude 129'37'8" 129'39'2" 129'52'12'' 12908'9" 129032'49'' 129'36'58" 
Surrounding Larch Pine %en Pine Forest Mixed 
lad cover Forest Forest field & Open Forest 

Operi 
field 

Tree height (m) 25 20 -- 20 2-15 -- 
Tree density (m-2) l .O l .O 0.5 0.25 -- 

end of February, 2003 except for the Viluy site where snow data were not recorded beyond 
7 January 2003. Erroneous noise was removed from the data by examining the time series 
of data and removing anomalous records. In addition, after the season, a six-hour moving 
average was applied to the data to remove any remaining artifacts in the data. 
From the WMOIGTS data set for Yakutsk, daily average air temperature and snow depth 
measurements were extracted for the study period. For these data, the snow depth was 
recorded at 09:OO hrs local time. The average air temperature is the mean of the 24 hours 
in each day (00:OO to 23:59 Hrs). 
Leve1 1B AMSR-E data calibrated by the Japan Aerospace Exploration Agency (JAXA) 
were matched to within 0.1 degree latitudellongitude of the field site measurement loca- 
tions. For each field site, a suite of AMSR-E observations was recorded (6.9V/H, 
10.65V/H, 1 8.7V/H, 23.8V/H, 36.5V/H, 89.OVM) both for descending and ascending 
passes and where V and H represent vertical and horizontal polarizations respectively. In 
this study we are interested in how the AMSR-E retrievals perfonn at the study site so only 
AMSR-E data coincident with the field sites are of interest. 

Estimation of surface temperature at the GAME Siberia sites 
Figure 3 shows the time series of measured average air temperatures from the WMOIGTS 
data (grey line). Surface temperature was not recorded at any of the GAME-Siberia field 
sites so these data were useful to determine whether or not the ground was potentially frozen. 
Field observations made sporadically through the season suggested that the soil was frozen 
but these data show that from early November, surface air temperatures were below freezing. 
The second line (black) in Figure 3 is the estimated air temperature (T)  calculated from 
AMSR-E observations using the method described by Kelly et al, [2003]. This method is 
derived from the calibration of air temperature measurements at 71 WMOIGTS stations 
over a four-year period and coincident SSMD observations: 

T= 58.08 - 0.39Tb18V+ 1.21 Tb22V- 0.37Tb36V + 0.36Tb89V [K] 

While the AMSR-E estimates does not represent well the magnitude of the high fiequen- 
cy variation found in the station data, the phase of the ground measured temperature data 
is replicated by the AMSR-E estimates. More importantly, the correlation between the 
AMSR-E estimates and the WMOIGTS data is 0.96 suggesting that the AMSR-E is capa- 
ble of estimating air temperature at this site. 
These data both strongly suggest that the ground was frozen beneath the observed snow- 
pack during the 2002-2003 season except for the period between 23 and 3 1 October, 2002 
when temperatures were above freezing. Since the ground was probably frozen during the 
winter, variations in the sub-nivean contribution to the brightness temperatures can be 
deemed negligible for the study period. 
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Figure 3 - Time series of measured and estimated air temperatures at Yakutsk WMOIGTS site. The 
grey line represents measured air temperature (K) and the blaek line represents the estimated tem- 
perature from AMSR-E. 

Variation of brightness temperatures at GAME sites from AMSR-E for 2002-2003 
Figure 4 shows three time series of AMSR-E brightness temperatures (Tbs) for selected 
GAME Siberia test sites. The upper figure (Fig. 4a) shows the average brightness temper- 
atures from Pine, Molot and Larch sites. These three sites (heretofore referred to as the 
'cluster' site) are located approximately within the sarne footprint and have very similar 
radiometric responses. Observers recorded the land cover categories of these three sites as 
pine, larch and mixed pine and larch forest. The land cover categorization in Figure I b 
shows the AMSR-E footprints circurnscribing each site to consist of deciduous needle-leaf 
with some open shrub area too. For the time series in each graph, the Tb18H decreases 
from the start of the record unti1 approximately the middle of the record in mid December 
when it fluctuates between 220 K and 230 K. Tb36H responds in a similar fashion to the 
Tbl8H for the first half of the record for both graphs except that it continues to decrease 
but at slower rate during the second half of the record. As expected, the difference between 
Tbl8H and Tb36H generally increases through the season at both sites in response to snow 
accumulation on the ground. 
The middle figure (Fig. 4b) shows time variations of TbI8H and Tb36H at Kenkeme which 
is the second most western location of the GAME Siberia experimental sites. The incom- 
plete record for Viluy is very similar to Kenkeme but is not included in the analysis. The 
Tb vdations for both Tbl8H and Tb36H are broadly similar to the Tbl8H and Tb36H of 
the cluster site. However, the main difference is that the TbI8H record is slightly elevated 
throughout the period with respect to the cluster site Tbl8H. The land cover character for 
the Kenkeme site was recorded as forest and open field. The MODIS land cover catego- 
rization for this AMSR-E footprint area in Figure lb, however, categorizes this region as 
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Figure 4 - Time series of Tbl8H (black line) and Tb36H (grey line) from 
AMSR-E obsewations at three of the GAME Siberia sites. The upper 
panel (a) represents the average Tbl8H and Tb36H variations from Larch, 
Molot and Pine GAME sites. The middle panel (b) represents Tbl8H and 
Tb36I-i variations at the Kenkeme site. The lower panel (C) represents 
Tbl8H and Tb36H variations at the Khatassy site. 
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deciduous needle leaf and some open shrub and 'savannah' (see Fig. 5). In the context of 
the IGBP MODIS classification, this savannah class is the function of the formal classifi- 
cation procedures used in the derivation of the classes. While it does not necessarily rep- 
resent a formal savannah ecologica1 system, it suggests relatively low stand vegetation 
which is probably accurate in the context of this region of Siberia. However, this catego- 
rization is not refined enough to determine whether there are subtle differences in bio- 
physical properties between this and the cluster locations. If less forest cover is present in 
the Kenkeme site than the cluster sites, it should be expected that Tbl8H will be lower 
compared with the cluster Tbl8H but this is not the case. Also, as noted, the Tb36H time 
series is very similar to the cluster data suggesting that similar scattering mechanisms are 
operating. Kurvonen and Hallikainen [l9971 found differences in the radiometric response 
of snow for different land cover types during a winter season in Finland. For these GAME 
sites, spatially detailed field information is not available to assess this effect accurately 
enough. 
However, we suggest that since the snow depth at al1 GAME Siberia field sites during the 
2002-2003 season was not significantly different (see Fig. 6), the difference between 
Tbl8H at Kenkeme and at the cluster sites is probably caused by subtle biophysical dif- 
ferences of the vegetation (e.g. forest stem volume and total biomass, canopy geometry, 
fractional coverage of low stand vegetation etc) within the AMSR-E IFOVs at these sites. 
The lower figure (Fig. 4c) is for Khatassy. This site is similar to that of Tulagino and was 
characterized by observers as 'open field'. The land cover map in Figure l b  shows these 
sites and surrounding IFOV extent as characterized by deciduous needle leaf and open 
shrub. The histogram in Figure 5 for the surrounding area of this site shows a more even- 

Freq. m ~ k k  500 m 
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CIosed shrublands 
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Figure 5 - Frequency histograms of moda1 land cover variability for the main classes in the 
Larch, Pine, Molot, Kenkeme and Khatassy IFOV areas show in Figure l b  (bounded by a 12.5 
km radius). The legend shows the main classes found in each IFOV. 
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and sonic sensor measured (grey Line) snow depth. The upper panel (a) 
represents the average snow depth variations from Larch, Molot and 
Pine sites. The middle panel (b) represents snow depth variations at the 
Kenkeme site. The lower panel (C) represents snow depth variations at 
the Khatassy site. 
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ly mixed land cover type with significantly less dominant forest cover. The variation of 
Tbl8H and Tb36H is similar to the other two sites (Kenkeme and cluster) except that Tbs 
are slightly lower. This is caused by the fact that absorption and re-emission of both chan- 
nels by forest cover is less at this site because there is less forest cover present. With less 
forest cover present, Tbs are expected to be lower. 

Estimation of snow depth at GAME sites from AMSR-E for 2002-2003 
Comparisons between snow depth estimates from AMSR-E were then made with the sonic 
snow depth measurements at three of the sites (cluster, Kenkeme and Khatassy). The coef- 
ficient a in the applied algorithm [l] was adjusted to account for the fact that in much of 
Eurasia, grain sizes are larger than 0.30 mm. However, no snow grain size information was 
collected during the period to enable forma1 re-calibration of the algorithrn. Therefore, we 
arbitrarily re-set the a coefficient in [ l]  to 1.2 cm K-1 which represents as grain size of 0.34 
mm and the results are shown in Figure 6. 
The snow depth for the cluster sites is (Fig. 6a) shows first an initial decrease in snow 
depth and then a genera1 increase in snow depth throughout the period. The early decrease 
is a sensor error for the Larch site since none of the other study sites in the area show a 
similar decrease and then increase. The range of measured snow depths for the period was 
between 4.5 cm and 17 cm. With a shallow pack and cold temperatures, further justifica- 
tion can be made for re-calibrating [ l ]  since it is known that shallow snowpacks and cold 
air temperatures promote the aggressive growth of snow crystals [Sturm and Benson, 
19971. The estimated snow depth from AMSR-E observations agrees relatively well with 
the measured snow depth data with an average error of 1.5 cm. During the middle of the 
period, there is some overestimation of the snow depth which may well be attributable to 
the parameterization of the coefficient a. However, this error is within the stated objective 
error range for AMSR of k20 mm of snow water equivalent (approximately 7 cm snow 
depth with a density of 0.3 g cm-l). Figure 6b shows the same period of measured and 
estimated snow depth but for the Kenkeme site. In this case, the AMSR-E algorithm con- 
sistently overestimates the snow depth by 8.0 cm. Since there is little detail known about 
the difference in vegetation cover between this site and the cluster sites (see previous sec- 
tion), it is possible that there may have been some localized snow effect (e.g. stratigraph- 
ic layering, snow drifiing) that caused the raised Tb response. In the absence of field evi- 
dente, this statement can be proposed but not conclusively supported. The lower pane1 in 
Figure 6 (Fig. 6c) shows the snow depth time series for Khatassy. Again, good agreement 
between the estimated snow depth from AMSR-E and measured snow depth is shown with 
an average error of 1.4 cm. In the early season, there is closer agreement between series 
while as the season progresses the AMSR-E overestimates snow depth probably as a result 
of an increase in average snow grain size. 
The sonic snow depth measurements for al1 three sites (cluster, Kenkeme and Khatassy) 
were averaged for the measurement period. The time series of these composite data are 
shown in Figure 7. The average AMSR-E estimates (mid grey line) for the three sites over- 
estimates the snow depth by 2.8 with respect to the average sonic measurements probably 
on account of the static implementation of the a coefficient in [l]. The Kenkeme site 
strongly contributes to this overestimation as described above. The black line in Figure 7 
represents the measured snow depth at the Yakutsk WMOIGTS site (see Fig. 1). 
This is a standard recording site and the time series agrees rernarkably well with the 
GAME Siberia average (correlation coefficient 0.97). Based on these data for this year it 
is suggested that snow depth spatial variabili9 is very low within 40 km of the Yakutsk 
WMOIGTS site (the distance from Yakutsk site to Kenkeme). This is a very useful obser- 
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Date 

Figure 7 -Average snow depth data from the cluster, Kenkeme and Khatassy GAME sites for the 2002- 
2003 period. The iight grey line represents average snow depth for the three sites while the mid grey 
iine is the average snow depth from AMSR-E estimates. The black iine represents the snow depth for 
the Yakutsk site. 

vation since it implies that Yakutsk station snow depth measurernents are an excellent 
proxy for snow depth with a 40 km radius of the station. Such an area can easily include 
severa1 AMSR-E Tbl8H and Tb36H IFOVs and therefore make this site excellent for fur- 
ther studies in other winter seasons. 

Conclusions and future research 
In this paper, three questions were posed to address the utility of GAME Siberia test sites 
in validating AMSR-E snow estimates. First, the paper addressed the error characteristics 
of the AMSR-E retrievals during the winter. While the period of study does not cover the 
entire winter season, AMSR-E snow depth estimation errors are within the 10 cm of the 
ground measured values. The caveat for this error statistic is that the static baseline algo- 
rithm used in the study and defined in [l] must be re-calibrated to account for the natu- 
rally evolving grain size. The re-calibration used here is an approximation and imple- 
mented in the absence of any specific and accurate grain size information. This leads the 
analysis to address the second question posed at the start of this paper about the spatial 
characteristics of the errors observed in the retrievals. This issue is more complex. While 
some land cover information was available, it could only be used practically to explain 
broad differences between significantly forested areas (e.g. the cluster sites) and more het- 
erogenéous land cover areas (e.g. Khatassy). It is suggested that differences in the radio- 
metric responses of snow from biophysically slightly different forest stands could not be 
resolved easily with the MODIS land cover data. It is well known that vegetation hetero- 
geneity has an important effect on the estimation of snow depth, however, in this study, 
such an effect was not observed conclusively except in the explanation of differences in 
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brightness temperatures from the cluster and Khatassy field sites. Local variations in grain 
size andlor snowpack stratigraphy spatial variations were probably the more dominant 
cause of differences in the snow depth estimation errors between sites. Small spatial 
changes in grain radius, for example, can produce very different radiometric responses for 
snow packs of similar snow depth magnitudes. This interpretation is inferred from knowl- 
edge that: a) air temperatures were low for the winter season; b) snowpacks were less than 
20 cm for the period, and C) work by others in this field has shown that strong scattering 
can be caused by large sized snow crystals and can result in the overestimation of snow 
depth by passive microwave estimation methods. Straight implementation of [l] without 
re-calibration would have resulted in significant overestirnation of snow depth for ail 
GAME Siberia sites. The third question addressed by this study demonstrated that the 
Yakutsk is indeed a good site to test AMSR-E estimates of snow depth. 
Current research effort is focused on testing AMSR-E retrievals of snow depth for the 
remainder of the winter and also for the 2003-2004 winter season. However, it is clear that 
more algorithrn refinement is required to estirnate the evolution of grain size through the 
season and to couple this information to the retrieval coefficient a in [l]. Experimental 
research has already shown promising results in this regard [Kelly et al., 20031 but more 
work needs to be done. Additionally, it is important that we can better parameterize the 
attenuation effect that vegetation has on the microwave response from snow. Field experi- 
ment data fiom NASA's Cold Lands Processes Experiment [Cline et al, 20031 conducted 
in 2002 and 2003 may help us to improve our ability to more accurately parameterization 
both of these factors in our retrievals for future studies. 
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Abstract 
Snowfall signatures over ocean are analyzed using satellite and airborne microwave radiome- 
ter measurements at frequencies ranging from 37 to 340 GHz. Data used in the analysis 
include satellite data from the Advanced Microwave Scanning Radiometer - EOS and the 
Advanced Microwave Sounding Unit - B, and airborne data from a millimeter-wave 
radiometer and a dual-frequency precipitation radar during January 2003 over Japan Sea. 
Through two case studies, the sensitivity of rnicrowave channels to snowfall associated with 
shallow convective clouds is investigateci, and the optimal channel or channel combinations 
for snowfall retrievals are discussed. In addition, the dependency of brightness temperatures 
on the vertical strutture of snow clouds is also discussed based on observational data. 

Riassunto 
Le firme spettrali delle nevicate sul mare sono state analizzate utilizzando misure radiome- 
triche a microonde da satellite e aereo in un intervallo di frequenza fra 37 e 340 GHz. I dati 
usati nell'analisi comprendono i dati dall' Advanced Microwave Scanning Radiometer - 
EOS (AMSR) and the Advanced Microwave Sounding Unit - B (AMSU-B) nonché dati da 
aereo misurati da un radiometro a onde millimetriche e un precipitation radar per le preci- 
pitazioni a due frequenze sul mare del Giappone. Attraverso questi due esperimenti è stata 
studiata la sensibilità dell'emissione a microonde alle nevicate associate con nubi convetti- 
ve poco spesse ed è stato indicato il canale o la combinazione fra canali ottimale per la stima 
delle nevicate. Inoltre, è stata analizzata la dipendenza della temperatura di brillanza dalla 
struttura verticale delle nubi basandosi su dati osservativi. 

Introduction 
A substantial portion of precipitation falls in the form of snow in mid- and high-latitudes dur- 
ing winter. To measure snowfall over a global scale, satellite observations are inevitable par- 
ticularly for oceanic regions. Compared to satellite visible and infrared measurements that 
only sense the top portion of the C ~ O U ~ ,  microwave measurement is very usefid for retrieving 
precipitation since it senses hydrometeors through the entire cloud and precipitation layer. 
Significant progresses have been made in the past decade in the retrievals of rainfall in the 
low latitudes using satellite microwave observations [e.g., Kummerow et al., 20001. 
However, the development of satellite microwave snowfall algorithrn still remains to be a 
challenging work. The main reason is thought to be that the snowfall signals are not strong 
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enough in the currently available microwave observations, and the nonsphericity of the 
snowlice particles makes it difficult for theoreticai studies of their scattering properties. 
Although there are ample of studies on microwave signatures due to rainfall, the studies relat- 
ed to snowfall are very limited. This study aims to assess the sensitivity of microwave rad- 
ation (from 37 to 340 GHz) to snowfall observed over ocean. The prirnary signature of snow- 
fa11 in the rnicrowaves is the reduction of upwelling brightness temperature due to scattering 
by snowflakes. The scattering signature increases with the increases of the amount and size 
of snow particles as snowfall becomes heavier. The complexity arises from the thermal emis- 
sion by water vapor and cloud liquid water, which have a masking effect to the snow scat- 
tering and reduces the snowfall signature [Liu and Curry, 19981. There have been severa1 
studies related to snowfall remote sensing. Liu and Curry [1996; 19971 studied the large- 
scale cloud and precipitation features in the North Atlantic using satellite microwave data. 
They developed an ad hoc snowfaii algorithrn using high frequency microwave data for par- 
titioning the total precipitation into rain and snow. Schols et al. [l9991 studied snowfall sig- 
natures associated with a North Atlantic cyclone. They emphasized the different responses of 
85 GHz microwave radiation to the cumulonimbus portion along the squall line and the nim- 
bostratus portion north of the low-pressure center. Katsurnata et al. [2000] studied snow 
clouds over ocean using a radiative transfer model and observations from an airborne 
microwave radiometer and an X-band Doppler radar. Bennartz and Petty [2001] investigated 
the effect of variable size distribution and density of precipitating ice particles on microwave 
brightness temperatures and noticed that the relation between scattering indices and precipi- 
tation intensity might systematically vary with the types of precipitation. 
In this study, we focus on the sensitivity of microwave radiation to snowfall over ocean over 
a wide range of frequencies from 37 to 340 GHz, using data from both satellite and aircraft 
measurements as well as radiative transfer modeling. The snow clouds in this study are asso- 
ciated with convections generated by cold air outbreaks in the Sea of Japan. Through this 
study, we attempt to answer the questions: What are the sensitivities of radiation at the vari- 
ous frequencies to this type of snowfall? What are the optimal channel or channel combina- 
tions to detect the snowfall? 

