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Preface

This handbook was developed by the National Academies of Sciences, Engineering, and Medicine’s
Panel on Frequency Allocations and Spectrum Protection for Scienti ¢ Uses, a panel whose-member

ship was drawn predominantly from the Committee on Radio Frequencies (CORF). The committee was
given the following task:

An ad hoc committee under the auspices of the National Research Council will prepare the second edition
of the 2007 NRC report, “Handbook of Frequency Allocations and Spectrum Protection for Scienti c
Uses.” The report will describe the radio frequency bands used by the scienti c services, primarily the
passive radio astronomy and Earth remote-sensing services. The report will include relevant regulatory
information and a discussion of the scienti ¢ use of frequency bands. It will serve as a reference or
handbook, guiding spectrum managers and spectrum regulatory bodies on science issues, serving as a
resource to scientists on spectrum regulation for research, and providing information to other spectrum
users on the concerns of the scienti ¢ users of the spectrum. It will not contain any recommendations.

The volume sets forth the principles for the allocation and protection of spectral bands for services
using the radio spectrum for scienti ¢ research. The purposes of the handbook are as follows:

4DOCUNMBHERANRPIOS I TOGBWYE CTRIWE S
4GUIBEEC MRANW GRBB E C REWGNVW LN DEISC | ENSGRJ E S
49E RAVER E S ORUGETE E NO MSPTESC RAEEWGN LFACRROSNE ARIO H

s 4PROVINAEO R MTAD@ THSERE C TURSLERRNS HEO N CE R KM&C | E NU $IECRFSH E
spectrum.

" n n

Among the resources used to prepare this handbook were the followirtganidéook on Radio
Astronomyby the International Telecommunication Union (ITUphe “Redbook” of the National

1 International Telecommunication Unioddandbook on Radio Astronon8id edition, Geneva, Switzerland, 2013.

iX
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X PREFACE

Telecommunications and Information AdministraigNTIA) (please note that the NTIA Redbook is
a dynamic document; it is suggested that readers check the NTIA Web site, listed below, for the latest
allocations and regulations); tiable of Frequency Allocationmmublished by the Federal Communica
tions Commission (FC&)Spectrum Management for Science in the 21st Cehiamg the handbooks
for radio astronomy and frequency management from the European Science Foundation’s Committee
on Radio Astronomy Frequencies (CRAF). Because radio-frequency regulations, regulatory footnotes,
and frequency allocations are subject to change, readers are advised to check the ITU, NTIA, and FCC
websites, listed below, for the latest information.

Further information on frequency management for scienti ¢ uses can be found at the following
websites:

s #OMMONEBRREQUEMN/QERESF HATIONADEMIESIENGESINEERING
and Medicine: http://sites.nationalacademies.org/bpa/bpa_048819;

S JNTERMNATEONAMMUSNN COMITION  WWW ITU INT

s 3CIEMODNMO® | OTSEEE QUENCGC AR CBNNDIOT R O NOIMYABEIENGE! &
of the International Council for Science: http://www.iucaf.org;

s &EDERMMUNICAONMMNSSITOMNP WWW FCC GOV

s . ATIGGERAECOMMU MICENTFORIMGAMONSTRHATTI®N WWW NTIA DOC GO\
home/redbook/redbook.html;

s .ATIQNBISTRONBMEERVAFBDEF¥RNMGENIEHNP WWW CV NRAO EDU
RFI/RFI.htm;

s 'EOSCANDEN GBEINN SINGIEFWERSTIOMILE C AREIAHC TROGICIEER S
Frequency Allocations in Remote Sensing (FARS) Committee: http://www.grss-ieee.org;

s #OMMONARI®TR O NGRMQ U EANX BEOSF HEUR OPEENC OB N D ATTITOAN
www.craf.eu; and

s ATIGKAENOB ND AILIBANTROMRECGERUKXM GEM%&SBI-THTTP NSF GOV
funding/pgm_summ.jsp?pims_id=5654.

2 National Telecommunications and Information Administratianual of Regulations and Procedures for Federal Radio
Frequency ManagemeiiRedbook), May 2013 edition, revised May 2014, available at http://www.ntia.doc.gov/osmhome/
redbook/redbook.html.

3 Federal Communications Commissidiaple of Frequency Allocationsjay 15, 2015, available at https://www.fcc.gov/
oet/spectrum/table/fcctable.pdf.

4 National Research CouncBpectrum Management for Science in the 21st Cerittig/ National Academies Press, Wash
ington, D.C., 2010.
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Summary

The electromagnetic spectrum is a vital part of our environment. Measures of radio frequency
emissions from natural phenomena enable both practical applications, such as weather predictions and
studies of the changing of Earth’s climate here at home, and reveal the physical properties of cosmic
sources. For example, radio astronomers study a wide range of subjects, from the era before the rst
stars formed to the dynamics of our own Sun. Closer to home, our understanding of Earth’s land masses
and oceans, its biosphere, the many layers of the atmosphere, and the space around Earth is essential to
humanity’s safety and well-being. Some radio-frequency measurements of these natural phenomena have
immediate economic bene ts, others underlie our view of what we are and of our place in the cosmos.
The spectrum is therefore a resource to be used wisely now and to be protected for future generations.

The Panel on Frequency Allocations and Spectrum Protection for Scienti ¢ Uses arrived at several
key considerations related to scienti ¢ use of the spectrum. They are in the areas of scienti ¢c impact,
sensitivity, stewardship, requirements, and opportunity and challenge:

s Scienti ¢ impact—Radio-frequency measurements of natural phenomena provide essential infor
mation with broad scienti c and economic impacts.

s Sensitivity—Receive-only (“passive”) measurements of weak natural signals in a broad range of
frequencies must be made with extreme sensitivity.

s Stewardship-Fhe extreme sensitivity required makes it essential to maintain protected allocations
and also to properly manage use of the spectrum near the protected allocations.

s Requirements-Bedicated passive allocations exist only in a limited number of bands. There is
need for protection of some bands essential to scienti ¢ and societal interests that are not now protected.
s Opportunity and challengeFhe receive-only services can sometimes take advantage of-uncon

gested spectrum not allocated to them. Increasing congestion may deny this capability in the future.

By its very nature, research uncovers new and often unexpected pathways for studying our terrestrial

environment and the universe. To explore these natural phenomena, the passive scienti ¢ services push
the limits of receiver technology in order to detect extremely weak signals from both near and distant

Copyright National Academy of Sciences. All rights reserved.
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sources. However, because the passive scienti ¢ services aim to detect radio emission produced by na
ture, they do not have the option of increasing the signal strength from the sBatber, the signal-to-
noise ratio is limited only by the sensitivity of the receiving instruments and the noise in the environment.

If the instruments are to achieve their theoretical limit, then the environment must not be contaminated.
This handbook contains practical information regarding the use of the radio spectrum for scienti ¢
research. In Chapter 1, the regulatory bodies and issues are described. Chapters 2 and 3 discuss the
relevant scienti ¢ background necessary to understand the issues with spectrum management for radio
astronomy and Earth remote sensing applications, respectively. Chapter 4 discusses issues related to
spectrum protection. Chapter 5 lists the science service spectrum allocations in the United States and

their uses.

In addition, the report has a number of appendixes. Appendix A offers National Telecommunications
and Information Administration de nitions concerning interference. Appendix B lists the Institute ef Elec
trical and Electronics Engineers letter designations for radar frequency bands. Appendix C lists important
International Astronomical Union (IAU) spectral lines below 300 GHz. Appendix D lists important I1AU
spectral lines between 300 to 1000 GHz. Appendix E lists important IAU spectral lines above 1 THz.
Appendix F examines the use of 0 dBi for sidelobe gain in calculations of interference in radio astronomy.
Appendix G presents selected Federal Communications Commission rules and regulations. Appendix H
lists selected acronyms from the text.