Radiative Transfer Modeling 
A radiative transfer model using 32-strearn discrete ordinate method [Liu, 1998; Liu and 
Curry, 19981 is used to understand the radiative properties in severai microwave frequencies. 
In this modeling, a mid-latitude winter standard atmospheric profile and a Fresnel ocean sur- 
face model with the surface temperature of 273 K are used. The single-scattering properties 
of the snowfiakes in this model are parameterized by Liu [2004] assuming that the snowflakes 
are comprised of equally mixed sector-like and dendrite-like particles with random orienta- 
tions. Brightness temperatures emerging from the top of the atrnosphere at AMSR-E (the 
Advanced Microwave Scanning Radiometer - EOS) viewing angle of 55" are calculated. 
Figure 1 shows the brightness temperatures and their combinations at three microwave fre- 
quencies (37, 89, and 150 GHz) in responding to the variation of liquid water path and 
snowfall (or its corresponding ice water path). Two brightness temperature combinations 
are considered: the polarization difference (DP = TBv - TBh) and the polarization-correct- 
ed temperature as defined by Spencer et al. [1989], i.e., 

PCT = ( l  +a)TBv - a TBh 

where TBv and TBh are, respectively, the vertically and horizontally polarized brightness 
temperatures at each frequency. A value of a = 0.5 is used in [l], which is corresponding 
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to the value for January in the mid-latitudes suggested by Liu and Curry [1998]. Since 
emission by liquid water and gases in the atmosphere reduces the polarization difference 
of the radiation from the highly polarized ocean surface, the DP is representative of the 
atmosphenc emission. The PCT is used to reflect the brightness temperature depression due 
to scattering by ice particles, and it is designed to have less influente by the variations of 
water vapor and liquid water amount. In other words, while the decrease in polarization dif- 
ferente largely responds to liquid water increase in the atmosphere, the decrease of PCT rep- 
resents the increase in the amount of scattering icelsnow particles [Liu and Curry, 19981. 
The le& panel of Figure 1 shows the mode1 results when placing a liquid water cloud 
between 1 and 1.5 km above the surface. The liquid water path (LWP) in the cloud varies 
from O to 1000 g m-2. The snowfall-only modeling results are shown in the mid panel of 
Figure l ,  in which snowfall rate is varied from O to 5 rnm hr-l, and the snow layer is 
assumed to be between the surface and 4 km. The corresponding ice water path (W) of 
the snow layer is also shown in the figure. At 37 GHz, the brightness temperatures and the 
polarization difference are closely related to the liquid water amount in the atmosphere. 

- SNOW I 

LWP (glm2) 

(a) 

PCT (K) 

(C) 

Figure 1 - Sensitivity of brightness temperature to change in (a) liquid water path, @) snowfaii (or ice 
water path), and (C) PCTvs. the polarization difference for liquid cloud and snowfaii at microwave fre- 
quencies of 37,89, and 150 GHz. 
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A larger amount of liquid water responds to a higher brightness temperature at both polar- 
izations and a smaller DP. There is Little response of microwave signals at 37 GHz to snow- 
fa11 rate variation. At 89 and 150 GHz, as LWP increases, brightness temperatures increase 
before saturating at about 1000 and 500 g m-2, respectively. Brightness temperatures at 
these two channels show significant decreases as snowfall rate (or WP) increases, espe- 
cially at 150 GHz. It is particularly noted that the variation of DP is more sensitive to LWP 
changes, and the variation of PCT is more sensitive to snowfall rate or IWP changes. To 
illustrate this observation, we re-plot the modeling results in DP-PCT space (the right 
pane1 of Fig. l), which show how the liquid water and snowfall induce DP and PCT varia- 
tions in the same chart. At 89 GHz, for example, as LWP increases from O to 1000 g m-2, DP 
decreases by -70 K while PCT decreases by -20 K. But as snowfall rate increases fiom O to 
5 mm h-', DP only reduces by - 40 K compared to PCT reducing by -60 K. The different 
responses of DP and PCT to liquid and ice water are even clearer at 150 GHz. Therefore, 
more information of LWP is contained in DP variations while PCT changes are more 
responsible to the variation in snowfall rate (or IWP). Using these mode1 simulation results 
as guidance, we examine satellite and airborne microwave radiometer data in the follow- 
ing sections. 

Data 
Data from both satellite and airborne remote sensors are used to assess the sensitivity of 
microwave radiation to snowfall over ocean by conducting two case studies on January 29 
and 30,2003. This study period coincides with a field expenment carried out near Japan for 
validating precipitation products from AMSR-E. The objectives of the field experiment are 
examining the AMSR-E's shallow rainfall and snowfall retrieval capabilities and under- 
standing the precipitation structures through new remote sensing technology. Of the various 
datasets collected in the experiment, we analyze the data from the following two remote sen- 
sors onboard a C-130 aircraft: the Millimeter-Wave Imaging Radiometer (MIR) and the dual 
frequency Precipitation Radar (PR-2). The MIR is a total power, cross-track scanning 
radiometer that measures radiation at seven frequencies of 89, 150, 183.3*1, 183.3*3, 
183.3*7,220, and 340 GHz [Racette et al., 19961. The sensor has a 3-db beam width of 3.5" 
at al1 Cequencies. It can cover an angular swath up to *50° with respect to nadir. Every scan 
cycle is about three seconds [Wang, 20031. The PR-2 operates at 13.4 GHz (Ku-band) and 
35.6 GHz (Ka-band), and uses a deployable 5.3-m electronically-scanned membrane anten- 
na [Im, 20031. 
Satellite data fiom two radiometers coincident with the field experiment are analyzed. The 
AMSR-E is one of the six sensors aboard the Aqua satellite. This passive rnicrowave 
radiometer has vertically and horizontally polarized 6, 10, 19, 23, 37, and 89 GHz channels 
and vertically polarized 50 and 53 GHz channels. It conically scans the Earth with an inci- 
dent angle of -55" to the normal of the Earth's surface. The swath width is about 1600 km. 
Spatial resolutions of the pixels are frequency dependent. At 37 and 89 GHz, which are fie- 
quencies examined in this study, they are 8x14 km2 and 3x6 km2, respectively. The Advanced 
Microwave Sounding Unit - B (AMSU-B) on board the NOAA-16 has five channels at 89, 
150, 183.3*1, 183.3*3, and 183.3*7 GHz. Although the purpose of the AMSU-B is prima- 
rily for profiling atrnospheric water vapor, its window channels at 89 and 150 GHz also pro- 
vide information of scattering by ice particles [Zhao and Weng, 20021. The AMSU-B cross- 
ly scans * 47" from nadir, covering approximately a 2000 km wide swath. The spatial reso- 
lution at nadir is -1 6 km. Five of the seven MIR channels operates at the same frequencies 
as the AMSU-B, so it offers a unique comparison between satellite and aircrafi measure- 
ments, between which there is a huge difference in horizontal resolution. 
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Figure 2 - Map of the area 
where observations were 
performed and the aircraft 
flight tracks. 

Observed snowfall microwave signatures 
The two cases selected for this study are in the region of the Sea of Japan (Fig. 2) on 29 
and 30 January 2003, when aircraft campaign was carried out. The synoptic conditions for 
the two days can be seen from Figure 3, in which the surface weather analysis is overlaid 
with GMS (Geostationary Meteorologica1 Satellite) infrared (IR) images. On 29 January 
2003, a low-pressure system is centered near 50°N, 140°E and has center pressure of 976 
hPa (Fig. 3a). A strong northwesterly flow is dominant over the Sea of Japan, and exten- 
sive snowfall areas were reported along the west coast of the main island of Japan. 

Figure 3 - Surface analysis maps combined with GMS iR images at 03:OOZ on (a) 29 January and (b) 
30 Jannary 2003. 
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An aircraft flight observing snowfall over ocean was conducted. Snowfall was observed 
along the flight lines (Al to B1 in Fig. 2, 36.5"N, 135S0E and 38S0N, 135.5"E) around 
03:20Z. On 30 January 2003, the low seen in the previous day moved to the east, resulting 
in a slightly reduced northwesterly flow across the Sea of Japan. Snowfall was reported 
along the west coast of centra1 Japan and was predicted over the Sea of Japan. Widespread 
clouds were observed over the Sea of Japan, although from the IR image they seemed to 
be not as deep as in the previous day. The aircraft flight was conducted along several tracks 
including the line A2-B2 (36.33"N; 134.5"E to 38.67"N; 137.0°E in Fig. 2). In following 
sections, we will examine satellite and airborne microwave radiometric signatures 
responded to the two cases. 

Satellite observations 
The Aqua satellite passed over the experiment area at 03:33Z on 29 January 2003. 
Although there are frequencies from 6.6 to 89 GHz in AMSR-E, we only exanine 37 and 89 
GHz in the study because other channels are almost tsansparent to the snow clouds. At 37 
and 89 GHz, the emissivity of the ocean surface is lower than unity. As a result, cloud liquid 
water will increase the satellite received brightness temperatures. Meanwhile, both cloud ice 
and snow in the atmosphere will decrease upwelling radiation due to ice scattering. 
Figure 4 shows the horizontal distributions of (a) and (e) vertically polarized brightness 
temperatures, (b) and ( f )  horizontally polarized brightness temperatures, (C) and (g) the 
polarization difference (DP=TBv - TBh), and (d) and (h) the polarization-corrected tem- 
perature (PCT with a = 0.5), at AMSR-E 89 GHz and 37 GHz. Fine features can be iden- 
tified from images of al1 the four variables. These features are induced by clouds and their 
associated snowfall, since emission from ocean surface should be more uniform horizon- 
tally. It is seen that there are several cloud cells between 37" and 38"N over ocean with rel- 
atively low brightness temperatures compared to their surrounding background values. It 
is also noticed that the patterns of these cells are different for different channels or bright- 
ness temperature combinations. The strongest emission signal of polarization difference 
(<20 K) is found in the area around 37.2"N, 136.2"E. The centers of the lowest PCT are 
found slightly to the north of the center of the lowest polarization difference. 
To further elaborate, variations of the brightness temperatures along Line 1 and Line 2 
(refer Figs. 4d and 4h) are shown in Figures 5 and 6. Figure 5 represents brightness tem- 
peratures at 89 GHz and 37 GHz along Line 1 that overlaps the aircraft flight track on 29 
January 2003. To compare two frequencies with different resolutions, data from both fre- 
quencies are first interpolated to a 0.025°x0.0250 grid. Then, the brightness temperature 
values along the line are obtained by averaging values of the nearest five grids weighted 
by the inverse of the distance between the grid center and the line. 
The results for 89 GHz are shown in Figure 5a. Severa1 small cells seen in Figure 4 along 
Line 1 correspond to the decreases of 89 GHz brightness temperatures and PCT in Figure 5a. 
Note that a peak in horizontally polarized brightness temperatures is found at 37.2"N just 
before the decrease of PCT, and another peak at 37.4"N before the decrease of PCT near 
37.58"N. The lowest depression of PCT from the cloud-fiee value of -260 K is about 25 K 
near the ce11 centers. The largest decrease of thepolarization difference is -30 K near 
37.2"N, and the location corresponds to the highest brightness temperature at horizontal 
polarktion. Figure 5b shows brightness temperatures at 37 GHz for the sarne track (Line 1). 
The 37 GHz signals show less variations than those at 89 GHz, except fora brightness tem- 
perature increase (the polarization difference decrease) near 37.2"N corresponding to the 
first ce11 along Line 1 shown in Figure 4d. Comparing 89 GHz and 37 GHz, a slight shift 
in the pattern of the polarization difference could be caused by the different resolutions of 
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Figure 4 - Brightness temper- 
atures of AMSR-E at 89 GHz 
and 37 GHz: (a) and (e) verti- 
cally polarized TBS @) and (0 
horizontally polarized TBs, (C) 
and (g) the polarization dif- 
ferente, DP, and (d) and (h) 
the polarization-corrected 
temperature, PCT at 03:332 
on 29 January 2003. 

AMSRE TB89v 03:33Z 01 /29/03 
250 

242 

235 

........... i.. .. 

PCT 37GHz 

two channels as well as the different response of brightness temperatures to hydrometeors. 
The increase in 37 GHz brightness temperatures indicates a significant amount of liquid 
water within the cell. However, either brightness temperature or PCT at 37 GHz does not 
decrease corresponding to those decreases shown in Figure 5a for 89 GHz, indicating lack 
of response to scattering by cloud ice particles and snowfìakes. In other words, cloud ice 
particles and snowflakes produce measurable scatter signatures at 89 GHz, but are largely 
not detectable at 37 GHz. The observational results are consistent with the radiative trans- 
fer mode1 results described earlier. 
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Figure 5 - VerticaUy polarized TBs, horizontally polarized TBs, 
PCT, and the polarization differences of AMSR-E at (a) 89 
GHz and (b) 37 GHz along Line 1 shown in Figure 4. 

Figure 6 - Same as Figure 5 but for along Line 2 s h m  in Figure 4. 
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In Figure 6 we show 89 GHz and 37 GHz data along another line that is shown as Line 2 
in Figure 4. From Figure 4, it was seen that this line crosses over a well-developed cell. 
The lowest depression of PCT observed at 37.43ON is about 45 K at 89 GHz compared to 
those at the cloud-free regions (-260 K). The depressions of brightness temperatures in 
both polarizations are also much larger than those in Line 1. Similar to what occurred in 
Line 1, the increase of horizontally polarized brightness temperatures (and the decrease of 
the polarization difference) is shown before (south of) the PCT depressions. This disloca- 
tion between the minima of PCT and polarization difference suggests that the maxima of 
liquid water arnount and snowfall rate occur at different locations within a cell. At 37 GHz, 
the changes in vertically polarized brightness temperature and PCT are small while hori- 
zontally polarized brightness temperature and polarization difference show significant 
variations. The result fùrther enforces our conclusion that while 37 GHz channel is useful 
in determining liquid water path, it is incapable to detect snowfall. In an attempt to see 
whether combining brightness temperatures at different frequencies offers more informa- 
tion about the cloud and snowfall, the difference of brightness temperatures between 89 
GHz and 37 GHz along Line 1 are presented in Figure 7. The vertically polarized bright- 
ness temperature and PCTpatterns reflect weli-developed convective cells shown in Figure 
4d. But this information is basically carried from the 89 GHz channel because both TBv 
and PCT are largely flat at 37 GHz as shown in Figure 5b. 
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$* 20 
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Figure 7 - Brightness temperature differences between 
89 GHz and 37 GHz along Line 1. 

The NOAA-l6 satellite passed the study area on 29 January 2003 at 04:19Z. AMSU-B 
data on the NOAA-16 are also analyzed to explore the response to snowfall at higher fre- 
quencies. Figure 8 shows brightness temperatures at four channels of 89, 150, 183*1, and 
183+7 GHz (the 183h3 GHz image is not shown. Its image appears to be between those of 
183*1 and 183h7 GHz). Since AMSU-B channels contain only single polarization, we are 
unable to derive PCT or polarization difference as was done for AMSR-E channels. 
Additionally, because of the coarser spatial resolution, the images appear lack of fine 
structures compared to those from AMSR-E in Figure 4. Nevertheless, low brightness tem- 
perature cells embedded on a long cloud streak are clearly shown between 37"N and 38ON. 
The signals are particularly clear at 150 and 183+7 GHz. In Figure 9, brightness tempera- 
tures from the five AMSU-B channels are presented along the line shown in Figure 8, 
which corresponds to the aircraft flight track, Line 1 in Figure 4. The coarse spatial reso- 
lution reduced the sensitivity of radiation at 89 GHz, but significant decreases in bright- 
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150 GHz, and (C) 183 GHz along the line shown in Figure 8. 
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ness temperatures at 150 GHz and 183A7 GHz are observed near the snowfall ce11 at 
37.7"N. The values of brightness temperature depression are about 15 K at 150 GHz and 
25 K at 183*7 GHz compared to nearby cloud-free regions. Comparing to 89 GHz, the 
sensitivity to snowfall is much higher at 150 and 183h7 GHz. The sensitivity at 183*1 and 
183k3 GHz is not as large due to water vapor masking. Figure 10 shows the brightness 
temperature differences of two frequencies, 150 - 89 GHz and 183 - 150 GHz. While the 
difference of brightness temperatures between 183-1.7 and 150 GHz is relatively small, 
their differences between 183h1 and 150 GHz, and between 183+3 and 150 GHz are sig- 
nificant near the locations of snowfall cells. 
Case 2 is meant to show the response of microwave radiation to snowfall with much less 
intensity (the weak snowfall was reported by airborne radar observations). Figure 11 shows 
the brightness temperatures from AMSR-E at 04: 142 on 30 January 2003. The convective 
cells are aligned themselves along the streak clouds while they are much smaller and 
weaker than those in the first case on 29 January 2003. In Figure 114 it is seen that sev- 
era1 small cells with low PCTs are orientated from northwest to southeast. At 37 GHz, no 
significant signatures are identified along the track. 
The brightness temperature values along the aircraft flight track (shown in Figs. l ld and 
1 lh, or A2-B2 in Fig. 2) are shown in Figure 12. The lowest PCT depression at 89 GHz in 
a ce11 center is about 10 K near 135.2"E compared to surrounding cloud-ffee regions, and 
the depression is much smaller at 37 GHz. Unlike in the first case, in Figure 12a, the max- 
imurn of the horizontally polarized brightness temperature of about 220 K, the lowest PCT 
of about 257 K, and the lowest polarization difference of 23 K occur at almost the sarne 
position, implying that the location of peak liquid water amount coincides with the loca- 
tion of the strongest snowfall. 

Airborne observations 
The snow clouds on January 29 are observed by airborne radiometer MIR and radar PR- 
2. One aircraft flight was carried out from 03:19Z to 03:33Z along the line of Al to B1 as 
shown in Figure 2 (corresponding to Line 1 in Fig. 4). In Figure 13, we show the aircraft 
nadir observations of the brightness temperature depressions compared to the clear-sky 
values and the time-height cross section of snowfall rate converted from PR-2 13.4 GHz 
radar reflectivity. The clear-sky brightness temperatures are derived from locations where 

Latitude 

Figure 10 - Brightness temperature differences (a) between 150 
GHz and 89 GHz, and (b) between 183 GHz and 150 GHz of AMSU- 
B along the line shown in Figure 8. 



Noh et al. Observations of snowfall signature at rnicrowave frequencies 

---- h 

1 1250 7 q z 4 O  

:: 232 

' 225 
l 

23 1 21 7 

I 225 210 

.,,a 292 

195 

187 

180 

1270 

285 

262 

260 

257 

255 

1 L., 252 

120 250 

AMSRE TB37v 04: 142 01 /30/03 Ti337h r -180 

173 

1767 

148 

I 142 

l 

PCT .37GHz 

I 245 

243 

I 242 

241 

I 
1210 

238 

237 

236 

1 2 3 5  

Figure 11 - Brightness temperatures ofAMSR-E at 89 GHz and 37 GHz: (a) and (e) 
vertically polarized TBs, @) and ( f )  horizontaliy polarized TBs, (C) and (g) the polar- 
ization differente, DP, and (d) and (h) the polarization-corrected temperature, PCT 
at 04:14Z on 30 January 2003. 



Rivista Italiana di TELERILEVAMENTO - 2004,30/31: 101 -1 18 

200 nii I v 

Longitude 

Figure 12 - Vertically polarized TBs, horizontaliy polarized TBs, 
PCT, and the polanzation differences ofAMSR-E at (a) 89 GHz and 
@) 37 GHz along the line shown in Figure 11. 

no radar echo was observed; their values are 199.5,218.7,241.4,250.6,247.3,243.8, and 
255.7 K for 89, 150, 183IT1, 183$I3, 183k7, 220, and 340 GHz, respectively. To obtain 
snowfall rate from radar reflectivity, we use a reflectivity-snowfall rate (2,-S) relation, 
although it may lead to significant uncertainties because of the variety of shapes, densities, 
and termina1 fa11 velocities of snowflakes [Matrosov, 19981. In this study, we develop the 
following 2,-S relationship using the backscatter cross sections calculated from discrete- 
dipole approximation modeling for snowflakes [Liu, 20041 and particle size distribution 
based on Sekhon and Srivastava [1970]: 

where Ze is the equivalent radar reflectivity at 13.4 GHz in mm6 m-3, and S is the snowfall 
rate in mrn h-l. 
In Figure 13, five convective cells can be identified in the radar cross section as indicated 
by numbers 1-5. The depression of MIR brightness temperatures responds to these cells, 
although the sign and the amplitude of the variation are channel-dependent. The depres- 
sion of brightness temperature at 220 and 340 GHz is greater than the other channels, and 
they reach about 80 K for the first cell. Among the three 183-GHz water vapor channels, 
183h7 GHz is the most sensitive to the snowfall cells. The second ce11 seems to be weak- 
er than the first one, and the brightness temperatures depression is also smaller for al1 the 
channels. Note that at the starting point of the second ce11 a brightness temperature peak 

, 
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appears at 89 GHz, suggesting that a significant amount of liquid water exists in front of 
the center of the second snow cell. The third ce11 has rather different features, especially at 
89 and 150 GHz; brightness temperatures are much greater than those values for the clear 
sky. It implies that the third ce11 contains a great amount of liquid water, although strong 
radar echo is shown Erom 1 to 4 km. We divide the fifth ce11 into two parts indicated as 5 
and 5' in Figure 13c. The left region of the ce11 has the maximum snowfall rate near the 
surface, but MIR brightness temperature depressions do not reach their minimum unti1 fur- 
ther into the middle of the ce11 as indicated by 5' in the figure. 
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Figure 13 - Comparisons of brightness temperature depressions from MIR and snowfall rate from 
PR-2 at nadir along the flight track from 03:19Z to 03:33Z on 29 January 2003. 
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To quantitatively assess the relation between brightness temperature and near surface 
snowfall rate, the brightness temperatures and radar reflectivity-derived snowfall rate at 1 km 
(to avoid surface contamination) are averaged for every 10 seconds (corresponding to -1000 
m in spatial scale) and plotted in Figure 14. Brightness temperatures in al1 the channels 
decrease in genera1 as snowfall rates increase, although there is a significantly large rarige of 
scatter. A regression line for each channel is derived using the l 0-sec averaged data and plot- 
ted in the figure. The correlation coefficient is -0.2, -0.46, -0.65, -0.67, -0.66, and -0.68 for 
data at 89, 150,220,340, 18344, and 183k7 GHz, respectively. Based on these data, the sen- 
sitivity of brightness temperature to snowfall rate can be estirnated as -4, -10, -16, -22, -10, 
and -14.4 K (mm h-')-' for 89, 150,220, 340, 183*l, and 183*7 GHz channels. 
In Figure 14, it is found that some points, as denoted by squares, diamonds, and triangles, 

260 
150 GHz / 

Snowfall (mmthr) Snowfall (mmlhr) 

Figure 14 - Scatter diagrams between brightness temperatures from MIR and near 
surface snowfaii from PR-2 at nadir with regression iines. Squares are correspon- 
ding to the center of the first ceii, diamonds to the center of the thiid ceii, tnangles 
to the front part of the fifth ceii in the PR-2 cross section shown in Figure 13. 
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Figure 15 -Vertical profiies of snowfaii rate 
obtained from PR-2 by the Ze-S relation- 
ship in each celi indicated in Figure 13. The 
fifth cell is divided into two parts (5 and 5'). 

Snowfall rate (mmlhr) I 

do not follow the genera1 trend in the relationships. The two squares come from the first 
cell; the radar-derived snowfall profile corresponding to the profile 1 in Figure 15. 
Strong radar returns are observed in a very deep layer, suggesting the center of a very well 
developed convective cell. The diamonds correspond to the third cell, which has the verti- 
cal radar profile 3 in Figure 15. The strongest echo occurs in the middle of the layer (-2 
km), and the large increase in 89 GHz brightness temperatures implies a significant 
amount of liquid water in the cell. These results suggest that ce11 3 is in the early develop- 
ing stage, and the bulk of the condensed water is still in liquid form. The triangles corre- 
spond to the first part of the fifth ce11 that has its bulk of radar returns near the surface 
(profile 5 in Fig. 15). It is seen fkom Figure 13c that the patterns of radar echoes for cells 
4 and 5 are vertically tilted, possibly caused by vertical wind shear. Although ce11 5 as a 
whole reduced brightness temperatures significantly, the first part of the ce11 did not cause 
sizable brightness temperature reduction because of only a shallow snowfall layer existing 
near the surface. The above discussion illustrates how the horizontal and vertical structures 
influence the observed brightness temperatures, and emphasizes the importance of further 
observational studies to characterize the three-dimensional structure of snow clouds. 

Conclusions 
In this study, we have investigated the scattering signals of snowfall over the Sea of Japan at 
frequencies ranging from 37 to 340 GHz using satellite and aircraft observations. The inves- 
tigated snow clouds are associated with shaliow convections caused by cold air outbreaks. 
The cold air over the warm ocean surface produces strong instability in the low atrnosphere 
and often results in heavy snowfall. A significant amount of liquid water is often observed 
in the convective cells as evidenced by the increase in 89 GHz brightness temperatures. 
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At 37 GHz, the snowfall scattering signature seems to be insignificant, while liquid water in 
some convective cells increases brightness temperature (as much as -30 K at 37 GHz hori- 
zontal polarization). At 89 GHz, the data shows both the brightness temperature decreases 
due to ice scattering and brightness temperature increases due to liquid water ernission. 
Occasionally, these increases and decreases occur at different locations of a convective cell. 
Observations using dual-polarization clearly have advantage because we may use the polar- 
ization corrected temperature and the polarization differente to separate, to a certain extent, 
the scattering and emission signatures. Using AMSR-E data, the lowest PCT depression at 
89 GHz is about 25 K for one of the studied cases. However, the sensitivity to snowfall at 89 
GHz is largely reduced for AMSU-B, which has a much larger footprint and only a single 
polarization. At higher frequencies, the snowfall signatures become evident even without the 
use of PCT. At the spatial resolution of AMSU-B pixels (-16 km at nadir), we observed 15 - 20 K brightness temperature decreases at 150 and 183zt7 GHz for the studied case. At finer 
spatial resolution observed by airborne radiometers, the nadir view brightness temperatures 
decrease as large as 40,50,60, and 80 K for 150,183*7,220, and 340 GHz channels, respec- 
tively. Furthermore, the influence by liquid water to channels of 183zt7 GHz or higher fre- 
quencies is small. At 150 GHz, besides the brightness temperature decreases induced by ice 
scattering, the brightness temperature increases caused by liquid water are also evident, sim- 
ilar to but not as much as those at 89 GHz. Therefore, having a dual-polarization in future 
instnunents for this frequency is desirable for a better separation between liquid and ice 
water signatures. 
In this study, we investigated the sensitivity of rnicrowave channels to snowfail over ocean, 
which may help the selection of channels in future instrument design. Clearly, to have suffi- 
ciently strong scattenng signature as weil as to rninimize the liquid water influence, a high fre- 
quency (>l50 GHz) and dual-polarization observations are preferable. in order to develop a 
physically based algorithrn to estimate snowfall, further studies of more cases and analyses at 
various frequencies are recornmended in understanding the characteristics of the three-dimen- 
sional structures of snow clouds as well as better simulating the scatkring properties of 
snowfiakes. This study would provide a useful basis for future works on the retieval of snowfd. 
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Abstract 
This paper describes the Bootstrap AMSR-E Algorithm and the new research opportuni- 
ties that the higher resolution and more accurate data provide. For example they enable the 
study of ice cover distributions and patterns in greater detail, allowing for improved quan- 
tification of heat and salinity fluxes over the ice covered regions. They also provide more 
consistent ice edge locations and therefore ice extent and ice areas for climate change stud- 
ies. Sea ice concentrations derived from AMSR-E are shown to be generally more accu- 
rate but compatible with those derived from SSMA data, allowing for an easy transition 
from the older data sets to the newer ones when doing time series analysis. 

Riassunto 
In questo articolo vengono descritti sia l'algoritrno per la stima della concentmzione del ghiac- 
cio sul mare da dati AMSR-E che le nume opportunità di ricerca o$erte da una migliore riso- 
luzione spaziale e da una qualità dei dati superiore rispetto al passato. Queste caratteristiche 
consentono uno studio di maggior dettaglio della distntnbuzione dei ghiacci e la loro evoluzione, 
permettendo una migliore quantiJcmazlone deiflussi di calore e di salinità sopra le regioni coper- 
te dai ghiacci. In questo modo si può realizzare un posizionamento più accurato dei confini, e 
di conseguenza dell'estensione, delle aree ghiacciate per gli studi relativi ai cambiamenti cli- 
matici. La concentmzione del ghiaccio su mare derivata dai dati AMSR-E è generalmente più 
acnrmta, ma sempre confintabile con quella ottenuta dai dati SSM. Questo consente di pas- 
sare senza dzficoltà dai dati vecchi a quelli nuovi, nel caso in cui si efettuino delle analisi di 
serie temporali. Nell'emkjèro Australe vengono utilizzate due tecniche: una permette la sepam- 
zione fiul polinie al1 'interno del pack mentre l'altra procura valori più accurati di concentra- 
zione del ghiaccio per tutti i tipi di ghiaccio dal quello nuovo a quello spesso e consolidato. 

Introduction 
The launched of the Advanced Microwave Scanning Radiometer (AMSR-E) on May 4, 
2002 on board the EOS-Aqua satellite ushered a new era in satellite passive microwave 
remote sensing of sea ice. The improvements over the Special Scanning Microwave Imager 
(SSM/I), which has been the primary source of data since July 1987, include higher reso- 
lutions at al1 frequencies and a wider spectral range. For example, AMSR-E has resolutions 
of about 5 km and 12 krn at the 89 GHz and 36 GHz channels, respectively, while the cor- 
responding values for SSMII are 12 km and 25 km. Also, AMSR-E has twelve channels 
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from 6 GHz to 89 GHz while SSMO has only 7 channels from 19 GHz to 89 GHz. The 
lower frequency channels provide the ability to retrieve Sea Surface Temperature [SST) 
and Surface Ice Temperature [SIT) that are useful not only as climate data sets but also in 
removing ambiguities in the retrievals due to atmospheric and surface temperature effects. 
Furthermore, the higher resolution minimizes the uncertainties associated with the use of 
mixing algorithms to retrieve geophysical parameters. 
On board the same satellite are two other sensors, namely, MODIS and ATRS which pro- 
vides excellent ancillary data that can be used concurrently with AMSR-E to further 
improve our understanding about the physical and radiative characteristics of the sea ice 
cover and the impact of environmental factors on the emissivity of sea ice. Data from 
MODIS, which has 36 channels with wavelengths ranging from the visible to the infrared 
can be used to validate and improve the values derived from AMSR-E. Having coincident 
MODIS is especially useful because data at some visible channels have resolutions of 250 
m, which is good enough to detect leads and small surface features and can be used for 
direct comparative studies with AMSR-E data. Data from AIRS are useful for assessing 
how variations in atmospheric conditions affect the observed brightness temperatures of 
sea ice at different frequencies. For almost a year, there is also complementary infonna- 
tion from Midori-2lAMSR sensor which was launched in January 2003 but unfortunately 
ceased operation in October 2003 because of a hardware problem with the satellite. The 
Midori-2 is a morning satellite while the Aqua is an afternoon satellite and data from the 
two provide ability to evaluate diurna1 changes in the emissivity of the surface. 
The aforementioned improvements in capability provide not only the means to improve the 
accuracy in the retrieval of ice concentration but also to obtain additional information 
about the sea ice cover, including ice temperature, snow cover, and ice type [Comiso et al., 
20031. These parameters are useful in phenomenological and modeling studies of the sea 
ice cover and its interactions with the ocean and the atmosphere. Irnprovements in accura- 
cy in the retrieved sea ice parameters and the capability of deriving additional pararneters 
are highly desired to be able to better assess the short term and long term impacts of 
recently observed changes in the global sea ice cover [Parkinson et al., 1999; Bjorgo et al., 
1999; Zwally, 2002; Comiso, 20021. 