1 The passive services are those for which the signal is produced by nature and the applications are receive-only.
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Radio Frequency Regulation for the Scienti ¢ Services

1.1 FREQUENCY PROTECTION GOALS FOR THE SCIENTIFIC SERVICES

Preservation and promotion of frequency allocations for scienti ¢ services have a sigebcéatal
impact. For example, the international frequency allocations for the Earth Exploration Satellite Service
(EESS) enable scienti ¢ studies of the entire Earth’s biosphere, including global measures of soil and
water content. These EESS studies provide critical information on issues impacting the global econ
omy, including essential economic sectors such as food, transportation, and energy. The international
frequency allocations for Radio Astronomy Service (RAS) enable a wide range of scienti ¢ studies,
including exploration of the origin of our solar system and the detection of radio emission originating
from the edge of the observable universe. The results of RAS studies provide context for our place in
the universe and inspire the next generation of scientists. Preserving interference free access to the radio
spectrum for scienti ¢ use is thus crucial both to provide information on the conditions of our planet
Earth that have global consequences and to enable discoveries that will lead to a better understanding
of the natural world.

Scienti ¢ research that uses the radio spectrum bene ts from U.S. radio-frequency managers who
work with national and international regulatory bodies to improve spectrum access for the scienti c
services throughout the world. This includes working with radio-frequency managers of other Admin
istrationg at World Radiocommunication Conferences (WRCs) to preserve and promote both federal
and international allocations for scienti c uses. For example, it is important to protect bands allocated
to the science services from emissions spilling over from adjacent bands in order to ensure the ef cacy
of scienti c research. Of the several scienti ¢ services (see Table 1.1), the passive-use allocations to the
RAS and the EESS are particularly vulnerable to interference because noise levels must be extremely low
in order to detect the faint signals generated by natural phenomena and processes. In this context, it is
important that regulatory actions do not change the radio regulations in ways that would be deleterious
to RAS and EESS, even when these services are not considered explicitly.

1 An “administration” is any governmental department or service responsible for international telecommunications regulation.

3
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TABLE 1.1 Scienti cally Relevant Services

Service Abbreviation  Description of Service

Earth Exploration Satellite ServiceEESS Remote sensing from orbit, both active and passive, and the
data downlinks from these satellites

International Global Navigation 1GS Accurate position and timing data

Satellite System (GNSS) Service

Meteorological Aids Service MetAids Radio communications for meteorology, e.g., weather balloons

Meteorological Satellite Service MetSat Weather satellites

Radio Astronomy Service RAS Passive ground-based observations for the reception of radio

waves of cosmic origin

Space Operations Service SOS Radio communications concerned exclusively with the
operation of spacecraft—in particular, space tracking, space
telemetry, and space telecommand

Space Research Service SRS Science satellite telemetry and data downlinks, space-based
radio astronomy, and other services

NOTE: Chapters 2, 3, and Section 1.5 describe how these services contribute to scienti ¢ endeavors.

The science services are protected both by frequency allocations and by some special geographic
restrictions on other users, such as the geographic restriction in the National Radio Quiet Zone that
includes the National Radio Astronomy Observatory’s facility in Green Bank, West Virginiaz How
ever, in practice, most spectral allocations are shared with active services and, with the introduction
of higher-powered space transmitters and the use of spread spectrum modulation techniques, both
EESS and RAS are increasingly vulnerable to interference, even in their protected bands. Thus, while
spectral sharing of the passive service allocations with compatible active service allocations are pos
sible in some circumstances, special care must be taken to provide protection for scienti cally critical
spectral windows and for geographic regions where radio telescopes are located. Of particular concern
are those radio emissions that exist very close to the atomic and molecular spectral line frequencies
reserved for the scienti ¢ services. For example, for many years, RAS allocations for observations of
hydroxyl (OH) between 1610.6 and 1613.8 MHz have been impacted negatively by interference from
the sidebands of spaceborne transmitters, even though their central transmitting frequencies lie outside
the radio astronomy bands. It is particularly dif cult to avoid interference from airborne and spaceborne
transmitters, because radio telescopes are directed upward and terrain shielding (the use of geographical
features to block radio signals) cannot be utilized to block transmission originating from high altitude.
Novel approaches for effective spectral sharing need to be developed to enable ef cient use of the radio
spectrum for scienti ¢ and other applications.

1.2 REGULATORY STRUCTURES

Radio regulations are formulated at several levels and involve a plethora of acronyms-(see Ap
pendix H). At the international level, regulations for use of the radio spectrum that will become treaty
obligations of members of the International Telecommunication Union (ITU) are formulated at World
Radiocommunication Conferences. The ITU Radiocommunications Sector (ITU-R) prepares material for
these conferences and drafts recommendations that may be incorporated into regulations or, at the very
least, are in uential documents for telecommunications regulators and spectrum users around the world.
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Much of the work of the ITU-R takes place through its Study Groups, which are further organized
into working parties and task groups. These deal with speci ¢ areas or problems and provide studies
of questions concerning technical and procedural aspects of radio communications. Study Group 7
has responsibility for use of the spectrum for scienti ¢ research (the science services): remote sensing
systems are the concern of Working Party 7C (WP7C), and radio astronomy is the concern of Working
Party 7D (WP7D). The other services under Study Group 7 are WP7A, time and frequency standards,
and WP7B, space research and EESS (mostly communications). In the past, the communications aspects
of the EESS had been assigned to WP7C rather than WP7B. However, WP7B is now concerned with
communications between spacecraft as well as from the spacecraft to the ground. Indeed, without the
communications protected by WP7B, it would be almost impossible to conduct science from space.

Additional input from the scienti c community comes from the Scienti c Committee on Frequency
Allocations for Radio Astronomy and Space Science (IUCAF), which operates under the auspices of the
International Council of Scienti ¢ Unions (ICSU) that operates under the aegis of the United Nations
Educational, Scienti ¢, and Cultural Organization (UNESCO). IUCAF is sponsored by three interna
tional scienti ¢ unions: the International Astronomical Union (IAU), the International Union of Radio
Science (URSI), and the Committee on Space Research (COSPAR).

The work of the ITU-R results in an extensive system of formal documents that inclufidieiag:

s Questions—which specify the subjects to be studied within the study groups;

s Recommendations and repe#tsvhich record the conclusions from these studies; and

s Regulations—which are adopted by adhering administrations and have treaty status. Footnotes
may provide additional information, and often provide protection to particular services on a primary or
secondary basis.

ITU Study Groups (SGs) can elaborate on Recommendations that may be approved between WRCs
or at a Radiocommunication Assembly, which is held just before a WRC. WRCs are large, diplomatic
meetings that now take place approximately every 3 to 5 years. Even though Recommendations are not
mandatory, most administrations abide by them. WRCs revise the Radio Regulations, and once accepted
by administrations, the Radio Regulations become part of a treaty and thereby become mandatory. The
SGs contribute to a WRC through their input to the draft Conference Preparatory Meeting (CPM) Report.

The relationship among national and international radio regulatory and advisory bodies with respect
to RAS and EESS is complicated. See Figures 1.1 and 1.2, which depict the connections among many
of these agencies and their relationship to one another both nationally and internationally.

Within the United States, non-federal-government use of the spectrum is regulated by the Federal
Communications Commission (FCC). Federal government use is regulated by the National Telecommu
nications and Information Administration (NTIA), which is part of the U.S. Department of Commerce.
Most, if not all, spectrum use for scienti ¢ research is under shared federal government/non-federal-
government jurisdiction. Many federal agencies have spectrum-management of ces—for example,
the Department of Defense (DOD), National Aeronautics and Space Administration (NASA), and the
National Science Foundation (NSF). The Inter-department Radio Advisory Committee (IRAC) is a
standing committee that advises NTIA with respect to the spectrum needs and use by departments and
agencies of the U.S. government. In practice, NTIA and IRAC see every pending FCC frequency allo
cation that could impact federal government allocations—including the scienti ¢ services. NTIA, with
advice from IRAC, then interacts with the FCC to determine the nal outcomes.

The U.S. administration has set up national-level study groups, working parties and task groups
that mirror those that operate within the ITU-R. For example, U.S. WP7C, part of U.S. Study Group 7,
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FIGURE 1.1 This Radio Astronomy Service (RAS) diagram depicts the complex relationship among the national
and international radio regulatory bodies for RAS. The color coding is designed to highlight similar agencies
and connections between the international and domestic (U.S.) organizations. For example, yellow and orange
colors indicate ITU- and U.S.-based study groups. U.S. federal agencies are highlighted in shades of blue, green,
and red, while international and domestic science committees and communities are denoted in beige.

develops U.S. positions and draft documents concerning remote sensing (U.S. WP7D does so for
RAS, and U.S. WP7B does so for the Space Operations Service [SOS] and Space Research Service
[SRS]). These documents are reviewed by the U.S. International Telecommunication Advisery Com
mittee (ITAC) and, if approved, are forwarded by the U.S. Department of State to the ITU-R as input
for international meetings.

In the United States, radio astronomers, remote sensing scientists, and others who use the passive
and active bands for scienti ¢ research can interact with the system of spectrum management through
the Committee on Radio Frequenéi¢€ORF) of the National Academies of Sciences, Engineering,

2 CORF is a standing committee of the National Academies of Sciences, Engineering, and Medicine opeéeatihguuspices
of the Board on Physics and Astronomy. For more information on CORF, see its website at httatisitelcademies.edu/
bpa/bpa_048819.

Copyright National Academy of Sciences. All rights reserved.



Handbook of Frequency Allocations and Spectrum Protection for Scientific Uses: Second Edition

RADIO FREQUENCY REGULATION FOR THE SCIENTIFIC SERVICES 7
INTERNATIONAL ORGANIZATIONS UNITED STATES OF AMERICA ORGANIZATIONS
INTERNATIONAL STATE e e il |
TELECOMMUNICATION F======== PP~ DEPARTMENT [d===-====c=c=coecc-auq !
UNION (ITU) ! |
H
| [ravvmames }->F " rou :
TELECOMMUNICATIONS !
—==%  AND INFORMATION !
ADMINISTRATION !
AIR FORCE |- - = (NTIA) —
.- BET. OF PRI COMMUNICATIONS
' v CONERGE COMMISSION
WORLD RADIOCOMMUNICATION U.S. RADIO- (FCO)
RADIOCOMMUNICATION SECTOR COMMUNICATION ELECTRO- | - :
CONFERENCE STUDY GROUPS STUDY GROUPS MAGNETIC ' '
(WRC) STUDY GROUP 7 SPECTRUM : !
1 U.S. STUDY MANAGER INTERDEPART- ' '
' SCIENCE GROUP 7 MENT RADIO ' '
H SERICES WP 7C ADVISORY ‘ :
1 : $ EESS/MET &L COMMITTEE ! !
]
! ! ELECTRO- [~ ~T~ % (IRAC) ! !
' 1 STUDIES + MAGNETIC ' :
INTERNATIONAL 1 1 AND 4 ' SPECTRUM ' '
RADIO ) RECOMMEND. 1 H MANAGER : !
REGULATIONS ! H 1 ' 7y ' H
" 4 ! ! - : : :
]
: : ! : - v : v
]
1 ' i ! ) U.S. GOVT. ! U.S.NON-GOVT
: : v ' 1 FREQ. ALLOCATIONS i ALLOCATIONS
' ' [] : AND ASSIGNMENTS 1 ASSIGNMENTS
1 1 INSTITUTE OF ! . . LICENSES
! ! ELECTRICAL AND ' " :
V ' ELECTRONICS ' ! THE NATIONAL '
1 1 ENGINEERS : 1 ACADEMIES ~ [=-===-==-====-==-=-=-~- 4
! ! (IEEE) ' !
1 1 1
INTERNATIONAL 1 | COMMITTEE [} GEOSCIENCE AND H H
UNION OF ' ONSPACE [}! REMOTE h TT
RADIO SCIENCE ' RESEARCH |} ! SENSING SOCIETY e e mme e INTERNATIONAL AND U.S.
(URSI) ' (COSPAR) _f1 (GRSS) [<Foocccocooooo SPECTRUM MANAGEMENT,
! ! TECH. COMM. ON S A AS IT AFFECTS REMOTE
' ' FREQ. ALLOCATIONS SENSING
L IN REMOTE SENSING CO:‘WI'UF"TY
SCIENTIFIC COMMITTEE ON e -4 (FARS) €---p | €----
FREQUENCY ALLOCATIONS FOR H
RADIO ASTRONOMY AND SPACE SCIENCE ! MANAGEMENT STRUCTURE
(IUCAF) R e EE T > = INFORMATION FLOW
L o o mmmmmmmm - ——P———mmmmmmmm ot e DELEGATIONS

FIGURE 1.2 This Earth Exploration Satellite Service (EESS) diagram depicts the complex relationship among the
national and international radio regulatory bodies for the EESS. The color coding is designed to highlight similar
agencies and connections between the international and domestic (U.S.) organizations. For example, yellow and
orange colors indicate ITU and U.S.-based study groups. U.S. federal agencies are highlighted in shades of blue,
green, and red, while international and domestic science committees and communities are denoted in beige.

and Medicine, and U.S. WP7A, WP7B, WP7C, and WP7D, all of which hold meetings that are open
to the public. They can also communicate with the spectrum-management of ces of the NSF and NASA,
the FCC (through public proceedings and ex parte comments, described at https://www.fcc.gov/exparte)
and NTIA, and with members of IUCAF.

As indicated above, CORF is a committee of the Academies, which are private, nonpro t institutions
that provide expert advice on some of the most pressing challenges facing the nation and the world.
COREF serves as a link between the radio astronomy and remote sensing communities and the spectrum-
management of ces at the NSF, NASA, and the National Oceanic and Atmospheric Administration
(NOAA). CORF participates in public proceedings of the FCC.
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1.3 RADIO ASTRONOMY SERVICE

The scienti ¢ needs of radio astronomers for the allocation of frequencies were rst addressed at the
World Administrative Radio Conference (predecessor of the WRC) held in 1959 (WARC-59). Astrono
mers proposed the following:

S 4HAHECIEQREDNS®TR ONOWBMRIE C O GAMNZEBRVNCHEAIRBGULAFIONS
the ITU,

S 4HASTE ROBBANOBREQUBSMNOIEEREAIS IDETERNAFOERNPABDTYRONOMY ™
these should lie at approximately octave intervals above 10 MHz and should have bandwidths of about
1 percenbf the center frequency, and

S 4HSAPTECNAERNRRIGOMNEEHIOBREP FORDHEY DRO(GIHNE "(Z
and to the predicted deuterium (D) line (0.322-0.3G8&).

By the end of WARC-59, considerable action had been taken to meet these needs. RAS was estab
lished, and the rst frequency allocations were made for this new service. At subsequent conferences,
growing scienti ¢ needs were recognized and further steps were taken to meet them. For example, the
discovery of many new interstellar molecular lines in the radio spectrum led to new frequency allocations
and footnote protection. Radio astronomy research now extends into the millimeter @uiltinseter
wavelength bands, which are now recognized in newailons and footnotes to the alégion table. At
the WRC in 2000 (WRC-2000), the spectrum allocations above 71 GHz were revised, and a number of
new allocations to RAS were made. Following WRC-2007, additional protections of the 1.400-1.427 GHz
passive band were implemented to reduce unwanted emissions from the neighboring Amateur Service
(AMT), Fixed Service (FS), and Mobile Service (MS). In addition, Resolution 739 (Rev. WRC-07) set
unwanted emission thresholds for emission from satellite servieedoent and nearby RAS allocated
bands. WRC-2012 increased the upper end of the frequency range under consideration for allocations
by the ITU from 1 to 3 THz and identi ed spectral windows where active service applications should
take all practicable steps to protect the passive services from harmful interference, but did not impose
mandatory protection criteria for passive services within the 275-1000 GHz frequency range.