The Bootstrap technique 
The bnghtness temperature, (TB), recorded by satellites at a given wavelength can be 
unfolded using the basic radiative transfer equation given by 

where E is the emissivity of the surface, Ts is the physical temperature of the surface, z'(z) 
and 2 are the atmospheric opacities from the surface to a height z and from the surface to 
the satellite height, respectively, K is an estimate of the diffisiveness of the surface reflec- 
tion, and <(z) is the ernittance at z. In Equation [l], the first term represents radiation 
directly from the earth's surface, which is the dominant contribution for measurements at 
microwave frequencies. The second term represents satellite observed radiation directly 
from the atmosphere, while the third term represents downwelling radiation from the 
atmosphere that has been reflected toward the satellite from the e d ' s  surface. A fourth 
term that takes into account the reflected contribution of radiation from free space, which 
is a negligible additive contribution and is not included in Equation [l]. 
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For areas within the ice pack, the radiation observed within the field-of-view of the pas- 
sive microwave satellite sensor comes from the ice, open water, or a combination of both. 
In particular, the observed brightness temperature, TB, can be expressed in terms of the rel- 
ative contribution from each surface by a linear mixing formulation given by 

where T. and TI are the brightness temperatures of ice-free ocean and sea ice, respective- 
ly, and C. and CI are the corresponding fractions of each of the two ocean surface com- 
ponents within the field-of-view of the satellite instnunent. C. and CI add to unity (i.e., 
C. = l-C,). Equation [2] forms the basis for the algorithms used to derive sea ice concen- 
tration represented by CI. The challenge has been how to obtain accurate estimates of T. 
and TI which are both functions of emissivity (E), temperature (Ts), and atrnospheric opac- 
ities (T, and T'), as indicated in Equation [l]. 
An idea1 algorithm for retrieving the ice concentration would be one that calculates accu- 
rately the second and third terms in the right side of Equation [l] for each satellite meas- 
urement of the brightness temperature, TB of the surface. The actual brightness tempera- 
ture of the surface can be inferred from fhe first term in the right side of Equation [ l ]  
which is then used for estimating ice concentrations, using Equation [2]. To be able to 
make this estimate effectively, one would need atmospheric and surface emissivity data, as 
indicated in Equation [l], including T, for every satellite measurement and separately for 
ice and water. The availability of AIRS data, is usefùl in this regard, but the fraction of use- 
fu1 data is limited by the presence of persistent clouds in the polar regions. Earlier algo- 
rithms used radiosonne data at some Arctic regions and assurned constant atmospheric and 
surface conditions and the results provided good results regionally but not for the pan 
Arctic region [Svendsen et al., 19831. 
The algorithms that are currently being used are those that take advantage of the multi- 
channel capability for obtaining the required input parameters in Equation [2] [e.g., 
Comiso et al., 20031. Two of these algorithms are the Nimbus-7 Team Algorithm and the 
Bootstrap Algorithm, both developed at the NASA Goddard Space Flight Center [Cavalieri 
et al., 1984; Comiso, 19861. The Team Algorithm provides a good technique for account- 
ing for spatial changes in ice temperature while the Bootstrap Algorithm accounts for spa- 
tial changes in the surface emissivity better. The sensitivity of the retrieved parameters to 
spatial changes in ice temperature and emissivity has been discussed in severa1 studies 
[e.g., Comiso and Steffen, 2002, Matzler, 19841 and it has been shown that the variable 
surface emissivity is the biggest source of error in the retrievals. Enhanced versions of both 
Team Algorithm and the Bootstrap Algorithm have also been developed to improved the 
accuracy in the retrieval [Corniso et al., 20031. In this paper, we present results derived 
from AMSR-E data using the Bootstrap Algorithm which is currently used for generating 
standard products for the Japanese Earth Observation System and is one of two standard 
algorithrns used by the NASA DAACS for generating geophysical products, including ice 
temperature and snow depth. 
As indicated earlier, the Bootstrap Algorithm makes use of the multichannel data to obtain 
the parameters needed in Equation [2] to retrieve sea ice concentration. The basic idea is 
illustrated in Figure 1. When the brightness temperatures or emissivities at one AMSR 
channel are plotted versus those of another channel in ice covered regions, the data points 
in the scatter plot tend to cluster in a way such that the relative location of the surface com- 
ponents given in Equation [2] can be identified. In the diagram, most of the data points in 
the consolidated ice region where the concentration is about 95% or more are clustered 
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Figure 1 - Schematics of the 2-channel tech- 
nique used in the Bootstrap Algorithm for 
ice concen@aGon. 

along the line AD. Also, most of the data points in the open water and also in ice fkee 
regions within the pack are clustered along OW. Within the pack, the data points that rep- 
resent ice fkee surfaces would be the ones corresponding to calm surfaces and hence with 
the lowest emissivities near what is labeled as O. Waves and atrnospheric disturbances over 
open ocean tend to increase the value along OW. The spatial variation in ice emissivity is 
reflected by the length and character of the line AD and is mainly due to differences in 
scattering properties attributed to different ice types and snow cover [Eppler et al., 19921. 
The data points may deviate fiom AD because of spatial variations in surface ice temper- 
ature and atrnospheric effects but the effect can be minimized through the choice of the 
right set of channels or through the use of emissivity, instead of brightness temperature, in 
the algorithm. 
Data points that are partly covered by ice and partly by water are therefore located between 
the line AD, which represents 100% ice and the data point 0, which represents T. in 
Equation [2]. Ice concentration at any point B, can thus be derived by extending the'line 
along OB, and find the intersection point with the line AD. The intersection point, I, cor- 
respond to the value TI, in Equation [2] and is calculated by finding the common set of val- 
ues for the line AD and the line OB. At low values of ice concentration, a cut-off is made 
using a line approximately parallel to OW since the data below this line could be either ice 
free or slightly ice covered oceans. The cut-off correspond to ice concentrations of about 
10% and lower. The line AD is determined by applying regression analysis of data points 
along the line and a positive bias is applied to account for the known presence of open 
water (of about 2 to 5%) for much of the consolidated ice regions. 
Arnong the criteria for choosing the channels to be utilized is to optimize the resolution of 
the derived product and to minimize the use of ancillary data in deriving the product. Thus, 
the set of 36 GHz channels (called HV36) is used because of reasonably good resolution 
and because the corresponding data in consolidated ice usually form a linear cluster with 
a well defined slope for AD (when one polarization is plotted versus the other) the value 
of which is approximately equa1 to one. The value is near unity because the emissivity of 
ice is approximately the same for the two polarizations at this fkequency. Thus the set is 
basically insensitive to spatial variations in temperature since a change in brightness tem- 
perature in one channel is almost the same as that in the other channel. The net effect of a 
changing temperature is to cause TI to slide along the line AD and practically no impact 
on the accuracy in the retrieval of ice concentration. The sole use of 36 GHz channels pro- 
vide some ambiguities since for this set of channels, the open ocean data cluster (i.e., the 
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line OW) is either along the line OA in Figure 1 orto the left of this line. Furthermore, the 
horizontal channel is more sensitive to layering and other surface effects than the vertical 
channel (Matzler et al., 1984) and in some ice covered areas, the data points fa11 below or 
to the right of the line AD. Both problems are resolved through the additional use of a set 
of channels that utilizes the 18 (or 19) GHz in combination with the 36 GHz channel at 
vertical polarization (thereafter called the V1 836 set). This set provides an even easier dis- 
crimination and a good contrast between the emissivity of ice and water. Although the 
V1836 set provides a good mask for open ocean areas, the additional use of the 22 GHz 
channel significantly improves the effectiveness, as described in Comiso [1995]. The use 
of the V1836 set shows some sensitivity to variations in surface temperature but the error 
introduced is usually less than 3% because the observed standard deviation of ice temper- 
atures is only about 2.5% for snow covered surfaces. As indicated previously, the error is 
minimized through the use of the HV36 set of channels. Further enhancements on the 
algorithrn was done through direct calculation of the temperature of the ice layer that emits 
the observed radiation and the use of the latter to calculate the emissivity of the surface at 
al1 channels. The ice temperature is estimated through the use of the 6 GHz channel data 
at the vertical polarization, as described in Comiso et al. [2003]. The technique provides, 
as expected, a slight improvement in the accuracy of the derived ice concentration but 
allows for the calculation of ice temperature which is an important climate parameter. 
The sequence is to first mask the open ocean as described, land through the use of a digital 
land mask, and landlice boundaries in regions that are not ice covered through the use of an 
algorithm [Comiso et al., 20031. The HV36 data set is then used to quanti@ the ice concen- 
trations in highly consolidated ice regions and the V1 836 set is used for the rest of the data. 

Hemispherical retrievals 
The Arctic and the Antarctic regions are quite different in that sea ice is surrounded by land 
in the Arctic while sea ice surrounds land in the Antarctic. In the winter, the Arctic is basi- 
cally covered by consolidated ice that are more confined, thicker and colder that those in 
the Antarctic. In the Arctic, the ice floes can be as old as 7 years, while in the Antarctic, it 
is rarely the case that an ice floe is older than 2 years, the reason being that the rernnants 
of surnrner ice gets flushed out of the origina1 locations by strong ocean currents (e.g., 
Weddell gyre) during autumn and winter. Also, there is more divergence in the Antarctic 
and no limit in the advance of sea ice in the north because of the lack of a northern bound- 
ary. It is thus not surprising that the seasonality and microwave signatures of the sea ice 
cover in the two hernispheres are different. To account for different physical and radiative 
characteristics, the algorithrn make use of different input parameters for the two regions to 
optimize accuracy. 

Northern Hemisphere 
For climate change studies, long historical records are always desired and this is possible 
for satellite measurements only by combining data from different satellites. It is thus 
important to find out how the new AMSR-E data compare with SSMli data which have 
been the source of continuous sea ice data since July 1987. An exarnple of such compari- 
son is the color-coded ice concentration maps of the Northern Hemisphere derived from 
SSMA and AMSR-E data on 1 1 September 2002 as presented in Figure 2. As indicated, the 
patterns of high and low values of ice concentrations in the two maps are practically the 
sarne and it appears that the desire to produce continuous and consistent record of the sea 
ice cover is fulfilled. There are some differences, as indicated in the differente map of the 
two data sets shown in Figure 2c but the differences are small and within the errors of the 
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Figure 2 - Comparison of ice concentrations derived from (a) SSMII and (b) AMSR-E data and (C) the 
difference between the two retrievals. The color coded maps are from satellite observations on l 1  
September 2002. 

retrieval. The differences are in part associated with the difference in the timing of the 
satellite orbits which is about 4 hours. Within such time, significant changes in the ice 
cover can occur. 
The utility of the AMSR-E data, however, goes beyond extending the data set being pro- 
duced by S S M ,  and other similar sensors. The comparison in Figure 2 is done for the 25 
km grid that has been used as standard for SSMII data. With AMSR-E data, the higher res- 
olution allows for the use of a 12.5 krn grid, using the 18 and 36 GHz channels and a 6.25 
km grid, using the 89 GHz channels only, at two polarizations. The higher resolution grids 
allow for the detection of mesoscale features of the ice cover that are not possible to detect 
using the coarser grids. To illustrate this new capability, Figure 3 shows a comparison of 
Landsat data with retrievals from AMSR-E data using the 6.25, 12.5, and 25 km grids. It 
is apparent that the 6.25-km grid captures the unique features associated with the ice mar- 
gin and the interior of the pack significantly better than the other grids. The 12.5-km grid 
produces a respectable representation of the same features but not as well, while the 25- 
km grid smooth out much of theese features. For many mesoscale process studies in the 
polar regions such as heat and salinity flux studies, as in polnyas and margina1 ice zones, 
the advantage in having the higher resolution grids is obvious. Since fluxes from open 
water and thin ice can be an order of magnitude higher than those of thick ice, ability to 
quanti@ such features accurately is highly desired. For large scale studies, however, the 
advantage may not be that great. More quantitative comparative analysis between co-reg- 
istered Landsat and AMSR-E data yielded correlation coefficients of 0.929, 0.928, and 
0.979 for the 6.25, 12.5, and 25-km data, respectively, which are ail very high but indicate 
that the 25-km grid provide a respectable representation of the large scale features of the 
ice cover. The lower correlation at the higher resolution grids is partly due to imperfect reg- 
istration between the two systems. It is also important to point out that the 6.25 km grid is 
created with the use of only the 89 GHz channels (vertical and horizontal polarizations) 
which are sensitive to atmospheric and surface effects. The 89 GHz data are also most use- 
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Figure 3 - (a) Landsat-7 image at  0.6 pm of the ice cover near the marginai ice zone at the Sea of 
Okhotsk on February 11,2003. Corresponding ice concentration maps from AMSR-E are present- 
ed at (a) 6.25 km grid; @) 12.5 km grid; and (C) 25 km grid. The scaie is such that dark blue rep- 
resents 0% whfle white represents 100% ice concentration. 
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Figure 4 - k e  Concentration maps for Juiy 23, 
2002 derived using (a) the two chamel algorithm 
with the 6 and 36 GHz set of channek, V0636; @) 
the two-channel algorithm with the 18 and 36 GHz 
set of channels, V1836; and (C) the tiwee-chamei 
algorithm using both the sets V1836 and VH36. 

fu1 during clear skies conditions when the 
Landsat surface data are available and 
hence the good agreement. In general, the 
data overestimates the ice concentration 
during adverse weather conditions and it is 
always desirable to compare the retrieved 
89 GHz data with those of the coarser 
grids for compatibility, before using them 
in scientific studies. 

Southern Hemisphere 
The sea ice cover in the Southern Herni- 
sphere can be characterized by a divergent 
and generally loose ice cover in the mar- 
ginal ice zone, some deep ocean polynyas 
and numerous leads within the pack, and 
coastal polynyas near the continent. The 
ice pack is also more vulnerable to winds, 
tides and ocean currents because of the 
lack of a northern boundary and the ice 
concentration distribution can be a lot 
more diverse than in the Northern Herni- 
sphere. Because of the fiequency of the 
calving of big icebergs in recent years the 
spatial patterns in the distribution of ice 
has also changed. The icebergs are much 
more massive than the sea ice cover and 
their drift patterns, if not grounded, are 
very different, causing open water and thin 
ice to form in its vicinity. Also, the emis- 
sivity of icebergs is very different from 
that of sea ice and unless they are masked 
(icebergs are not sea ice floes) the ice con- 
centrations derived in area where they are 
located can be biased. 
Historically, the ice concentrations derived 
for the Southern Hemisphere made use of 
a two channel algorithm that utilizes the 
18 and 36 GHz channels at vertical resolu- 
tion. The 19 GHz channel was used with 
SSM/I data because it provides a better 
contrast in emissivity between the ocean 
and ice than the higher fiequency chan- 
nels. With AMSR-E data, the availability 
of 6 and 10 GHz channels provides data 
with even better contrast between ocean 
and ice. The lower fiequency channels, 
however, have lower resolutions and hence 
the incentive to use the higher frequency 
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channels if possible. Two maps showing ice concentrations from different sets of channels 
in a two channel algonthm for the Southern Ocean are shown in Figures 4a and 4b. The 
map in Figure 4a makes use of the set of 6 and 36 GHz channels at vertical polarization 
(called V0636) while that of Figure 4b uses the 18 and 36 GHz channels at vertical polar- 
ization (V1836). Both maps were generated using the 25 km grid. It is apparent that the 
results are consistent in most areas with both techniques showing the regions of low and 
high concentrations located in basically the sarne regions. In some places, the use of the 6 
GHz channel provides relatively higher ice concentrations which may be associated with 
less sensitivity with surface scattering or smoothing due to larger footprint. Overall, how- 
ever, they provide realistic distribution of the ice cover with reduced concentrations usual- 
ly occurring in expected divergente regions as in the coastal areas of the Ross Sea [Jacobs 
and Comiso, 19891, along the Weddell Sea near the Antarctic Peninsula [Comiso and 
Gordon, 19981, and at the Cosmonaut Sea and the Maud Rise [Gordon and Comiso, 19881. 
The low frequency channels, however, are more sensitive to thin ice than the higher fre- 
quency channels because of longer wavelength and hence greater penetration depths. Thus, 
areas covered by 100% thin ice are usually represented as 80% ice cover if the emissivity of 
this ice type is 20% less than the thicker ice Spes. The additional use of the set of 36 GHz 

6òow 

5 - EOSTerra MODIS Uinrued data on July 23,2002 in the WeddeU Sea. Relativeiy 
high temperature vaìues are in da& gray while low temperature vaìues are in Ilght gray. 
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channels at both polarizations (called VH36) provides the means to get the concentration 
back to 100% since these channels are less sensitive to thin ice. An ice concentration map 
that makes additional use of this set of channels is shown in Figure 4c and indeed, the con- 
centration in the divergence areas covered by thin ice are shown to be higher than those in 
Figures 4a and 4b. As discussed in Comiso and Steffen [2001], there are merits for the two 
different techniques in that the two channel algorithm provides more information about 
thin ice distributions while the three channel version (VH36 and V1836) provides values 
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Figure 6 -AMSR-E brightness temperatures at (a) vertical and b horizontal channels and (C) ice con- 6 ) centration values using AMSR-E and SSMJI data along the 35 W longitude b e  on July 23,2002. 
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closer to the true concentration as depicted by high resolution visible channel data. These 
two data sets are available for use. 
The genera1 characteristics of the ice cover during the same period as recorded in one 
infrared channel of MODIS is shown in Figure 5 (see p.127). In the image, different thick- 
nesses of new and young ice are usually represented by different gray levels (high tem- 
perature) with white (low temperature) representing the thicker ice types. The presence of 
clouds and cloud shadows makes this type of data useless for sea ice studies in some areas 
but where the areas are cloud free, the data provides the means to identify divergence areas 
that are also identified by the 2 channel algorithrns. The open water or new ice near the 
coastlines and icebergs are examples of features that can be identified by the 2 channel 
algorithm but not with the 3 channel algorithm. The coincident EOS-Aqua MODIS data 
may thus provide ancillary data to enhance physical characterization of the sea ice cover. 
The higher resolution AMSR data provide better geophysical parameters in many aspects 
of ice studies. Figure 6 shows values of brightness temperature across the marginal ice 
zone at both vertical and horizontal polarizations for 23 July 2002. It is apparent that 
despite differences in resolution for the different frequencies, the profiles along the ice 
edge are very similar and the brightness temperatures go up at about the same time for al1 
channels. This provides confidence in the quantitative determination of the location of the 
ice margin. 
A similar plot (not shown) for SSMII shows slight discrepancies in the profiles mainly 
associated with the larger footprints and a different side lobes that can slightly alter the val- 
ues at the ice edge. The derived ice concentrations for both AMSR-E and SSMA are shown 
in Figures 6c and indeed, the location of the 15% ice concentration point can be different 
by about 12 to 25 krn. In other locations, the disagreement were not as bad but these results 
indicate that the AMSR-E data provides a new standard for ice data and for assessing the 
quality of ice products derived from other radiometers. The brightness temperatures at 89 
GHz channels are also shown to have very little contrast between ice and water and can be 
very variable within the ice pack. 