An extensive discussion of the science enabled by RAS allocations is presented in Chapter 2 and
the frequency bands allocated to RAS are listed in Chapter 5.

1.4 EARTH EXPLORATION SATELLITE SERVICE

Since many scienti ¢ programs require mapping of the entire Earth, regardless of geo-political
boundaries, international cooperation is a critical requirement for EESS. Indeed, EESS is by its nature
a global endeavor that relies on mutual cooperation amatigns and their compliance with agreed-
upon rules for access to the radio-frequency spectrum. Portions of the radio spectrum must be set
aside to achieve the science goals of Earth-observing satellites, and their allocation must be respected
globally. Thus, in sharp contrast to RAS, where protection of a few speci ¢ geographic locations may
be suf cient, EESS requires global enforcement of the radio regulations.

EESS was established at WARC-71. Frequencies were allocated for the transmission of environ
mental data from space to Earth in order to accommodate the needs of satellite programs such as
Landsat, which utilizes passive sensors operating in the visible part of the electromagnetic spectrum.
EESS includes both active and passive uses and must use radio frequencies to send its data to Earth.
Frequencies were rst allocated to EESS and SRS for use by spaceborne active and passive microwave
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sensors at WARC-79. That WARC made more than 5@atilons for spaceborne microwave sensors:
10 for active sensors and more than 40 for passive sensors.

By 1997, there was a need to improve the regulatory environment for spaceborne microwave sen
sors. Spectrum requirements for passive sensors had been re ned in the 18-year interval between 1979
and 1997, particularly in the unique 50-70 GHz region where measurements in the vicinity of oxygen
absorption lines are used to determine atmospheric temperature pro les for use in weather forecasts and
climate studies. Also, time had shown that the secondary footnote allocations made for active microwave
sensors in 1979 were of little use in preventing new allocations from being made to other services—
allocations that could (and did) cause active sensors to be unusable owing to interference.

At WRC-97, passive remote sensing bands between 50 and 60 GHz were realigned. Most active
remote sensing bands were upgraded to primary allocations. In the EESS communications area, the
8025-8400 MHz band was upgraded to a primary allocation, and a new wider-bandwidth space-to-Earth
allocation was obtained at 26 GHz.

At WRC-2000, the passive bands above 71 GHz were realigned, and the top of the range was
extended from 275 GHz to 1 THz via a footnote. The 18.7 GHz passive band gained protection, as did
civilian Global Positioning System (GPS) bands.

At WRC-2003, an active band at 437 MHz was allocated, and the active sensing band at 5.3 GHz
was expanded in bandwidth from 210 MHz to 320 MHz, but at the cost of losing protection against
outdoor radio local area networks at the low end. Of particular concern, up/down communication links
near the 1.400-1.427 GHz passive band were given a provisional secondary allocation pending further
study and a report to WRC-2007. Note that any emissions in this band are explicitly prohibited by inter
national footnote 5.340. Following WRC-2007, additional protections of the 1.400-1.427 GHz passive
band were implemented to reduce unwanted emissions from neighboring AMT, FS, and MS services.
In addition, mandatory unwanted emissions limits were adopted for FS in bands neighboring the EESS
allocations at 10.6-10.68, 31.3-31.5, 50.2-50.4, and 52.6-54.25 GHz. WRC-2012 adopted additional
protections for the 86-92 GHz band.

An extensive discussion of the science enabled by EESS allocations is presented in Chapter 3, and
the frequency bands allocated to EESS are listed in Chapter 5.

1.5 OTHER SCIENTIFIC SERVICES

Other frequency allocations support scienti c research, and many are, in fact, essential to the
operdion of spacecraft, observation, and the retrieval of data. While some of these services (ke., radio
navigation and communications) are incorporated within the science services, they are clearly indispens
able, and their importance should be recognized.

1.5.1 The Meteorological Satellite Service and Meteorological Aids Service

Earth science studies of climate and weather often rely on information gathered from weather satellites
and weather balloons. The Meteorological Satellite Service (MetSat) and the Meteorological Aids Service
(MetAids) provide communication to weather satellites and weather balloons, respectively. Thus, while
not used to collect or generate scienti ¢ data directly, the more than 1900 radiosonde stations located
worldwide, which support nearly 1 million launches of weather balloons per year, provide measures of
pressure, temperature, humidity, and vertically sampled wind pro les that are critical to the interpretation
and analysis of EESS scienti c research, and thus are included in the broad list of scienti ¢ services.
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1.5.2 The Space Research and Space Operations Services

SRS and SOS need to be protected and managed in order to enable the scienti c community to
operate spacecraft and to retrieve data taken by them. Without these bands, spaceborne science cannot
be carried out.

SRS covers the communications services necessary for spacecraft launch and for data cemmunica
tions with spacecraft. The major network supporting space exploration and space science is the NASA
Deep Space Network (DSN), an international network of antennas operated by the Jet Propulsion Labo
ratory for NASA. The DSN supports interplanetary spacecraft missions and radio and radar astronomy
observations for the exploration of the solar system and the universe. The network also supports some
Earth-orbiting missions.

The majority of Earth-orbiting missions are supported by Earth stations located throughout the globe.
At present, more than 100 Earth stations have the capability of receiving high rate (more than 100 Mb/s)
stored data from low Earth-orbiting EESS satellites using the 8025-8400 MHz EESS communications
band. An additional 130 Earth stations can receive medium rate (20 Mb/s) real-time data directly from
some EESS satellites when such data are needed for immediate use. The EESS tracking telemetry, and
command functions, generally use S-band (around 2 GHz) and a subset of the EESS Earth stations.

EESS Earth stations may be dedicated to individual missions (e.g., NOAAs meteorological satellite
ground stations and the International Ground Station Network operated by the U.S. Geological Survey
to support Landsat). Other Earth stations may work in concert to service many missions (e.g., NASAs
Near Earth Network). Earth stations located at very high latitudes are particularly effective at servicing
polar, or near-polar, orbiting satellites because only two Earth stations (e.g., Fairbanks, Alaska, and
Svalbard,Spitzbergen, Norway) are needed to contact the satellite and collect data at least once each
orbit. At one time, NASA operated a “picket fence” of 12 Earth stations, spread from North to South to
obtain one contact per orbit with equatorial-orbiting spacecratft.

Another communications path is via a data relay satellite, such as NASA's Tracking and Data Relay
Satellite System (TDRSS). The data relay satellite then forwards the data from another satellite to the
ground via a K-band link, and forwards commands in the reverse direction to the satellite. The TDRSS
uniquely provides 24-hour uninterrupted communications when mission operations require it (e.g., the
inhabited International Space Station).

SRS also includes communications for space radio astronomy (space-based very long baseline
interferometry) using antennas in Earth orbit. The spacecraft transmit the data to ground stations for
processing and analysis.

1.5.3 Frequency, Time, and Position Systems

The Standard Frequency and Time Signal-Satellite Service, as well as navigational systems used
by the scienti c community, provide position data needed for measurements of motions of Earth’s crust
and glaciers as well as for spacecraft navigation. They also sometimes support intrinsic scienti c uses
in addition to navigational purposes—for example, measurements of general relativity.

These systems provide timing measurements orders of magnitude more accurate than any other
system. GPS provides timing with an accuracy that can be exceeded only by having an atomic clock
located in a laboratory.

The International Global Navigation Satellite System (IGS), formerly the International GPS Sys
tem, is a voluntary federation of more than 200 worldwide agencies that pool resources and permanent
navigation satellite station data to provide the highest-quality data and products in support of Earth
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science research, multidisciplinary applications, and education. Currently the IGS includes two Global
Navigation Satellite Systems (GNSSs)—GPS and the Russian Global Navigation Satellite System
(GLONASS)—and intends to incorporate future GNSSs, such as Europe’s Galileo system. While the
IGS is primarily used by the EESS for spacecraft position and timing information in support of remote

sensing, occultation of IGS transmissions through the limb of the atmosphere provide high-quality data
used for temperature and humidity pro le with exceptional vertical resolution. These data are assimilated
into numerical weather forecast models. There are also experimental scienti ¢ uses of IGS for radio
science and bistatic radar. NASA has funded the Cyclone GNSS (CyGNSS) mission to study tropical
cyclone winds using the re ected IGS from ocean waves. This technique has the potential to observe
oceanic winds in all conditions.

1.6 THE ECONOMIC VALUE OF THE SCIENCE SERVICES

1.6.1 Investments in Infrastructure

Radio astronomy and Earth science require the operation of many facilities with different instru
ments and locations, including the vantage point of space. Countries around the world that have made
major investments in the development of radio astronomy and Earth science include Argastiafa,

Brazil, Canada, China, Germany, France, India, Italy, Japan, The Netherlands, Russia, Sweden, the
United Kingdom, and the United States. As a return on those investments, radio astronomy and Earth
remote sensing have, over the past decades, made fundamental new discoveries and have brought us
closer to understanding both the nature of the universe and our immediate environment. The rapid rate
of important discoveries in radio astronomy and Earth science will surely continue if the radio-frequency
bands for the passive services are protected.

1.6.2 Technologies and Techniques Developed from Radio Astronomy

Because scienti ¢ discoveries are usually made at the limits of instrumental sensitivity, radio
astronomy and remote sensing have contributed signi cantly to the development of new technology for
medical, commercial, industrial, and defense purposes. Radio astronomy has been a copious source of
transferable technology, algorithms, and trained individuals interested in applying remote sensing and
receiver expertise in a variety of sectors, and especially in telecommunicaBonse examples are
listed below:

s /RIGIDEVIELAFEOA ST RO NDEW IENIQMEEI GH R E S ®IHAGTNEESIT R O
nomical objects, very long baseline interferometry (VLBI) is used for applications in Earth science—for
example, the determination of geophysical parameters used in studying plate tectonics, polar wandering,
latitude measurements, and variations in Earth’s rotation, and the identi cation of potential earthquake
zones through the precise measurement of fault motion.

s 4HWE")REFEFRMOEELEGSDIARD BWAMSEEEX TR EMEBEIRPANBOU RIGE S
basic to the periodic calibration of the GPS reference clocks.

3 National Research CouncBpectrum Management for Science in the 21st CerftheyNational Academies Press, Wash
ington, D.C., 2010, p. 130nternational Telecommunication UniollU Handbook on Radio Astronon8nd ed., Geneva,
Switzerland, 2013, p. 4.
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s OUIASNER') OBSERVARHEOINBX AMANBPE®BTN S TEEN BRIEORELATIVITY
timekeeping, precision navigation, and geodesy—including that of spacecraft—require consideration of
general relativistic effects.

S 6,") NSTRUMESTHEOIWORNEHEECHNOBEAROCINITEERFEEBDNVMOERCIAL
satellite uplinks.

S *OHRULLINRDNOLLABORAEORSMONWEFAENANPNDUSTIRSEAIARCH
Organisation were working on improving the quality of radio images made using interferometry and
patented a related technique for reducing multipath interference in network radio transmissions, a critical
component of wireless networks (WiFi).

s S5SIRSDASTROANNDDAB O RAX PRRI| N ERATRSOHADONM @ DIEHEU RP RDOEI N G
covery that long linear carbon chain molecules existed in interstellar space and also in stars. During
laboratory attempts to understand how these species came to be so abundant, fullerene molecules were
discovered. Kroto shared the Nobel Prize in chemistry in 1996 with Richard Smalley and Robert Curl.

s ISTRONFKOMEAESHGNIIAOKNNR EINMHEY D R O/ABSK RO &K | CSN O WN
important frequency standard in applications requiring high-precision (1 paf®)rfre@uency stability
OVPERIOBS SECONDS

s #OMPUTERBOEMDO GRNPH®YBST WMRET HORIS INEVEY.OM®MEAR PING
radio sources. The data-intensive computing and storage systems that are developed for signal processing
in areas such as pulsar searches have wide applications elsewhere.

S WXTRENMNESNOWE NFOHS ET¥ ER N D E © EMOMRRDAI®T R OMAESE ¥NS E D
in implementing the Enhanced 911 emergency service.

s IMPLIERSELPONEIDLIMETRARA(AMECAICILIAREORSTEBNRMN TO
point-to-point wireless systems.

Radio astronomers have adapted their methods of measuring microwave temperature for the non
invasive detection of tumors and other regions of vascular insuf ciency. Microwaves have poorer angular
resolution than infrared has but are more sensitive to deep-tissue temperatures. Astronomers were also
the rst to employ conical (circularly polarized) feed horns, which later became popular on satellite
transmitters because both polarizations could be transmitted by the same feed horn. Linear polarizations
require spatially separated crossed rectangular feeds.

1.6.3 The Value of Satellite Remote Sensing

Satellite remote sensing is one of the cornerstones of meteorology, oceanography, and environmental
science, supporting analysis and research that provide assessments, predictions, and warnings to the pub
lic.* Weather- and climate-sensitive industries account for about one-quarter of the U.S. gross domestic
product. Droughts, severe storms, and oods account for more than $20 billion in damage annually in
the United States. The impact of El Nifio events on the U.S. economy is estimated at $25Willen.
out satellite remote sensing, the ability of the atmospheric and oceanic science community to monitor,
analyze, and predict environmental conditions would be drastically diminished. Satellites provide the
only means of providing accurate assessments of land- and sea-surface and atmospheric conditions on a
global scale and are a critical component for better understanding and predicting the trajectory of Earth’s

4I1TU-R Report RS.2178 (10/2010).
5 Stanley A. Changnon, Gerald D. Bell, David Changnon, Vernon E. Kousky, Roger A. Pielke, Jr., Lee BfilNiig,
1997-1998: The Climate Event of the Cent@yford University Press, New York, 2000.
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climate. Remotely sensed information from passive and active microwave sensors is increasingly being
used to provide guidelines for environmental policy decisions.

Satellite remote sensing has long been used to estimate sea-surface temperature through passive
radiometry. Sea-surface temperature impacts the atmosphere as a forcing eld, coupling between the
ocean and atmosphere through sensible and latent heat and freshwater uxes. Until recently, cloud cover
severely limited sea-surface temperature retrievals, but microwave techniques are now routinely used
to see through clouds to provide accurate sea-surface temperature retrievals under almost all weather
conditions. The availability of complete coverage with relatively ne temporal and spatial resolution is
crucial to models of ocean and atmosphere coupling and variability. It has also provided new insights
into the mechanism of transport of moisture over the globe, for example, the identi cation of intense
trans-Paci c jets of moisture (“atmospheric rivers”) that facilitate most of the meridional transport of
water vapor from the tropics to the middle latitudes, along with the production of devastating winter
storms along the western U.S. coast.

Satellite remote sensing contributes greatly to surface-oriented science. Examples include the Shuttle
Radar Topology Mission, which provided a consistent, near-worldwide, digital elevation model for the
rst time and the breakthrough glacial observations made with Radarsat, which mapped the entirety
of Antarctica. Radarsat, along with in situ GPS-based measurements, is providing the rst large-scale
measurement of glacial motions, critical for climate studies. Further, interferometric synthetic aperture
radar (INSAR) and differential INSAR are providing new tools used to measure subtle movements in
Earth’s crust, for example, the subsidence areas exhibiting soil compaction or water table retreat or the
buildup of surface strain along crustal fault lines.