Discussion and Conclusions 
The AMSR-E data provide opportunities to study the sea ice cover at higher accuracy and in 
greater spatial detail than ever before. The greater spectral range and higher resolution data 
set will enable more in depth studies of many mesoscale processes that occur in polynyas, 
divergence areas and the marginal ice zones. Comparative studies show a good match of high 
resolution AMSR-E data with those of other satellite data providing confidence that the inter- 
pretation of mesoscale features in the former is indeed accurate. The good matching for 
microwave data from different resolutions also suggests that results from analysis of AMSR- 
E data can be extrapolated to other years using historical data (e.g., SSMII data). Having 
coincident measurements, like those of MODIS and AIRS on board the same satellite also 
provide unlimited possibilities for the study of other processes within the ice pack and inter- 
actions between the ocean, ice and the atmosphere. Two techniques are used in the Southern 
Hemisphere, one allowing discrimination of important polynya and divergence regions with- 
in the pack while the other providing more accurate ice concentration values for al1 ice types 
from new ice to the thick consolidated ice. Although the latter is used as the standard prod- 
uct, having the alternative product provides flexibility of examining features and phenome- 
na that cannot be identified by the other product. Needless to say, it is always prudent to do 
extensive validations for derived data from new sensors to establish absolute accuracy and 
precision. We are, however, confident that the AMSR-E sensor is a big improvement over 
current capabilities as indicated by preliminary results from recent and ongoing carnpaigns. 
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Abstract 
In 2002, two passive microwave radiometers, the Advanced Microwave Scanning 
Radiometer (AMSR) and the AMSR for Earth Observing System (AMSR-E), were 
launched. AMSR radiometers use severa1 frequencies from 6 GHz to 89 GHz, enabling us to 
retrieve sea surface temperature (SST) by using mainly 6 GHz V-p01 (6V). Atmospheric 
effects on 6V are corrected by 23V and 36K Wind speed effects on 6V are corrected by 6 
GHz H-p01 (6H). Anisotropic features of 6V and 6H depend on the relative wind direction 
are corrected by using 36V and 36H. Finally, 6V is converted to SST by applying the theo- 
retical relation between 6V and SST. The averaged root mean square of the differente 
between the AMSR readings and the buoy SST was 0.59"C for AMSR-E over 18 months, 
and 0.74"C for AMSR over seven months. The retrieved SST has no cross-talk with other 
parameters (water vapor, cloud liquid water, wind speed, and relative wind direction). 

Riassunto 
Nel 2002 sono stati messi in orbita due radiometn a rnicmonde multicanale: I'AMSR (Advanced 
Micmwave Scaming Radiometer) a bordo del satellite ADEOS-II e I'AMSR-E (Advanced 
M i m a v e  Scanning Radiometerper IEarth Observing Systern) a bordo del satellite AQUA. Idue 
radiornd72; che hanno uno spettro difiequenzefi 6 GHz e 89 GHz, consentono la stima della tem- 
peratura supef~iale del mare (SST) sopmttutto a 6 GHz in polankzione vd'cale (6v .  Gli @et- 
ti atmosfen'ci a 6V sono stati corretti con l'uso dei canali 23V e 36Rmentre gli e$et di velocità 
del vento su mare sono stati corretti col canale a 6 GHz in polarùzazlazlone orizzontale (6H). Le 
camtterrStiche ankotmpe dei canali 6V e 6H dipendono dalla dimione relativa del vento e ven- 
gono corretti utilizzando i canali a 36 GHz (H e v. InJine 6V è convertito in SST applicando la 
relazione teoricaja 6Ve SST La radice quadratica media della d z f e r e w f i  i dati AMSR e quel- 
li di SST misurati da boa è stata di 0.59"Cper I'MSR-Eper un periodo di 18 mesi e di 0.74"C 
per 1'AMSR per un periodo di 7 mesi. La SST stimata non dà inte?jereme (cmss--tal4 con altri 
pammetn come il vapor d'acqua, l'acqua liquida, la velocità e la direzione relativa del vento. 

Introduction 
Passive microwave radiometers are capable of measuring sea surface temperature (SST) 
under clouds. Usable frequencies for measuring SST range from 4 to 10 GH. It has been 
observed that the sensitivity to low SST lessens as the frequency increases [Hollinger and 
Lo, 19841. The first spaceborne microwave radiometer capable of measuring SST was the 
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Scanning Multichannel Microwave Radiometer (SMMR) carried on Seasat 1 and Nimbus 7, 
both of which were launched in 1978. SMMRs have five frequencies (6,10,18,21, and 37 GHz), 
while the spatial resolution at 6 GHz is 156 by 156 h. Even though SST readings retrieved fiom 
the SMMR on Nimbus-7 were as far off as 1.12"C, it is nonetheless anticipated that future 
microwave radiometers will be valuable in measuring SST, since most of the SST error in this 
case was due to calibration problems unique to the SMMR design [Milman and Wilheit, 19851. 
The second radiometer capable of measuring SST was the TRMM Microwave Imager (TMI) 
on the Tropical Rainfall Measuring Mission (TRMM) launched in 1997. The TMI uses fie- 
quencies of 10, 19, 21, 37, and 89 GHz. The SST accuracy retrieved from TMI 10 GHz is 
much better than that of the SMMR [Shibata et al., 1999; Wentz et al., 20001, and the cited 
results seem to promise accurate SST readings fi-om 6 GHz with future radiometers. 
In 2002, two identica1 microwave radiometers were put into orbit. The first was the Advanced 
Microwave Scanning Radiometer for Earth Observing System (AMSR-E) on the AQUA 
launched by the National Aeronautics and Space Administration (NASA) on May 14, 2002. 
The other was the AMSR on the Advanced Earth Observing Satellite-I1 (ADEOS-11) launched 
by the Japan Aerospace Exploration Agency (JAXA) on December 14,2002; they were both 
created by JAXA. The AMSR and AMSR-E units (AMSRs) use the 6GHz frequency, thus we 
can expect accurate SST readings. Unfortunately, ADEOS-I1 stopped operating on October 
25,2003, due to a failure of an electronic cable from a sola panel. 
This paper will present SST retrieval algorithrns for AMSRs and validations of AMSR SST 
readings, and the detailed contents are as follows: sensor description, SST retrieval algorithm 
(atmospheric corrections, wind effect corrections, and conversion to SST), validations of 
AMSR SST readings, and conclusions. 

Sensors descriptions 
AMSRs are fonvard-looking conically scanning radiometers positioned at a constant-inci- 
dent angle of 55 degrees [Kawanishi et al., 20031. AMSR frequencies are 6.9, 10.7, 1 8.7, 
23.8, 36.5, 50.3, 52.8, and 89.0 GHz; AMSR-E frequencies are the sarne, with the excep- 
tion of 50 GHz. There are two polarizations (V-p01 and H-pol) at fiequencies other than 50 
GHz, but only V-p01 at 50 GHz, and the spatial resolution on the Earth's surface at 6 GHz 
is 40 by 70 km for AMSR, and 43 by 75 km for AMSR-E. The spatial sampling interval 
on the Earth's surface is 10 km at al1 frequencies except for 89 GHz, at which it is 5 km. 
The temperature resolution for a single sample at 6 GHz is 0.42 K (measured at 300 K) for 
both AMSRs. 
In our studies, we used geophysical data (wind speed and direction) fiom SeaWinds on 
ADEOS-11. SeaWinds is a NASA scatterometer operating at 13.4 GHz, and observes the 
Earth's surface at two constant-incident angles of 47 degrees (H-pol) and 55 degrees (V-pol). 

SST Retrieval Algorithm 
We retrieved the SST using 6 GHz V-p01 (6V). In addition to the SST, 6V contains various 
signals related to other parameters. These are (a) atmospheric effect, (b) wind effect, (C) 
salinity effect, (d) land contamination, (e) sea ice contamination, and (f) sun glitter contam- 
ination. Among the first three effects, (C) is minimal and can be corrected by using the 
monthly climate salinity. Effects (a) and (b) are more significant and methods of correcting 
them will be discussed in detail. Contaminations by (d)-(f) are large, so we eliminated con- 
taminated areas as much as possible. In our algorithm, areas missing due to (d) are within 
about 100km of the shorelines, and areas missing due to (0 occur where there is an angle of 
25 degrees or less between the AMSR viewing direction and the sun-glitter direction. In (e), 
the case of sea ice, we elirninated those pixels where it is detected in AMSRs pixels. 



Effects (a) to (C) and contaminations (d) to ( f )  are cornmon to genera1 microwave radiome- 
ters. We did however need to correct other errors specific to AMSRs, including (g) incident- 
angle variation, (h) scan-bias error, and (i) radio-fiequency interferente (RFI). In the case of 
AMSRs, the main cause of (h) is a cold sky mirror blocking a main reflector viewing at the 
rightmost scanning position. A temperature drop of 6V at the rightmost position is - 1 . X  over 
the ocean; at fiequencies other than 6 GHz, no scan bias is discernible. RFI at 6.9 GHz is 
very severe over continents and also sometimes around islands in the ocean. 
In our algorithm to retrieve the SST, an initial SST value is required as one of the inputs. We 
can speci@ this initial SST by either of two methods, climate SST or Reynolds SST; climate 
SST is a monthly average over the past 30 years, while the Reynolds SST is a weekly analy- 
sis [Reynolds and Smith, 19941, that is used more often in our studies. 

Atmospheric corrections 
Atmospheric effects at 6 GHz are mainly due to molecules (water vapor and oxygen) and cloud 
liquid water. These effects can be estirnated by using 23V and 36V; The fiequency of 23 GHz 
is sensitive to water vapor (there is an absorption line of water vapor at 22.235 GHz), while 36 
GHz is sensitive to cloud liquid water. Only V-p01 is used due to its lower sensitivity to ocean 
wind than H-p01 [Shibata, 20031. Figure 1 shows an exarnple of atrnospheric correction for 6V 
(unit; K) at an SST of 20°C, where the horizontal axis is 36Y and the vertical axis is 23Y To 
remove the atmospheric corrections, we subtract these values fiom the AMSR 6V readings. 
We made Figure 1 by using a microwave-transfer model typically applied to one-year Japanese 
aerological observations [Shibata, 19941. The microwave model consists of 60 levels, each 
200 m in depth ranging fiom the surface to 12 h, followed by 18 levels for each 1 km of 
depth fiom 12 to 30 km. Within each level, the microwave signal decays, due to absorption 
by molecules and cloud liquid water, both of which emit microwaves corresponding to the 
ambient temperature. As the first step of sequential calculations, an external microwave of 
2.7 K is taken fiom the cosmos, and the down-welling microwave is calculated for each level 
in the manner described above. At the ocean surface, the microwave is reflected with a reflec- 
tion intensity given by Fresnel's coefficient (r), and emits microwave radiation equal to 
SST*(l-r). For 6V, the value of r depends on SST and is roughly 0.4. The microwave signal in 
an upward direction fiom the ocean surface is calculated in the same manner as the downward 
direction, thus leading to the microwave radiation at 30 km. The values shown in Figure 1 were 
obtained by subtracting the ocean surface radiation (i.e., SST*(l-i.)) fiom the values calculat- 
ed at a height of 30 km, therefore containing differences in atmospheric effects only as well 
as the effects of external microwaves fiom the cosmos. If the external microwaves are taken 
as constant, then the differences are substantiaily due to atrnospheric effects. 
Japanese aerological stations are located between the sub-tropical and sub-arctic regions, and 
the accumulated water vapor content calculated fiom this dataset ranges fiom 3 to 75 KgM 
(or mrn). Values for 23V vary fiom 190 K to 260 K due to these variations in water vapor. The 
cloud liquid water is inserted into the microwave transfer model at heights between 1 and 5 
km, where its values hover between O and 2Kglm2; values for 36V vary fiom 205 K to 260 K, 
mainly due to variations in cloud liquid water. 
Atmospheric effects on 6V are calculated fiom O to 35OC SST at intervals of 5"C, and are 
interpolated for the intermediate SSTs. Figure 1 applies to 6V, and a similar figure is obtained 
for 6H. In rainy conditions, the microwaves at 36 and 23 GHz are scattered by raindrops, and 
such data cannot be considered quantitatively without keeping these scattering effects in mind. 
In our algorithm, the SST is set as missing under rainy conditions, defined as occurring when 
the atmospheric effects on 6V are larger than 6.6 K. (We detennined the values of 6.6 K fiom 
the actual AMSR data.) 



Shibata AMSWAMSR-E SST Algorithm Developrnent 

Figure l - Atmospheric 
effects on 6V at SST = 20°C 
(unit; K). 

Wind effect corrections 
Wind effects are composed of two parts: wind speed and wind direction. To see these effects 
at 6 GHz, we created Figure 2 by combining AMSR with SeaWinds on ADEOS-LI. Figure 
2(a) shows the relation of 6V to relative wind direction; (b) shows the connection between 
6H and to relative wind direction, as well as (C) the comection between 6V and 6H. The units 
of the vertical axis in Figures 2(a) and (b), and of both axes in Figure 2(c) are Kelvin, anno- 
tated as 6V (K). In creating Figure 2, two days of AMSR and SeaWinds data in the global 
ocean were used, for May 15 and 19,2003. The relative wind direction is defined as the rel- 
ative angle between AMSR viewing direction and the SeaWinds wind direction. A relative 
wind direction of 180 degrees corresponds to an upwind direction; 90 and 270 correspond to 
a crosswind; O (and 360) correspond to a downwind. SeaWinds wind speeds fiom 1 to 17 mis 
at 4 m/s intervals are shown in Figure 2. 
The 6V and 6H results shown in Figure 2 were obtained by averaging AMSR 6V and 6H 
(after correcting for atrnospheric effects) against each SeaWinds wind speed and relative 
wind direction. 6V and 6H are independent of SST, Le., dependence on SST is removed by 
subtracting the ocean surface radiation (i.e., SST*(l-r)) fiom the AMSR 6V and 6H read- 
ings. The root mean square (rms) of deviations fkom each averaged value for 6V was 0.5 K 
under wind speeds of 9 mis less, 0.8 K at 13 mis, and 1.0 K at 17 mis. 
In Figures 2(a), it can be seen that although 6V does not change under wind speeds of 1 and 
5 mis, it does increase at higher wind speeds, varying with the relative wind direction at wind 
speeds exceeding 9 mis, reac!ing a maximum in the upwind direction and a minimum in the 
downwind direction. The difference between the maximum and minimum values is 1.5 K at a 
wind speed of 13 mis. In Figure 2(b), it can be seen that 6H increases even at small wind speeds 
such as 1 mls, and varies with the relative wind direction at wind speeds higher than 9 m/s, to 
then reach a maximum in the crosswind direction, and a minimum in the upwind and down- 
wind directions. 
Anisotropic features depending on the relative wind direction are slight but observable at 7 d s ,  
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Figure 2 - (a) 6V versus relative wind diiection, (b) 6H versus rel- 
ative wind direction, (C) 6V versus 6H. Relative wind direction is 
determined by SeaWinds, and also numbers from 1 to 17 shown 
in (a) and (b) are wind speeds from SeaWinds. 
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although the results in Figures 2(a) and (b) are shown for wind speeds at 4 mls intervals. Those 
anisotropic features become more significant at higher fi-equencies such as the 37GHz used for 
the Special Sensor Microwave / Irnager (SSMO) [Wentz, 19921. 
In Figure 2(c), it cm be seen that 6V does not change over a range where by 6H is less than 3.8 
K = (z0), and that both 6V and 6H increase above z0. The slope of 6Vl6H (designateci as sp) 
ranges from 0.5 to 0.7 (0.5 corresponds to the downwind direction; 0.7 corresponds to the 
upwind direction; values for the crosswind direction are intermediate). From Figure 2(c), we cm 
calculate the arnount of wind effect on 6V (designateci as inc-6V) as shown in Equation [l]. 

inc-6V = O for 6H less than z0 
= (6H - z0) * sp for 6H greater than z0. [l] 

To avoid SST errors under very high wind speeds, we counted the SST as missing when 
6H exceeded (z0+9). 
To determine sp, the relative wind direction from the AMSR data must be known. Figure 3 
shows a method for determining the relative wind direction, where the vertical axis is 6H and 
the horizontal axis is S36, S36 being derived from 36H and 36V, as shown in Equation [2]: 

S36 = ( 36H - sh( 36V - 208 ) - k ) l atmos-corr, 
atmos-corr = 1 - (36V-208)/250, 

where s and k are constants depending on SST, and atmos-corr is the atmospheric correc- 
tion. Values of s and k are shown in Table 1, for SST values from O to 35OC, taken at 5°C 
intervals. S36 represents the wind speed equivalence at 36 GHz. A physical interpretation of 
Equation [2] is given in [Shibata, 20021. 
As mentioned above, anisotropic features are much more significant at higher frequencies, 
Le., S36 has larger anisotropic features, and 6H has smaller ones. In Figure 3, the relative 
wind direction determined by SeaWinds is shown for three cases: upwind, crosswind, and 

----- c r o s s  

down 

---------- UP 

Figure 3 - 6H versus S36 (unit; K). 
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Table 1 - Values of coefficients s and k for SST from O to 35 O6. 

downwind directions, and it is seen that the relative wind directions are separateci from one 
another outside a range of around 4K to 6H. Within that range, the three directions overlap 
one another. 
The results from Figure 3 indicate that we can determine the relative wind direction by com- 
bining 6H and C36, i.e. by measuring the distance from a point of (6H, S36) to the crosswind 
curve, and normalize it to a value between -1 and 1 (designated as dd; see Figure 3). A value 
of -l corresponds to upwind, O to crosswind, and 1 to downwind. The coefficient sp ranges 
between 0.5 and 0.7, and can be expressed as shown in Equation [3]: 

sp=0.57-0.13*dd -1 <dd<O forupwind 
= 0.57 - 0.07*dd O < dd < 1.0 for downwind 

In summary, the sequential steps for wind-effect corrections are as follows: (a) calculate 
S36 using Equation [2], (b) measure dd, (C) calculate sp using Equation [3], (d) calculate 
inc-6V using Equation [l], and subtract inc-6V from the AMSR 6V. 

Conversion to SST 
At this point, once the 6V has been corrected for atmospheric and wind effects, we now 
retrieve the SST fiom this 6\5 by using the connection between 6V and SST. Figure 4 shows 
this relation (here, 1OV is shown in comparison with 6V3. 
The curves shown in Figure 4 were obtained by using the Fresnel formula, with an incident 
angle of 55.0 degrees, and a salinity of 3.5%. The complex dielectric constant of the mecui 
water was obtained fiom [Klein and Swift, 19771. Since the complex dielectric constant 
seems to be not quite perfect, we have made some small adjustments to the theoretical vai- 

Figure 4 - Relation of 6V to SST. 10V is also shown. 
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Figure 5 - Locations of buoys for collocated data set from October 1,2002. 

ues for 6V, which were increased in cases with lower SST values (e.g., -0.5 K at SST 0°C; 
0.0 K at SST 30°C). 
In most cases, the AMSR SST is obtained fiom 6X In rare cases, such as in areas where RFI 
are experienced at 6 GHz, the AMSR SST was obtained from lo\! The 10V SST was 
retrieved only at 10°C and higher, because the sensitivity of 10V to the SST is very weak 
below 10°C, as seen in Figure 4. The atrnospheric and wind-effect corrections for 10V are 
similar to those for 6V. 