Some examples of valuable microwave satellite remote sensing applications are listed below:

s 4HEE O GRAPHINEAR ORNREXTENROOMOHBHE HMRCROWANEATION

S AWEEASUREWASSREHEOEHR STTRNGH NO® HTEHSM P E OAAAJIRRERI MO SPHERE
surface properties including soil moisture, snow cover, and sea ice; the distribution of water vapor, cloud
water, precipitation, and impurities such as carbon monoxide; and vegetation biomass properties;

s 4HMEONIT OFIRAEACASES QKD ZONEP ORTTANWM O SRHERM CBTERWYALITY
and greenhouse warming;

S NBWARNSCCUWRARBONWAT LAAD RELSMWEFHIDEBRBEITIGAOTBOENENTS

s 3YSTHEAWA/T RO NWMENNMTAARTMHEE N ERAANBOQR VRAELDWB E TV ER
agement of natural resources, including forests, agricultural lands, wetlands, and freshwater;

s 4HEAPPONS3 NDIWIAANGST E N DNRAL AORUA B RENDKISDH R EMSETOR S

s 3TUOIFEWBMAWP ACNHENVIRONMEX AMFOIIRBARNVELOPEMENRESTATION
and diversion of natural waterways; and

s 4HEEASURBEBENIEE WALYL O @AY B538 C O NADCATHBYABRALDT -(Z VIA
footnote 5.279A), of Amazonian biomass (in conjunction with higher-frequency radar measurements
of the top of the vegetation), as well as allowing measurements of soil, underlying brush cover, and soil
prone to landslides in the western United States.

The potential loss of any critical band for EESS could be expected to result in signi cant costs to
society, resulting from reduced ability to forecast weather and the environment, manage resources, and
predict disruptive climate changes.

The costs of severe weather events alone are often in the hundreds of millions of dollars per event.
NOAA's National Weather Service forecasts, warnings, and the associated emergency responses result
in a $3 billion savings in a typical hurricane season. Two-thirds of this savings, $2 billion, is attributed
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to the reduction in hurricane-related deaths, and one-third of this savings, $1 billion, is attributed to a
reduction in property-related damage because of preparedness actions. Errors in temperatuwe and pre
cipitation forecasting for even benign meteorological events such as local or regional heat or cold waves
can cost U.S. utilities approximately $1 million per degree Fahrenheit daily as a result of an impaired
ability to match energy supplies with dem&mlthough it is dif cult to ascribe forecast errors to inter
ference occurring within any speci ¢ microwave band, it is noted that undetected interference in any
passive microwave band can seed the growth of large errors in numerical weather-prediction models.
The costs of such forecasting errors are typically largest in areas of highest population density and thus
of greatest spectral demand.

Although the key predictors of climate events remain a subject of debate, measurements of global
moisture, cloud, snow, ice, and thermal distribution remain key values that are connected to regional
weather patterns. Furthermore, the prediction of climate changes on all timescales shows increasing
promise as global modes of oscillation, such as the El Nifio-Southern Oscillation, Paci ¢ Decadal
Oscillation, and North Atlantic Oscillation, the teleconnections of these modes to regional climate, and
the coupling of major large-scale climate subsystems are better understood. Indeed, as the ability to
predict short-term climate improves, the utility of such measurements in making accurate climate pre
dictions on both the short (monthly) and long (annual to decadal) timescales is anticipated to increase.
Bene ts to U.S. agriculture by altering planting decisions based on improved El Nifio forecasts have
been estimated at $265 million to $300 million annually, throughout EI Nifio, normal, and La Nifia
years. Costs associated with errors in predicting the onset of regional climate changes could thus easily
amount to hundreds of millions of dollars per year.

1.6.4 Education for Scienti c Literacy

Both RAS and EESS science programs provide training and educational opportunities for students
of all ages. Astronomy is a compelling subject, as shown by public attendance at planetariums, the
number of astronomy and space magazines, and the very large number of astronomy clubs and ama
teur astronomers. This interest and involvement serves as an effective basis for using astronomy in the
curriculum for kindergarten through grade 12 to improve the scienti c literacy of tomorrow’s leaders
and managers. Indeed, although at rst glance they would seem too esoteric for such a purpose, radio
telescopes have in fact proven very effective in education. For example, the Massachusetts Institute of
Technology’s Haystack Observatory staff developed a Small Radio Telescope (SRT) and high school
lesson plans as a tool to introduce students to the basics of radio astronomy. More than 100 SRTs were
built from the original kits; as of 2012, the SRT has been re-designed so that it can be assembled from
commercially available equipment, providing further educational opportunities as students build the
telescope themselves.

The Angel Ramos Foundation Visitor and Educational Facility at the National Astronomy and
lonosphere Center (NAIC) in Arecibo, Puerto Rico, receives 100,000 visitors per year and conducts a
number of training programs for students and teachers alike. Likewise, the National Radio Astronomy
Observatory has visitor centers at the Very Large Array headquarters in Socorro, New Mexico, and at the
Robert C. Byrd Green Bank Telescope in Green Bank, West Virginia. The Green Bank NRAO facility
hosts many educational programs. Research at the National Radio Astronomy Observatory (NRAO) and
NAIC has provided data for many Ph.D.s granted in the past 50 years, and both NRAO and NAIC run

6 National Oceanic and Atmospheric Administrati&conomic Statistics for NOAAth ed., April 2006.
7 National Oceanic and Atmospheric Administrati@tonomic Statistics for NOAAth ed., April 2006.
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summer Research Experience for Undergraduates programs. University radio observatories also provide
hands-on training for the next generation of engineers and instrument builders as well as astronomers.
Earth remote sensing data are made publicly available at low cost or no cost via the Internet for use
in schools. Landsat imagery, weather data, and most data from NASA and NOAAs Earth Observing
Satellite system are provided free of charge to U.S. reseafcRersnstance, digital elevatianodels
from NASA's February 11-22, 2000, Shuttle Radar Topography Mission that operated at 5.3 GHz is the
most downloaded NASA data set of all time. Within the framework of the Global Earth Observation
System of Systems, Earth remote sensing data are readily and rapidly distributed on a worldwide basis
to support a wide range of activities by scores of countries within a number of societal bene t areas.
The enhanced degree of awareness of Earth as a system stemming from such data use provides a myriad
of educational bene ts to all students around the globe.

8 National Research Counclltilization of Operational Environmental Satellite Data: Ensuring Readiness for 2010 and
Beyond The National Academies Press, Washington, D.C., 2004; and National Research Cateltite Observations of
the Earth’s Environment: Accelerating the Transition of Research to Operalibed\ational Academies Press, Washington,
D.C., 2003.
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Scienti ¢ Background: Radio Astronomy Service

2.1 INTRODUCTION AND OVERVIEW

The comprehensive study of cosmic objects at radio frequencies began following the serendipitous
discovery of celestial radio emission in 1932 by Karl Jansky of the Bell Telephone Laboratories, as a
by-product of studies of system and thermal noise in radio-telephone systems. Since this initial discovery,
radio astronomers have made many important discoveries, including several recognized by the award
ing of Nobel prizes (Box 2.1). The science of radio astronomy has grown remarkably over the years,
becoming a major tool of modern astronomy and astrophy&lce to the extreme physical conditions
associated with some celestial objects, radio observations permit the study of a wide range of physical
environments, including extremes in density, temperature, pressure, and unusual chemical compositions
that cannot be reproduced on Earth.

Radio emission from celestial objects arises under conditions that are different from those processes
that produce visible radiation. The light waves studied by optical astronomers originate from objects such
as stars and circumstellar nebulae. Celestial radio waves, however, come from diverse environments that
are not always accessible at other wavelengths (see, for example, Figure 2.1). Indeed, studies at radio
wavelengths often reveal new classes of objects. Moreover, study by radio astronomers of the same
celestial objects that optical astronomers study provides independent insight into the physical processes
that are not probed at other wavelengths.

Study of the radio emission from celestial sources provides unique insight into the formation, evolu
tion, and physical characteristics of a wide range of astronomical objects and phenomena. Of particular
importance for research into the formation and evolution of celestial objects is the fact that some astro
nomical sources of radio waves are at the farthest limits of the known universe. Observations of these
distant sources provide information about the condition of the universe a very long time ago because the
radio waves from these sources have been traveling for many billions of years (see Figure 2.2). On the

1 For background information from technical papers regarding the technical capabilities of the Radio Astronomy Services,
see the following: T.L. Wilson, K. Rohlfs, and S. Huettemeidieo|s of Radio Astronomgth ed., December 2013; and A.R.
Thompson, J.M. Moran, and G.W. Swensimterferometry and Synthesis in Radio Astrono2myl ed., May 2001.

16
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BOX 2.1
Nobel Prizes Awarded for Contributions Made by Radio Astronomers

2006—John C. Mather and George F. Smoot for their discovery of the blackbody form and
anisotropy of the cosmic microwave background radiation that traces the uctuations responsible
for all the structures seen in the universe.

1993—Russell Alan Hulse and Joseph Hooton Taylor Jr. for the discovery of a new type of pulsar,
a discovery that has opened up new possibilities for the study of gravitation.

1978—Arno Allan Penzias and Robert Woodrow Wilson for their discovery of cosmic microwave
background radiation.

1974—Sir Martin Ryle and Antony Hewish for their pioneering research in radio astrophysics:
Ryle for his observations and inventions, in particular of the aperture synthesis technique, and
Hewish for his decisive role in the discovery of pulsars.

other hand, other sources of radio waves are in our backyard: the Sun and Jupiter both exhibit bursts of
radio emission. Speci ¢ examples of the scienti ¢ use of the radio spectrum for astronomical research
are highlighted in the following sections.

2.1.1 Types of Radio Emission: Radio Continuum

The discovery of radio sources and the bulk of current knowledge about their nature and distribu
tion, and about the processes responsible for the radio emission from them, have come through obser
vations of the continuum radiation. Continuum observations consider the broad variation of emission
with frequency (see Figure 2.3). Individual measurements are made with broadband detectors that span
up to 8 GHz and are therefore sensitive to interference over a large range of frequencies, from meter to
millimeter wavelengths (several MHz to hundreds of GHz). The radio continuum arises from three main
processes, all of which have major application in the study of astronomical objects:

s 4HERBIAACKRBR®@D VAFTQ DINOWHMEL & NAKVHIASE M | TB OB J FACCTCSO RDIN G
their physical temperature,

S &REENMREESNVHNCHFRODUBHONIGAGFREEQYLIBDURNGRPR®ROTONS
with an intensity proportional to the temperature of the electrons, and

s .ON THERMASNOMNSF RO D B KO O HiymtEdrdn radiationin which very high
energy electrons spiral around magnetic- eld lines, and also by a variety of coherent processes, such as
plasma and cyclotron radiation.

An additional effect arises from the Inverse Compton effect, in which relativistic electrons in
foreground galaxies shift the photons emitted by the microwave background to higher energies, thus
producing an apparent absorption in the radio band. This is also known as the Sunyaev-Zel'dovich
(S2) effect.
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FIGURE 2.1 Multi-frequency all-sky image of the microwave sky composed using data from the European Space
Agency (ESA)/NASA Planck satellite covering the electromagnetic spectrum from 30-857 GHz. The mottled
structure of the cosmic microwave background radiation (CMB), with its tiny temperature uctuations re ecting
the primordial density variations that are the origin of today’s cosmic structure, is clearly visible in the high-
latitude regions of the map. The central band is the plane of our galaxy. A large portion of the image is dominated
by the diffuse emission from its gas and dust. The great spiral galaxy in Andromeda, 2.2 million light years from
Earth, appears as a sliver of microwave light, released by the coldest dust in its giant body. Other, more distant,
galaxies with supermassive black holes appear as single points of microwaves dotting the image. The image was
derived from data collected by Planck during its rst all-sky survey, and comes from about 12 months-of obser
vations. SOURCE: ESA, “The Microwave Sky as Seen by Plank,” July 2010, http://www.esa.int/spaceinimages/
Images/2010/07/The_microwave_sky as_seen_by Planck. Copyright ESA/HFI and LFI consortia.

Observations of continuum intensities at a number of frequencies are used to determine the charac
teristic spectra of sources, but because the distribution of continuum radiation with frequency is relatively
smooth, observations of this kind do not need to be made at speci c or closely adjacent frequencies.
Using a wide signal bandwidth allows higher sensitivity to be obtained becauSaudksian noise is
reduced by a factor proportional to the square root of the bandwidth. At high frequencies, bandwidths
of up to 8 GHz are commonly used for single antennas such as the Green Bank Telescope (GBT), as
well as arrays such as the Very Large Array (VLA). The radio bands, particularly those at frequencies
below 3 GHz, are especially valuable for the study of quasars, radio galaxies, pulsars, radio transients,
the Sun, and planets in our solar system and beyond. At the high frequency end, continuurm observa
tions at frequencies above 20 GHz are used for the study of the angular distribution, polarization, and
ne structure of the 2.7 K cosmic microwave background (see Figure 2.1), a remnant of the Big Bang.
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FIGURE 2.2 Schematic of the development of the universe, with time on the upper horizontal axis and redshift
(see Box 2.2) on the lower horizontal axis. The development started with the Big Bang, 13.7 Gigayears in the past.
Immediately after the Big Bang, matter was hot and ionized. With expansion, the ionized material cooled, with
matter and radiation decoupling. The remnant of the Big Bang that is detected as the cosmic microwave back
ground formed at a redshift, of about 1100. After redshift 1100, the matter became neutral, until stars formed.
Between redshifts of 15 to 6, the rst generations of stars, galaxies, and quasars re-ionized matter, resulting in the
so-called Epoch of Reionization (EoR). After the EoOR, galaxies continued to form and evolve; within the Milky
Way Galaxy, our solar system formed only 4.7 Gyr ago. At the present time, the expansion rate of the universe
appears to be accelerating, which is attributed to Dark Energy. SOURCE: Adapted from NASA/WMAP Science
Team, “Timeline of the Universe,” page updated December 21, 2012, http://map.gsfc.nasa.gov/media/060915/
index.html.

2.1.2 Types of Radio Emission: Spectral Lines

Spectral line radiation is emitted when an atom or molecule undergoes a radiative transition between
energy levels. This radiation is emitted at a well-de ned frequency and thus results in a line in the radio
spectrum (Figure 2.4). For molecules, many of the rotational and vibrational transitions occur in the
centimeter and millimeter wavebands, so many spectral line studies, including the discovery in outer
space of new molecular species, can only be carried out in the radio part of the spectrum. In addition,
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FIGURE 2.3 Left: Continuum spectra produced by various emission mechanisms. Rygles of astronomical
sources that produce the corresponding radio continuum emission. The ux levels shown correspond to the strongest
known sources. A Jansky (Jy) isZ0N m2 Hz 1,

radio techniques allow spectral lines to be observed with very high frequency resolution that cannot be
attained by techniques commonly employed at other wavelengths.

Each atomic and molecular species has its own unique set of spectral lines. The radio spectral lines
of atoms arise from hyper ne transitions or electron recombination. One of the most fundamental and
widely observed lines occurs at 1420 MHz, which arises from neutral atomic hydrogen. Studies of this
line provide an important tracer of the most abundant element in the universe within the interstellar
clouds in the Milky Way and other galaxies. Molecular lines typically come from changes in the rota-
tional energy of the molecule. Studies of the different transitions of the abundant carbon monoxide (CO)
molecule at 115, 230, 345 GHz, and beyond (Figure 2.5) provide fundamental information about the
nature and distribution of the densest forms of the interstellar medium.