Validations of AMSRs SST 
We have compared the AMSR SST readings with buoy SST measurements made in the glob- 
al ocean; data are collected through the Global Telecornrnunications System (GTS), and 
include data from both moored and drifting buoys. Figure 5 shows an example of buoy loca- 
tions for the collocated data set from October 1,2002, where the number of matched obser- 
vations is roughly 800 per day, and the number of buoys is roughly 500 per day. 
In order to compare the SST measurements ofAMSRs and buoys, we averaged the AMSR SST 
within each 3 by 3 pixel area. Cases were omitted in which the differente between maximum 
and minirnum AMSR SST was larger than 3°C within the 3 by 3 pixels, as well as in the cases 
where the absolute differences between the AMSR and buoy SST was greater than 4°C. 
Figure 6 compares results for AMSR-E fiom October 2002. The four cases shown corre- 
spond to ascendingldescending orbits and northernlsouthern hemispheres, the rms of the 
differences ranging from 0.53 to 0.59"C. There are roughly 3000 matched observations 
satisfiing the above conditions for each case. Table 2 shows a time sequence of monthly 
rms for AMSR-E covering 18 months beginning in July 2002, in which averaged rms over 
the 18 months was 0.59"C. Similarly, Table 3 shows a time sequence of monthly rms for 
AMSR covering seven months beginning in Apri1 2003, in which averaged rms over the 7 
months was 0.74"C. 
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Figure 6 - Scatter plots of AMSR-E and buoy SST in October 2002. (a) ascending I Northern H., (b) 
descending I Northern H., (C) ascending 1 Southem H., (d) descending I Southern H. 

We checked for cross-talk of the SST readings with four parameters: accurnulated water 
vapor content (WV), accurnulated cloud liquid water content (CLW), wind speed, and rel- 
ative wind direction. The first two were retrieved from AMSR-E using my own algorithm 
[Shibata, 19941, while the latter two were fiom buoys, over the period covering the three 
months from October to December 2002. Figure 7(a) shows the SST difference versus WV, 
whereby the SST difference is defined as the AMSR-E SST minus the buoy SST, with a 
range fiom -1 C to 1 C. The range of WV is from O to 70 mrn. In Figure 7(a), there was no 
cross-talk with WV, while Figure 7(b) shows the SST difference versus CLW. The range of 
CLW is from O to 0.6 rnm, again showing no significant cross-talk. Figure 7(c) shows the 
SST difference versus wind speed, in which range of wind speed was from O to 15 mls. 
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Table 2 - Time seauence of rms for AMSR-E SST (unit: 'C). 

Table 3 - Time sequence of rms for AMSR SST (unit; OC). 

Under low wind speeds (less than about 2 d s ) ,  a large positive bias was found, i.e., the 
AMSR-E SST was higher than the buoy SST. One cause of this bias is that the ocean surface 
is heated by the sun under weak wind speeds, thus explaining how above about 2 mls there 
was no significant cross-taik with wind speed. Figure 7(d) shows the SST differente versus rel- 
ative wind direction. There was no significant cross-talk with relative wind direction. 
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Figure 7 - Cross-talks of AMSR-E SST with other parameters. (a) Water vapor, (b) 
cloud liquid water. The comparison period is from October to December 2002. 
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Conclusions and Discussion 
We have developed algorithms to retrieve the SST using 6V from AMSRs, with an emphasis on 
methods for correcting for atmospheric and wind effects on 6V: The atmospheric effects at 6GHz 
are mainly due to water vapor, oxygen, and cloud liquid water. 23V a d  36V ftom AMSRs ape 
used for the atmospheric corrections. The wind-speed effects on 6V are corrected by using 6H. 
Since the wind corrections have anisotropic features (i.e., features ihat depend on the relative wind 
direction), S36 is used as an additimal parameter, S36 being denved from 36 GHz. Finally, 6V is 
comated to SST by applying the theoretical relation between 6V and SST. We have compared 
AMSR SSTs with buoy SSTs. The avemged rms of diffemce between AMSRs and buoys SST 
was 0.59"C for APUISR-E over an 18-month period, and 0.74"C for AMSR over seven months. 
Furihermore, there was no significant cross-t& betwwn AMSR-E SST and other pmeters:  
wakr vapor, cloud liquid water, wind speed, and relative wind dktion.It is noticed that the 
AMSR e m r  rms is slightly worse than that of AMSR-E. One possible explanation for this dif- 
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ference may be that the AMSR brightness temperature is slightly different from that of AMSR- 
E. An error in 6H in the order of 0.1 K causes a SST error of around 0. 1°C, and a 6V error of 0.1 
K causes a SST error of around 0.2"C. We believe that additional efforts should be made to 
irnprove calibration for brightness temperature. For further development of AMSR SST algo- 
rithms, the following points should be taken into account. (a) The 10 GHz AMSR data have not 
been considered. Even though the temperature resolution for 10 GHz (0.63 K) is worse than 6 
GHz (0.42 K), the spatial resolution for 10 GHz (29 by 5 1 h )  is better than for 6 GHz (43 by 75 
km). Spatiai enhancement could be achieved by using 10 GHz. RFI is sometimes at 6V observed 
mund islands in the ocean, such as Hawaii or the Miyake Islands. It is very difficult to eliminate 
RFI using only 6V: It may be possible to remove RFI by using a combination of 6V and 10V (b) 
Anisotropic features for 6V and 6H can be corrected by using AMSRs at 36 GHz. For the AMSR 
on ADEOS-11, it is also possible to use SeaWinds to obtain the wind direction, and may be valu- 
able to compare SST accuracies achieved when using AMSR 36 GHz and when using SeaWinds. 
(C) Onset (zO) and slope (sp) were determined fiom the globai data, the values of which coefi- 
cients may change under different oceanic conditions, such as air-sea temperature differences and 
swells. The values of zO and sp should be checked on an individua1 basis. 
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Abstract 
In this paper an algorithm for the physical-statistica1 retrieval of total column precipitable 
water (TPW) from satellite-based microwave radiometers is described. Atmospheric trans- 
mittances at frequencies of 18.7 GHz, 23.8 GHz, and 36.5 GHz are derived from brightness 
temperatures (TBBs) in the vertical and horizontal polarization states by using sea surface 
emissivity calculated from sea surface temperature and sea surface wind speed. The TPW is 
then estimated through precipitable water index (PWI) derived from atrnospheric transmit- 
tances. The algorithm is calibrated with TBB - radiosonde match-up data-set - and the cali- 
bration includes surface wind correction of sea surface emissivity calculation and non-linear 
conversion from PWI to TPW. A validation shows that the accuracy of the TPW product is 
about 2.5 kgim2. The water vapor algorithm is one of the AMSR and AMSR-E standard 
products distributed by the Japan Aerospace Exploration Agency (JAXA) and is also used in 
numerica1 weather prediction at the Japan Meteorological Agency (JMA). 

Riassunto 
In questo articolo si sviluppa un algoritmo per la stimajìsico-statistica della colonna totale 
dell 'acqua precipitabile (TPW) da radiometri a microonde installati su satellite. La trasmit- 
tanza atmosferica alle frequenze di 18.7 GHz, 23.8 GHz e 36.5 GHz è ricavata dalle tempe- 
rature della brillanza (TBBs) in polarizzazione verticale e orizzontale, utilizzando l'emissi- 
vità della superficie del mare calcolata in base alla temperatura supe$ciale del mare e alla 
velocità del vento sulla superficie del mare. Successivamente, si stima il TPW mediante l'in- 
dice dell'acqua precipitabile (PWI) ricavato dalla trasmittanza atmosferica. L'algoritmo è 
calibrato con TBB, un set di dati di riferimento da radiosonda; la calibrazione comprende la 
correzione del vento di superficie nel calcolo dell émissività della superjìcie del mare e la 
conversione non lineare da PWl a TPW Una validazione mostra che l'accuratezza del pro- 
dotto TPW è di circa 2.5 kg/m2. L'algoritmo del vapor d'acqua è un prodotto standard di 
AMSR e AMSR-E distribuito dalla Japan Aerospace Exploration Agency (JAX4) e viene 
anche utilizzato nelle previsioni atmosferiche della Japan Meteorological Agency (JMA). 



Takeuchi et al. A total column precipitable water algorithm for AMSR and AMSR-E 

Introduction 
The Japan Meteorological Agency (JMA) has operated geostationary meteorological satel- 
lites since 1978 and has provided satellite pictures for timely, accurate and reliable weath- 
er information. Up to now, various Research and Development (R&D) satellites have been 
launched or are scheduled to be launched in addition to already operational meteorologi- 
cal satellites. Data from R&D satellites greatly improved numerica1 weather prediction 
(NWP). For example, sea surface wind data from QuikSCATISeaWinds have been used in 
the operational NWP model since May 2003. 
Microwave radiometers, such as the Special Sensor Microwave Imager (SSMII) and the 
Tropical Rainfall Measuring Mission Imager (TMI), provide valuable data about total col- 
umn precipitable water (TPW) and rain rate (RR) over the ocean, data which was scarce 
up to now; therefore, JMA has been developing an assimilation system for the microwave 
radiometers. 
The Advanced Microwave Scanning Radiometer for EOS (AMSR-E) near real-time Level 
1 B data on the Aqua satellite, launched on May 4,2002, have been distributed by the Japan 
Aerospace Exploration Agency (JAXA) / Earth Observation Center (EOC) since June 19, 
2003 [Shibata et al., 20031. The near real-time AMSR-E data ingested by JMA / 
Meteorological Satellite Center (MSC) have been transmitted to the NWP assimilation sys- 
tem and the data quality was investigated for the NWP application. In addition the Advanced 
Microwave Scanning Radiometer (AMSR) Level l b  data on the Advanced Earth Observing 
Satellite I1 (ADEOS-11), launched on December 14, 2002 have been distributed by JAXA 
since December 24,2003. 
One advantage ofAMSIUAMSR-E over SSM/I and TMI is the high spatial resolution with 
10 km for lower frequency channels [Kawanishi et al., 20031, which is comparable to the 
operational Meso-scale Mode1 (MSM) in JMA. AMSIUAMSR-E can thus resolve cloud- 
bands and rainbands along the front and around the typhoon [Takeuchi et al., 20041. 
Another advantage of AMSIUAMSR-E is local observation time around late morning and 
early aflernoon, while the local observation time of SSM/I is early morning and that of 
TMI is unfixed; the difference in local observation times increases the observation fre- 
quency, as well as fills in the gaps of data coverage at an analysis time for the NWP model. 
Such advantages will bring about improvements in NWP model performance and forecast 
accuracy. 
JAXA issued its first research announcement in 1995 describing development of algo- 
rithrns for retrieving AMSRIAMSR-E products [Shibata et al., 20031. After comparing 
performance of candidate algorithms developed by Principal Investigators (PI's), our algo- 
rithm was selected as the TPW standard algorithm. 
In this paper, the formulation of the water vapor algorithm is discussed as well as its the- 
oretical background. Next, the algorithm implementation for AMSR and AMSR-E is 
described; major subjects include input data, its quality check, estimation of sea surface 
emissivity, weather categories criteria, and some quality flags. In the following sections, 
we describe the calibration and validation of the algorithm with a match-up data set of 
AMSWAMSR-E observation and RAOBs. Validation using a numerica1 weather predic- 
tion model is also described. 

Formulation of the TPW algorithm 
This section describes the formulation of the water vapor algorithm. This algorithm is a 
kind of physical-statistica1 method and is based on a theoretical microwave radiative trans- 
fer model in order to simulate emission and absorption by atmospheric gas (i.e., water 
vapor, oxigen and ozone) and emission and reflection at sea surface [Takeuchi et al., 20021. 



Rivista Italiana di TELERILEVAMENTO - 2004, 30131: 143-157 

Such a simplified theoretical model does not describe absorption and emission of liquid 
and solid water pariicles (i.e., rain and snow) or the dependency of reflectivity and emis- 
sivity on sea surface wind speed. However, these dependencies of atmospheric absorption 
and emission on temperature, and the dependency of sea surface reflectivity and ernissiv- 
ity on sea surface temperature are not completely described by the model. These effects are 
considered statistically with the match-up data set of RAOBs and brightness temperatures 
of microwave radiometers. 

Frequencies and polarization in the algorithm 
This TPW algorithm uses brightness temperatures of 19 GHz, 24 GHz, and 37 GHz channels 
at vertical and horizontal polarizations since those channels are not detered by scattering of 
cloud particles, although the scattering effect is remarkable at the 89GHz channel. The TPW 
algorithm relies on the differente of brightness temperatures due to polarization, i.e. vertical 
and horizontal, and highly depends upon the fiequency due to the arnount of water vapor. 

Inversion procedure 
The TPW algorithm is based on a model where by a single-layer atmosphere and the sea 
surface are considered as shown in Figure 1. The model atmosphere includes water vapor 
and cloud liquid water as absorber and emitter at microwave region and sea surface is 
assurned as the Fresnel reflection surface. T, is the square of atmospheric transmittance at 
a given fiequency and at a satellite zenith angle (ils. T, is vertical mean temperature of 
atmosphere at the frequency and Os defined as 

where TBB is brightness temperature of microwave radiation emitted fiom atmosphere 
along the path without background such as sea surface. 
In genera1 T, and T, depend on vertical profiles of temperature, water vapor and cloud liq- 
uid water. Our algorithm ignores the dependency of T, and T, to polarization; the depend- 
ency can be detected only in heavy rain regions where non-sphere rain particles show a 
weak polarization effect at higher frequencies. 

I AMSRIAMSR-E I 
l f f f  T4 

Ocean surface 

I I . ,. brightness temperature, $: satellite zenith angle, 
I l  I atmos~heric tem~erature. T.: atmos~heric transmittance. , , 

Figure Ovewiew of radiative in temperature, V,: sea surface wlnd speed, 
single-layer atmosphere and sea surface used 
in the TPW algorithm. sw,, emissivity of sea surface 
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To be exact, T, also depends slightly on the direction of radiation transfer, i.e. upward or 
downward, due to inhomogeneity of temperature and water vapor along the path. In our 
algorithm, we define T, as the average of T, for upward path and T, for downward path. 
esv and eSH are sea surface emissivity for vertical and horizontal polarization, respective- 
ly. ESV and eSH depend on frequency, SST, wind speed Vs and Os. 
By using the single-layer model, brightness temperatures observed at the top of atmos- 
phere at a frequency is given as 

where the first term of the right-hand side of Equation[2] defines the upwelling atrnos- 
phere emission equivalent to TBB in Equation [l], the second term is surface emission, and 
the third corresponds to the downwelling radiation emitted by the atmosphere [e.g. 
Stephens, 19941. Downwelling cosmic background radiation is ignored in Equation[2]. 
In order to facilitate TWV retrieval Equation [2] is rewritten as 

where the vertical mean temperature of atrnosphere-sea surface system ayH is defined by 

From Equation [3] and Equation[4], T, for 19,24 and 37GHz can be calculated in the fol- 
lowing manner: 

1) esw is calculated from frequency, SST, Vs, and €5, Details of the calculation are 
described in the following section; 
2) Initial value of T, is set. 

T, = exp (-0.2) 

3) T, can be approximated as a function of T, and atmospheric temperature at 850 hPa 
(Ts5); in practice, T, is determined by a two dimensional look-up table described in the 
section of calibration. 

4) aVH is calculated by Equation [4]. 
5) T, is calculated using the formula derived from Equation [3]. 

6) From 5), two T, values are calculated both for vertical polarization and horizontal polar- 
ization, then a new T, is calculated by taking square root of the product of TrV and TrH 
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7) Step 3) through 6) are repeated unti1 T, value is converged. Usually, this iteration cal- 
culation is stable and converges within a few iterations. 

When T, is obtained, the optical depth of atmosphere z along the path is calculated from 
T, as follows: 

z = -0.51n(Tr) [91 

The z is also represented as the surnmation of optical depth of water vapor, cloud liquid 
water and dry air, 

where TP W is total water vapor content (kglmz), LWC is total cloud liquid water content, 
k,, is vertical mean absorption coefficient of water vapor, kL is vertical mean absorption 
coefficient of cloud liquid water, tdry is optical depth of dry air in vertical. k,, and kL depend 
on vertical profile of temperature, water vapor and cloud liquid water and frequency. To 
eliminate LWC fiom Equation [lo] at least two frequencies with different absorption prop- 
erties were used. For AMSR and AMSR-E the 24 GHz channel is more sensitive to water 
vapor than the 19 GHz channel, and both channels are less sensitive to liquid water parti- 
cles, so the combination of channels is mainly used to retrieve TP W. When transrnittance 
at 19 GHz and 24 GHz is denoted as TrI9 and respectively, TPW can be calculated by 
the following formula: 

Unfortunately, it is difficult to calculate kv and kL theoretically because kV and kL depend 
on the vertical profile of temperature, water vapor and liquid water. To avoid the compli- 
cated theoretical calculation in Equation [l l], a precipitable water index (PWI) is intro- 
duced into our algorithrn as a linear combination of ln(Tr19) and ln(Tr2,). A small contri- 
bution from dry air is considered in conversion from PWI to TPW. In addition, we intro- 
duce a cloud liquid water index C M  to include the residua1 cloud liquid water effect unex- 
plained by the linear combination of ln(Tr19 ) and ln(Tr24) as follows: 

It should be noted that CWI is equivalent to twice the differente between optical thickness 
at 37GHz and 19GHz along the path so CWI includes not only cloud liquid water contri- 
bution but also water vapor and dry air contributions. 
In conclusion, PWI is calculated by 

PWI = fln(Tr19) - l r~(T,~~)  + $W1 

where a coefficient p and a constant yis determined in advance and thereafter PWI is con- 
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verted to TPW by interpolation of a look-up table prepared in advance. How to determine 
p and yand to make the look-up table are described in the section on calibration. 
In the case of heavy rain, TPWcan be corrected by THldTn9 to include the emission effect 
of rain particles [Takeuchi and Kurino, 19971. Details are described in the next section. 

Algorithm implementation for AMSR and AMSR-E 
This section describes severa1 issues, including retrieval area, input data, quality check, sea 
surface emissivity, and weather category, related to implementing the algorithm for the 
AMSR and AMSR-E Level 2 standard products of integrated water vapor. 
The algorithm is identica1 to both instrurnents. However, look-up tables and coefficients in 
the algorithms are optirnized for each instrument to assure the consistency of TPW prod- 
uct between AMSR and AMSR-E. Though the algorithm was originally developed for the 
AMSR and AMSR-E standard products, the algorithm can be applied not only to the 
AMSR and AMSR-E but also to the SSWI and TMI by modifiing the centra1 fiequencies 
and replacing some look-up tables and coefficients. 
Some quality flags are included in the product, indicating the categories of clear, cloudy, 
heavy rain, and low quality. Data qualities of the product in categories other than clear are 
inferior to that of clear category. Therefore, users are recommended to select the data based 
on their needs. Figure 2 demonstrates the block diagram sumrnarizing the main steps of the 
TPW retrieval procedure. 

Retrieval areas 
TPW is retrieved over global oceans not including sea ice. Land area are masked out by 
using land-ocean flag information based on the GTOP030 database [Gesch and Larson, 
19961. Sea ice area are excluded by refkrrhg to the AMSR and AMSR-E Level 3 sea ice 
concentration product. In addition, retrieval is not performed in regions where sea surface 
wind speeds exceed the value of 20 m/s or the input brightness temperatures are of poor qual- 
ity. Retrieval may be performed over large lakes. 

Input data 
Input data for the algorithrn include brightness temperatures of 6 channels, i.e. 19 GHz V/H, 

t i m u w b r k l r  
a, T,, Vs 7 Ancihry &ta 
&. - Coefficient 6 in Eq.[16] 

- Coefftcients fl, y in Eq.[15] 
PW Wafer vapor confenf index 
4.- Look-up table PWl to TPW 

TPW Tofal colurnn precipifable wafer 
4- Heavy rain correction Eq.[18] 

TPWco, 

Figure 2 - Block diagram of the 
TPW algorithm. Red colored vari- 
ables denote obsewation data, blue 
for ancilìary data, light blue for 
coefficients and look-up tables 
determined in advance, and black 
for key variables in the algorithm. 
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24 GHz V/H, 37 GHz V/H, observation time, latitude and longitude, and the satellite zenith 
angle (Os), here, V and H denote the polarization. 
During the retrieval, sea surface wind speeds (Vs), 850 hPa air temperatures (Tg5), and sea 
surface temperatures (SST) are used as ancillary input data. Vs and T85 are obtained by inter- 
polating (in space and time) the global analysis (GANAL) and 6 hour forecast data provided 
by the Japan Meteorological Agency (JMA) [JMA, 20021, 
At three-day average of AMSR Level 3 SST is used as SST ancillary information. 
Climatological SST values are used as an alternative in the regions where the AMSR Level 3 
SST is not available (e.g., near coast lines). 

Quauty check of the AMSR andAMSR-E brightness temperaiure data and anculary daia 
A broad quality check is applied to the AMSR and AMSR-E brightness temperatures, i.e. 
TVl9, TH19, Tn4, Tm4, Tn7, and TH37, and the differences for some pairs of channels, i.e. 
TV19-%19, Tn4-Tm4, Tn7-Tm7, Tn4-TV19. If the check fails, then the quality flag 'bad 
TBB' 1s added. 
Then a sequence of checks is applied to the ancillary data, namely sea surface wind speed 
(Vs), sea surface temperature (SST) and atmospheric temperature at 850hPa (Tg5). Gale 
force wind areas over 20 mls and erratic SST areas out of the range from -2 to 35 degrees 
C are checked off. 
If Tg5 of ancillary data set is out of the range from 200 K to 300 K, a default value Tg5 = 
SST - 10 K is used for the retrieval since the algorithm is insensitive to Tg5. 

Calculation of sea surface emissiviS, 
The emissivity of a flat sea surface at 19 GHz V/H, 24 GHz V/H, and 37 GHz V/H is 
calculated from the frequency, SST, and Os theoretically with the formula of Fresnel reflec- 
tion [e.g. Janssen, 19931, 

2 

.sw cos Bs - Jm 
E,,, cos Bs + 

where the complex relative dielectric constant E, is derived from the pure-water mode1 
given as a function of temperature and frequency by Ray [1984]. 
To include the major dependency on Vs and the minor dependency on SST into sea surface 
ernissivity calculation, the following formula is introduced based on a comparison between 
E * ~  and emissivity estimated from AMSR / AMSR-E observation: 

&iH = 1 - 

where &*SH and are theoretically calculated sea surface emissivity, and il is given by a 
two-dimensional look-up table with SST and Vs, and 6is a constant. The pararneters il and 
6 are determined statistically in the calibration of the algorithm. 

c0sBs - E, -SII1 BS 

cos Bs + ,,/m 

Calculation of cloudiness index tu decide clear, cloudy, and rain category 
Cloud and rain are major factors affecting the accuracy of water vapor retrieval; therefore, 
cloudy and rain flags as well as clear flags are added to each retrieval. These weather cat- 
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egories are decided with TVl9 and a cloudiness index. The cloudiness index is calculated 
by the formula: 

CCI = h ('V19 -'H19)('Si'37 - ' ~ ~ 3 7  ) 
('SV19 -'SH19)('V37 -'H37) 

Note that CCI is a simplified index of CWI in Equation [l21 and does not need the T, cal- 
culation in 3) through 6) of the prior section. CCI is also used for quality check of AMSR 
and AMSR-E brightness temperatures; if the CCI is less than -0.05, the flag 'bad TBB' is 
added. The weather categories are decided as follows: 

If TVl9 is larger than 240 K, the retrieval is regarded as rainy condition; 
If TVl9 is less than 240 K and CCI is larger than 0.2, the retrieval is regarded as cloudy 
condition; 
If Tn9 is less than 240 K and CCI is less than 0.2, the retrieval is regarded as clear con- 
dition. 

For rea1 data, the proportion of each category is 90% for clear category, 9% for cloudy cat- 
egory, and the remainder for rain category. 

Calibration of the algorithm 
This section describes the procedure used to construct severa1 look-up tables and coeffi- 
cients in the TPW algorithm based on a match-up data set provided by JAXA; the match- 
up data set includes the AMSRIAMSR-E brightness temperatures, temperature and humid- 
ity profiles of RAOBs, and their profiles in GANAL analysis provided by JMA. The data 
periods are from July 2002 to March 2003 for AMSR-E and from May 2003 to October 
2003 for AMSR, respectively. 
RAOBs are operationally observed by worldwide meteorologica1 agencies and shared 
through the Global Telecornmunication System (GTS). The match-up criteria are the dis- 
tances of 100 krn between sonde site and AMSR-E field of view and the time difference 
of 180 mins. To diminish calibration error caused by brightness temperature fluctuation, 
due to the inhomogeneity of temperature and water vapor around the sonde site, the AMSR 
1 AMSR-E brightness temperatures at a maximum of 30 fields of view (FOVs) correspon- 
ding to the distance criteria of 100km are matched-up with RAOBs. 
Figure 3 shows an example of the RAOB site distribution obtained in a day. The figure 
only shows the observations at small islands and ships where the AMSRIeSR-E 
retrievals are available. 
Great care must be taken in producing the match-up data set as it is essential to satisfy the 

Figure 3 - Distribution of the RAOB sites used in the validation for AMSR 
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accuracy requirement of the AMSR TPW, i.e. 3.5 kg/m2, in the algorithm; well checked 
RAOBs, brightness temperature data, and good collocation data should be selected. 

Look-up table of sea surface emissivity correction on sea surface temperatures and 
sea surface wind 
Since our algorithm relies on the accurate estimation of sea surface emissivity in the cal- 
culation of T,, the emissivity calculated theoretically from SST and frequency is precisely 
corrected with a coefficient A to include the effects of sea surface wind and sea surface 
temperature as described in the prior section. The coefficient A introduced in Equation [l51 
is calculated with the match-up data set including temperatures and water vapor profiles 
of RAOBs, sea surface temperatures, sea surface winds and AMSRIAMSR-E brightness 
temperatures at each frequency as follows: 

where TV and TH are observed brightness temperatures of AMSR / AMSR-E, and ~ Y H  
defined in Equation [4] is given by using E * ~ ~ ~  instead of ESYH for horizontal and vertical 
polarizations respectively as follows: 

I;n 

av,H = T, + (SST - T,) ' S V , H  d l r  

lwzJT.1 
It should be noted that the approximation of by &*sVH does not greatly affect the esti- 
mation of aYM The results are compiled into a two-dimensional table with SST and Vs. 

Look-up table to calculate T,fiom Ta5 and T, 
The vertical mean temperature of atmosphere T, and the square of atmospheric transmit- 
tance at a frequency T,. are calculated with a multi-layer radiative transfer mode1 for non- 
scattering atmosphere, the temperature and water vapor profiles of which are given by 
RAOBs in the match-up data set; the profiles are given not only at mandatory levels but 
also at significant levels. The results are compiled as a two-dimensional look-up table to 
get T, from TS5 and T,. Absorption coefficients of water vapor, oxygen, and ozone in the 
radiative transfer calculation are referred to Janssen [l 9931. 

Coeflcients p and yfor PWI and coefJicient d for sea surface emissivity calculation 
The coefficients P and y in Equation [l 31 and the coefficient 6 in Equation [l 51 are deter- 
mined simultaneously so that the correlation between PW7 calculated from AMSR / AMSR- 
E brightness temperature and TPW calculated from RAOBs in the match-up data set takes its 
maximum value. Since it is revealed that P depends strongly on SST, P is assumed as a func- 
tion of SST; P takes the respective constants at SST of 0, 16,24,28, 30 degrees C and P at 
any SST is given by interpolating those constants. The binary search scheme is used to deter- 
mine p at each SST and y iteratively. 

Look-up table from PWI to TPW 
The look-up table from PWI to TP W is designed so that the probability density function of 
TP W derived from AMSR 1 AMSR-E retrievals is equivalent to that of TPW calculated 
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from RAOBs. This table allows weak non-linearity between PWI and TPW and enables the 
retrieved TPW to have extreme value in some cases. 

CoefJicients for heavy rain correction to TPW 
Because rain effect is not included in the formulation of our algorithm, it should be dealt 
with an empirical correction. In the case of the rainy category, TPW is corrected with 
THldTv19. Takeuchi and Kurino [l9971 proposed the coefficients for heavy rain correction 
for SSMA as follows: 

If THldTV19 is less than 0.884, TPWm = TPW-1.51. 
If THldTV19 is more than 0.884, 

-- TH19 0.884 
'P 

TPWm = TPW + '"l9 x16.5-1.51 
0.960 - 0.884 

Coefficients for heavy precipitation correction in Equation [l91 are estimated with the 
match-up data set between RAOB TPW and AMSWAMSR-E brightness temperature. 
Unfortunately, the statistically reliable coefficients have not been obtained for AMSR and 
AMSR-E up to now due to an insufficient sarnple nurnber for rainy category in the match- 
up data set. As a result, for the FOV classified as the rain category, the retrieved TPW is 
neither corrected nor distributed. 

Validation of the algorithm 
This section reports the validation results of AMSR and AMSR-E TPW products. Those 
products are validated against TPW calculated from RAOBs. The match-up data set of the 
AMSWAMSR-E products and RAOBs are produced by JAXAtEORC and provided to 
algorithm researchers. The match-up data set includes the AMSRIAMSR-E TPW 
retrievals, temperature and humidity profiles of RAOBs, their profiles in GANAL analy- 
sis provided by JMA. The match-up criteria for validation are the same as that for calibra- 
tion. Consistency in quality checks for RAOBs in the match-up data set for calibration and 
that for validation is essential to evaluating the algorithrn correctly. The distribution of the 
RAOB sites used in the validation is shown in Figure 3. The validation data periods are 
January 2003 and July 2003 for AMSR-E and April 2003 and July 2003 for AMSR, respec- 
tively. Validation of AMSR-E in January 2003 and that of AMSR in April 2003 are depend- 
ent on the match-up periods for calibration, whereas others are independent. 
The most important issue in the validation is to remove the error related to water vapor 
variability because water vapor has large variability in time and space, so the spatial dis- 
tante and time difference between satellite observation and RAOB should be minimized. 
Since the quality to be discussed in validation is for data with clear flags, so only the near- 
est retrieval with clear flags out of 30 retrievals around a RAOB site is used for the vali- 
dation. In addition, variability in the water vapor field is estimated by the difference 
between TP W calculated from RAOBs and TP W calculated from global analysis with JMA 
NWP mode1 [JMA, 20021; then match-up data with a difference within 5.0 kg/m2 are used 
for the validation. Without the variability check the estimated retrieval accuracy tends to 
be underestimated by counting the variability in nature. 

Data quality ofAMSR-E water vapor data 
Figure 4 shows the validation of AMSR-E TPW against matched-up RAOBs. The valida- 
tion periods are January 2003 and July 2003. The Root Mean Square Error (RSME) is 3.23 
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kgIm2 for January 2003 and 2.71 kg/m2 for July 2003. The correlations are about 0.98 and 
biases are about 1 .O kg/m2. These results satisSl the requirement of JAXA standard prod- 
uct, i.e. 3.5 kgIm2. 
Figure 5 illustrates the results of cross talking; the difference between the retrieved TPW 
and sonde TPW is plotted on some physical properties, e.g. brightness temperature at 18.7 
GHz, sea surface wind, temperature at 850 hPa, and sea surface temperature. That the gra- 
dient of the regression line is almost zero means the retrieval error does not correlate to 
the physical properties. 
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Figure 4 - Scatterplot of TPW values from AMSR-E versus TPW values from RAOBs. 
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Figure 5 - Cross talk of the retrieved TPW from AMSR-E with vertical polarized brightness temper- 
ature at 18.7 GHz (TlbTV), sea surface wind speed (Vs), temperature at 850 hPa (T850), and sea sur- 
face temperature (SST). 
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The AMSR-E data are also validated in JMA global data assimilation system [JMA, 20021 
to use those data in global NWP. Figure 6 shows the AMSR-E TPW against first guess of 
the global NWP model. The result shows a small RMSE of 2.64 kg/m2 and a bias of -0.19 
kg/m2; this signifies that the AMSR-E TPW data have as good quality as S S M  and TMI. 

10 
Figure 6 - Scatterplot of TPW values from 
AMSR-E versus TPW values from first guess 

0 of global NWP model. Cross mark denotes 
0 10 20 30 40 50 60 70 data passed through quality check and open 

Guess circle rejected data by the check. 

Figure 7 is an example of TPW product for Aqua I AMSR-E on August 8, 2003. Water 
vapor distribution associated with a tropical cyclone located in western Japan and severa1 
extratropical cyclones in mid- to high-latitude is clearly drawn. The noisy feature is not 
seen in the figure. 
Figure 8 is an example of TPW product for Aqua 1 AMSR-E in the case of heavy rain in 
the northern part of Kyushu Island on July 18,2003. Remarkable water vapor features are 
well visualized; a developing extratropical cyclone over Yeliow Sea, a highly moist band 
extending from China to Japan along Bai-u front, and moist air mass over South China 
Sea. The contrast is clear reflecting the high resolution of AMSR-E. 

Data quality ofAMSR water vapor data 
Figure 9 shows the validation of AMSR TPW against matched-up RAOBs TPW. The dis- 
tribution of the RAOB sites is shown in Figure 3. The validation periods are April 2003 
and July 2003. The Root Mean Square Error (RMSE) is 2.42 kg/m2 for April 2003 and 
2.40 kg/m2 for July 2003. The correlations are better than 0.99 for both periods and bias 
is 0.26 kg/m2 for April 2003 and 0.62 kg/m2 for July 2003. Those values are much better 
than those of AMSR-E. The main reason behind the improvement is the revision of the 
look-up tables and coefficients for AMSR in the calibration. 

Conclusions 
An algorithm for the physical-statistica1 retrieval of total colurnn precipitable water (TPW) 
from satellite-based microwave radiometers is developed. The retrieval is carried out over 
each field of view over open sea region. Land areas are masked out by using land-ocean 
flag information based on the GTOP030 database. Sea ice areas are excluded by referring 
to the AMSR and AMSR-E Leve1 3 sea ice concentration product. Areas under strong wind 
are also excluded. Sea surface emissivity at 19 GHz V/H, 24 GHz V/H, and 37 GHz V/H 
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Figure 8 - AquaJAMSR-E TPW regional map at 1750UTC July 
18,2003 in the case of a heavy rain event in the northem part 
of Kyushu Island. 
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are calculated from the frequencies, SST, as well as the satellite zenith angle theoretically, 
and then corrected with SST and Vs by means of a look-up table. To obtain both atmos- 
pheric transmittance and vertical mean atmospheric temperature simultaneously, an itera- 
tion calculation over severa1 times proves necessary. The TPW is derived from the atmos- 
pheric transmittance at 19 GHz, 24 GHz, and 37 GHz by eliminating the contribution by 
cloud, rain, and other absorbing gas. 
The calibration of the TPW algorithm relies on the match-up tables ofAMSR and AMSR- 
E observation and RAOBs. Validation over two months in different seasons shows the 
accuracy of the TPW product is 2.71-3.23 kgim2 for AMSR-E and 2.40-2.42 kgim2 for 
AMSR; both of which satis@ requirements for AMSR and AMSR-E standard products as 
3.5 kdm2 for the dynamic range of 0-70 kgim2. The difference in accuracy between 
AMSR and AMSR-E is due to the fine tuning of the look-up tables and the coefficients in 
the algorithm, so we are planning a revision of the look-up tables and coefficients once the 
AMSR-E Leve1 1B data producing algorithm is revised. 
The following are issues to be investigated for the futher development. 
The TPW algorithm presently requires sea surface temperature, sea surface wind, and air 
temperature at 850 hPa as ancillary data. The largest error source in the clear category 
seems to be the sea surface wind given by the first guess model in the present version, so 
the sea surface wind speed effect and direction effect should be considered directly along 
with observed brightness temperature itself or with the combination of observed bright- 
ness temperature and first guess wind. On the other hand the largest error source in the 
cloudy and rainy category is cloud and rain contamination. Differences between water 
vapor temperature and liquid water temperature and its effect on TPW retrieval should be 
assessed and considered in the TPW algonthm. 
Because the NWP model is sensitive to the vertical profile of water vapor, information on 
vertical profiles is essential. Simultaneous use of microwave imaging sensitive to water 
vapor at low levels and microwave sounders sensitive to water vapor at mid- and high-lev- 
els such as NOAAIAdvanced Microwave Sounding Unit (AMSU)-B may provide water 
vapor profiles through the variational assimilation systems. 
In JMA, the TPW and rain rate derived from the rnicrowave imager have been assimilated 
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into the operational meso-scale assimilation system since October 2003. The TPW will be 
assimilated into the operational global assimilation system for the global model and the 
typhoon model in 2004. Although AMSR has unfortunately been out of operation since 
October 2003, it is expected that AMSR-E data will be used together with SSMII and TMI 
as soon as possible to complete the data coverage in global NWP model. 

Acknowledgements 
This work was supported by the AMSWAMSR-E project by JAXAIEORC. The authors 
wish to aknowledge T. Mutoh from the Remote Sensing Technology Center of Japan 
(RESTEC) for preparing the AMSWAMSR-E - RAOBs match-up data set and H. Mikai 
from RESTEC for implementing the TPW algorithm into the operational system at JAXA. 

References 
Gesch D.B., Larson K.S. (1996) - Techniques for development of global I-kilometer digi- 

tal elevation models. In: Pecora Thirteen, Human Interactions with the Environment - 
Perspectives frorn Space, Sioux Falls, South Dakota, August 20-22, 1996. 

Janssen M.A. Ed.(1993) - Atmospheric Remote Sensing by Microwave Radiometry. John 
Wiley & Sons, Inc., pp.572. 

JMA (2002) - Outline of operational numerica1 weatherprediction at the Japan Meteorologica1 
Agency. JMA, pp.157. 

Kawanishi T., Sezai T., Ito Y., Imaoka K., Takeshima T., Ishido Y., Shibata A. Miura M., 
Inahata H., Spencer R.W. (2003) - The Advanced Microwave Scanning Radiometer for 
the Earth Obsewing System (AMSR-E), NASDA $ Contribution to the EOS for Global 
Energy and Water Cycle Studies. IEEE Trans. Geosci. Remote Sensing, 41(2): 184-194. 

Ray P.S. (1972) - Broadband complex refiactive indices of ice and watex Appl. Opt., 11: 
1836-1844. 

Shibata A., Imaoka K., Koike T. (2003) - AMSR/RMSR-E Level 2 and Level 3 Algorithm 
Developments and Data Validation Plans of NASDA. IEEE Trans. Geosci. Remote 
Sensing, 41(2): 195-203. 

Stephens G.L. (1994) - Remote sensing of the lower atmospheric: un introduction. Oxford 
University Press, pp.523. 

Takeuchi Y. (2002) - Algorithm theoretical basis document (ATBD) of the algorithm to 
derive total water vapor content from ADEOS-II/AMSR. EORC Bull., 9: 3-7. 

Takeuchi Y., Kurino T. (1997) - Document of algorithm to derive rain rate andprecipita- 
tion with SSM/I and AMSR. Algorithm description of PIs for SSMII and ADEOS- 
IIIAMSR, 2nd AMSR Workshop: 61-1 - 61-9. 

Takeuchi Y., Tauchi T., Sato Y., Kachi M., Ozawa E., Tada H. (2004) - Expected use of the 
ADEOS-IIAMSR and the Aqua AMSR-E data to numerica1 weather predictions. Proc. 
of SPIE, 5234: 505-5 16. 

Received 17/04/2004, accepted 03/11/2004. 



Rivista Italiana di TELERILEVAMENTO - 2004, 30131: 159-162 

Abstract di lavori di Autori italiani 
pubblicati su riviste internazionali 

a cura di Alba L'Astorina 
e-mail: lastorina.a@irea.cnr.it 

An integrated SARJGIS approach for investigating urban deformation phe- 
nomena: a case study of the city of Naples, Italy 
Lanari R.1, Zeni G.1, M. Manuntal, S. Guarinol, P. Berardino', E. Sansosti1 
'Istituto per il Rilevamento Elettromagnetico dell'Ambiente (IREA), National Research Council (CNR), 
Via Diocleziano 328, 1-80124 Naples, Italy 

International Journal of Remote Sensing, 25 (14): 2855-2867, 2004; Taylor & Francis, 
London, UK 
Differential Interferometric Synthetic Aperture Radar (DIFSAR) data have been integrated in 
a Geographic Information System (GIS) for investigating deformations occurring in urban 
areas. The proposed approach is based on an extension of the Small Baseline Subset (SBAS) 
method that allows a proper combination of a large number of DIFSAR data. The obtained 
deformation measurements are accurately geocoded to achieve an easy merging of DIFSAR 
products relative to different acquisition geometries and the integration of such products into a 
GIS. This allows the detection and analysis of displacements of single structures and buildings 
in the investigated zone. The effectiveness of the approach has been tested on the SAR data 
acquired by the European Remote Sensing (ERS) satellites relative to the Vomero hill, a district 
of the city of Naples, Italy. 

Analysis of the conflict between omission and commission in low spatial reso- 
lution dichotomic thematic products: The Pareto Boundary 
Boschetti L.1, S.P. Flasse2, P.A. Brivio 3 

1Global Vegetation Monitoring Unit, European Commission, DG Joint Research Centre, Institute for 
Environment and Sustainability, via Fermi 1,1-21020 Ispra, VA, Italy 
2Flasse Consulting, 3 Sycamore Crescent, Maidstone, Kent ME16 OAG, UK 
3CNR-Istituto per il Rilevamento Elettromagnetico deii7Ambiente, via Bassini 15,I-20133, Milan, Italy 

Remote Sensing of Environment, 91 (3-4): 280-292,2004;Elsevier, New York, USA 
During the last few years, the remote sensing community has been trying to address the need 
for global synthesis to support policy makers on issues such as deforestation or global climate 
change. Severa1 global thematic products have been derived from large datasets of low-resolu- 
tion remotely sensed data, the latter providing the best trade-off between spatial resolution, tem- 
poral resolution and cost. However, a standard procedure for the validation of such products has 
not been developed yet. This paper proposes a methodology, based on statistica1 indices derived 



fiom the widely used Error Matrix, to deal with the specific issue of the influence of the low 
spatial resolution of the dataset on the accuracy of the end-product, obtained with hard classi- 
fication approaches. In order to analyse quantitatively the trade-off between omission and com- 
mission errors, we suggest the use of the 'Pareto Boundary', a method rooted in economics the- 
ory applied to decisions with multiple confiicting objectives. Starting fiom a high-resolution 
reference dataset, it is possible to determine the rnaximum user and producer's accuracy values 
(i.e. rninimum omission and commission errors) that could be attained jointly by a low-resolu- 
tion map. The method has been developed for the specific case of dichotomic classifications 
and it has been adopted in the evaluation of burned area rnaps derived fiom SPOT-VGT with 
Landsat ETM+ reference data. The use of the Pareto Boundary can help to understand whether 
the limiteci accuracy of a low spatial resolution map is given by poor performance of the classifi- 
cation algorithrn or by the low resolution of the remotely sensed data, which had been classified. 

Analysis of simultaneous chlorophyli measurements by lidar fluorosensor. 
MODIS and SeaWiFS 
BarbM Rl ,  E Colaol, L. De Dominicisl, R Fantonil, L. Fioranil, A. Paluccil, E.S. Artamonovl 
'ENEA FIS-LAS, Via Fermi 45,00044 Frascati, Italy 

Intemational Journal of Remote Sensing, 25 (11): 2095-21 10, 2004; Taylor & Francis, 
London, UK 
The ENEA fltalian Agency for New Technologies, Energy and the EnWonment) lidar fluo- 
rosensor (ELF), aboard the research vessel Italica, measured continuously surface chlorophyll- 
a concentrations during the Italy-New Zealand and New Zealand-Italy transects (13 November- 
18 December 2001 and 28 February-l Apri1 2002, respectively). The ELF measurements were 
compared with the data collected by the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) 
and the Moderate Resolution Imaging Spectroradiometer (MODIS). This study pointed out 
advantages, disadvantages and possible synergies of lidar fluorosensor and spaceborne 
radiometers. In particular, the SeaWiFS and MODIS bio-optical algorithrns have been cali- 
brated with the ELF measurements. The differences between the performances of the two 
spacebome radiometers are also briefly discussed. 

Multivariate statistical integration of Satellite Infrared and Microwave 
Radiometric Measurements for rainfall retrieval at the geostationary scale 
Marzano F. S.'?, Palmacci M.2, Cimini D.2, Giuliani G.'s ,Turk F.J.3 
'CETEMPS, Italy 
2Department of Electrical Engeneering, University of L'Aquila, 67070 L'Aquila, Italy 
3Marllie Meteorology Division, Naval Research Laboratory, Monterey, CA 93940, USA 

IEEE Transactions on Geoscience and Remote Sensing, 42 (5): 1018-1 032, 2004; IEEE, 
Piscataway (NJ), USA 
The objective of this paper is to investigate how the complementarity between low earth orbit 
(LEO) microwave (MW) and geostationary earth orbit (GEO) infiared (IR) radiometric meas- 
urements can be exploited for satellite rainfall detection and estimation. Rainfali retrieval is 
pursued at the space-time scale of typical geostationary observations, that is at a spatial reso- 
lution of few kilometers and a repetition period of few tens of minutes. The basic idea behind 
the investigated statistical integration methods follows an established approach consisting in 
using the satellite MW-based rain-rate estirnates, assurned to be accurate enough, to calibrate 
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spacebome IR measurements on sufficiently lirnited subregions and tirne windows. The pro- 
posed methodologies are focused on new statistica1 approaches, namely the multivariate prob- 
ability matching o and variance-constrained multiple regression m). The MPM and 
VMR methods are rigorously formulated and systematically analyzed in terms of relative 
detection and estimation accuracy and computing efficiency. In order to demonstrate the poten- 
tiality of the proposed MW-IR combined rainfall algorithrn (MICRA), three case studies are 
discussed, two on a global scale on November 1999 and 2000 and one over the Mediterranean 
area. A comprehensive set of statistical parameters for detection and estimation assessment is 
introduced to evaluate the error budget. Fora comparative evaluation, the analysis of these case 
studies has been extended to similar techniques available in literature. 

Rain field and reflectivity vertical profile reconstruction from C-band radar 
volumetric data 
Marzano F.S.1.2, Vulpiani G.13, Picciotti E.1 

'CETEMPS, University of L'Aquila, 67070 L'Aquila, Italy 
2Department of Electrical Engeneering, University of L'Aquila, 67070 L'Aquila, Italy 
3Department of Physics, University of L'Aquila, 67070 L'Aquila, Italy 

IEEE Transactions on Geoscience and Remote Sensing, 42 (5): 1033-1046, 2004; IEEE, 
Piscataway (NJ), USA 
Operating a meteorologica1 radar is generally a challenging task when in presence of a sig- 
nificant beam blockage as in complex orography. Apart from enhanced ground clutter, moun- 
tainous obstructions of the radar beam can significantly reduce the radar visibility and, thus, 
its monitoring capabilities. Self-consistent adaptive techniques to reconstruct vertical profiles 
of reflectivity (VPR) and near-surface rain-rate fields from high-elevation reflectivity bins are 
here proposed, compare4 and tested for ranges up to 60 h. The methodology is based on sta- 
tistical estirnators trained by a large reflectivity volurnetnc datasets, classified into stratifonn 
and convective rain regimes and resampled onto a uniform Cartesian grid by means of a mod- 
ified Cressman technique. For what concems reflectivity vertical profiles, two methods, 
respectively narned statistical nonlinear reconstruction (NSR) and neural network reconstmc- 
tion (NNR), are considered. The NSR method is based on the principal component analysis, 
applied to the radar dataset, in order to extract significant reflectivity-profile variance. A 
retrieval technique, based on a nonlinear multiple regression scheme, is then used to infer near- 
surface reflectivity from available high-altitude echoes at a given range. The NNR is based on 
a three-layer artificial neural network trained by means a feedfonvard backpropagation algo- 
rithrn. For what concerns the near-surface rain retrieval, besides a power-law reflectivity-rain- 
rate (ZR) approach, a three-layer neural network technique is also set up in orda to estimate 
suface rain rate from reconstructed VPR. The proposed reconstruction techniques are here 
illustrated by using volumetric data acquired by the C-band Doppler single-polarization radar, 
operated in L'Aquila, Italy. A case study, related to a rainfall event that occurred during fa11 
2000, is discussed. Using a test area within 60 km from the radar site and sirnulating the pres- 
ente of beam obstmctions, a comparison of NSR and N N R  with conventional area average 
reconstruction techniques shows that the percentage improvement of both NSR and NNR 
approaches is significant, both for the error bias (by 30% to more than 50%, depending on alti- 
tude) and variance (by 10% to more than 20%). A sensitivity test indic- ates that the VPR recon- 
struction procedure is fairly robust to missing data, especialiy in terms of error bias. The com- 
parison of estimated radar rainfall with rain gauge data measurement is also illustrated. The 
mean field bias closer to its optimal value and an error variance much smaller is obtained when 
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neural network techniques are applied than with conventional ZR methods for both techniques 
of reconstruction. With respect to the latter, the obtained irnprovement is more than 40% in terms 
of root mean square enor and is comparable when estimating near-surface rain rate using either 
NSR or NNR methods to reconstmct the reflectivity vertical profiles. Lirnitations, potential, and 
future developments of the proposed adaptive reconstruction techniques are finally discussed. 

An aàvanced system for the automatic classification of muititemporal SAR images 
Bnizzone L.1, Marconcini M.', Wegmuiier U.2, Wiesmann A.2 
lDepartment of Information and Comrnunication Technology, University dof Trento, 38050 Povo, Trento, Itaiy 
2Garnrna Remote Sensing CH-3074 Muri, Svizzerland 

IEEE Transactions on Geoscience and Remote Sensing, 42 (6): 1321-1 334, 2004; IEEE, 
Piscataway (NJ), USA 
A nove1 system for the classification of multitemporal synthetic aperture radar (SAR) images 
is presented. It has been developed by integrating an analysis of the multitemporal SAR signal 
physics with a pattern recognition approach. The system is made up of a feature-extraction 
module and a neural-network classifier, as well as a set of standard preprocessing procedures. 
The feature-extraction module derives a set of features from a series of multitemporal SAR 
images. These features are based on the concepts of long-terrn coherence and backscattering 
ternporal variability and have been defined according to an analysis of the multitemporal SAR 
signal behavior in the presence of different land-cover classes. The neural-network classifier 
(which is based on a radia1 basis function neural architecture) properly exploits the multitem- 
poral features for producing accurate land-cover maps. Thanks to the effectiveness of the 
extracted features, the number of measures that can be provided as input to the classifier is sig- 
nificantly smaller than the number of available multitemporal images. This reduces the com- 
plexity of the neural architecture (and consequently increases the generalization capabilities of 
the classifier) and relaxes the requirements relating to the number of training patterns to be used 
for classifier learnhg. Experimental results (obtained on a multitemporal series of European 
Remote Sensing 1 satellite SAR images) confirm the effectiveness of the proposed system, 
which exhibits both high classification accuracy and good stability versus parameter settings. 
These results also point out that properly integrating a pattern recognition procedure (based on 
machine leaming) with an accurate feature extraction phase (based on the SAR sensor physics 
understanding) represents an effective approach to SAR data analysis. 

Ground-based S A R  Interferometry for terrain mapping: theory and sensitivity 
analysis 
Nico G.', Leva D.1, Antoneiio G.2, Tarchi D.2 
'LiSALab S.r.l. 1-20025 Legnano (MI), Italy 
[Hurnanitarian Securi9 Unit, JRC , Institute for the Protection and Security of the Citizien, 1-21020 Ispra, Italy 

IEEE Transactions on Geoscience and Remote Sensing, 42 (6): 1344-1350, 2004; IEEE, 
Piscataway (NJ), USA 
This short communication studies the problem of terrain mapping by means of the ground- 
based synthetic aperture radar (GB-SAR) interferometry technique. A phase-to-height rela- 
tionship tailored for the GB-SAR interferometric configuration is introduced and verified by 
a simulated analysis. A sensitivity study is carried out airning to optirnize the use of a GB-SAR 
system for the terrain mapping and to derive the precision of this technique. 
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Le Tabelle sono identificate con Tabella n, oppure (Tab. n) se fra parentesi. Devono essere pre- 
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figure devono essere fornite separate dal testo, in formato .tiff e ad una risoluzione minima 
di 300 dpi. Gli Autori sono pregati di ridurre al minimo il numero delle figure a colori. La 
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