Observations of spectral lines allow astronomers to measure the Doppler shift arising from the rela-
tive motion of the source and the observer. The observed frequency of the spectral line, often reported as
the redshift (Box 2.2), is a combination of the systemic motion of the celestial object and local kinematic
motions of the emitting or absorbing medium. Study of the source location, kinematics, and angular
sizes of the regions provide important information about the physical conditions in and near the source
and about motions within the source.

Many spectral lines from a variety of atomic species and from a large number of molecules have
been found in interstellar space and in the atmospheres of stars, planets, and comets. This rapid
expansion of our knowledge has led to the development of a new and exciting branch of astronomy:
astrochemistry, which emphasizes the synthesis of interstellar molecules and the evolution of dense
interstellar gas, including its role in the formation of stars and later stages of the lives of stars. Because
planets form as a by-product of star formation, knowledge of interstellar chemistry and the origins of
molecular species are vital to an understanding of the early planetary chemistry and the origin of life.
Spectral lines from more than 155 different molecular species have now been detected in interstellar
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FIGURE 2.4 Orion-KL Spectrum.Top: 67 to 93.6 GHz spectrum of the high-mass star forming region in the
Orion-KL nebula. The observations were made with the Green Bank Telescope with a spectral resolution of
390 kHz. At least 727 individual spectral features of dozens of different molecular species a®odean.
Expanded view in frequency and sensitivity of a frequency range. Spectral features are marked by the dotted lines
and labeled by species. For clarity, the dotted lines of neighboring transitions from the same species are connected
by a solid line below the spectrum. The feature labeled with a “U” is unidenti ed. SOURCE: D.T. Frayer, R.J.
Maddalena, M. Meijer, L. Hough, S. White, R. Norrod, et al., The GBT 67-93.6 GHz Spectral Line Survey of
Orion-KL, Astronomical Journall49:162-166, 2015; courtesy of NRAO/AUI.
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FIGURE 2.5The expansion of the universe results in an apparent Doppler shift of spectral lines for distant
sources. The parametef(f, ., f.,J/f,,d iS known as the redshift. lllustrated here are the redshifted frequen
cies for selected CO rotational transitions and the [CII] 158 micron, [Olll] 88 micron, and [OI] 63 micron ne
structure lines. The color-shaded vertical regions indicate the frequency range of the Atacama Large Millimeter
Array receivers (bands). Observations of multiple CO lines from the same source enable the study of the physical
conditions (temperature and density) associated with molecular clouds and star forming regions in both nearby
and extremely distant objects. SOURCE: Adapted from R. Maiolino, Prospects for AGN studies with ReMA,
Astronomy Reviews2(6):339-357, copyright 2008, with permission from Elsevier.
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BOX 2.2
Redshifts and the Early Universe

The expansion of the universe stretches electromagnetic waves such that they are received on
Earth at a frequency lower than the frequency at which they were emitted. This effect is known
as a redshift, z, because light is shifted toward the red end of the spectrum because of this
expansion. In addition, because the velocity of light is nite, light from distant galaxies was emit -
ted at earlier times and has been stretched more than light emitted from nearby objects, resulting
in a direct correspondence between the observed redshift and the distance to an extragalactic
source. However, while measurement of an object’s redshift is relatively straightforward and
precise, usually based on the observed frequencies of known spectral lines, determination of an
accurate distance for a celestial object is much more dif cult. Thus, astronomers often refer to
the redshift of a source rather than its distance. Further, by taking advantage of the nite travel
time for light, astronomers can “look back in time” by observing high redshift (distant) galaxies
to see the universe at earlier epochs. The correspondence between redshift and lookback time
is illustrated in Figure 2.2.

clouds (Table 2.1). Many of these are quite complex organic molecules, which raises questions about
how far interstellar chemical evolution progresses toward creating the chemical precursors of life and
how widespread the phenomenon of life might be in the universe.

With a better understanding of interstellar chemical evolution, it has also become possible to use
the relative strengths of lines of certain molecules to determine the physical and chemical conditions
in interstellar clouds and circumstellar envelopes. Thus, some speci ¢ molecular lines have proved to
be exceptionally valuable diagnostic tools that require special attention. Appendixes C, D, and E in this
handbook list the spectral lines considered by the International Astronomical Union (IAU) to be the ones
most important to astronomy (as of 2015) and, if they lie in an allocated band, their protection status is
listed. In addition to the value of some molecular lines as diagnostic tools, because molecular transitions
occur throughout the electromagnetic spectrum, observations of transitions of interstellar molecules at
all frequencies improve our understanding of the physical nature and composition of the interstellar
medium. For this reason, it is important that all spectrum users take all practical steps to minimize the
pollution of the spectrum with unnecessary emissions.

2.1.3 Atmospheric Windows and Frequency Bands for Radio Astronomy

The allocation of spectral bands for radio astronomy science applications is based partly on the
atmospheric windows available, as shown in Figure 2.6. Ground-based radio telescopes can observe
only in the regions of the atmosphere that are not obscured. Below 50 GHz, there is a window between
approximately 15 MHz and 50 GHz. Above 50 GHz, such radio windows occur at wavelengths around
3 mm (65-115 GHz), 2 mm (125-180 GHz), and 1.2 mm (200-300 GHz). At wavelengths shorter than
1 mm, the so-called submillimeter bands, the windows are less distinct, but clear ones exist at 0.9 mm
(325-375 GHz), 0.7 mm (375-500 GHz), 0.45 mm (600-720 GHz), and 0.35 mm (780-900 GHz), as
well as in other, smaller, windows.

Within these atmospheric windows, many scienti cally important parts of the spectrum have been
protected for astronomical research (see Chapter 5). Radio astronomers regularly use frequencies
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TABLE 2.1 Astrophysical Molecules, Grouped by Number of Atoms, Found in Interstellar Clouds
of Various Sorts

Di-atomic Tri-atomic 4 Atoms 5 Atoms 6 Atoms 7 Atoms
H, C, ¢-CH Cs CH CgH

AlF CH I-CH CH I-H,C, CH,CHCN
AlCI C,0 CN C,Si CH, CH,CH
C, C,sS C,0 I-CH, CH,.CN HCN
CH CH, C;S ¢-CH, CH,NC CH,CHO
CH* HCN CH, H,CCN CH,0H CH,NH,
CN HCO NH, CH, CH,SH ¢-CH,0
(6] HCO* HCCN HC,N HC,NH* H,CCHOH
Co* HCS* HCNH* HC,NC HC,CHO CH™
CP HOC* HNCO HCOOH NH,CHO CH,NCO
SiC H,O HNCS H,CNH CN

HCI H,S HOCO* H,C,0 I-HC,H

KCl HNC H,CO H,NCN [-HC,N

NH HNO H,CN HNC, ¢-H,C,0

NO MgCN H,CS SiH, H,CCNH (?)

NS MgNC H,0* H,COH* CN-

NacCl N,H* ¢-SiC, CH- HNCHCN

OH N,O CH, HC(O)CN

PN NaCN CN~ HNCNH

SO 0ocCs PH, CH,0

SO SO, HCNO NH,*

SiN ¢-SiC, HOCN H,NCO" (?)

Sio Co, HSCN NCCNH*

SiS NH, H,0,

CS H,* CH*

HF SIiCN HMgNC

HD AINC HCCO

FeO ? SiNC

0, HCP

CF CCP

SiH ? AIOH

PO H,0*

AlO H.CI*

OH* KCN

CN- FeCN

SH* HO,

SH Tio,

HCI* CN

TiO Si,C

ArH*

NO*?

NOTE: Tentative detections, which have a reasonable chance to be correct, are indicated by “?”. Some detections that have
been reported as secure ones are indicated by “(?)” because (partial) overlap of lines cannot be ruled out at the moment or
because the line list is somewhat small.
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8 Atoms 9 Atoms 10 Atoms 11 Atoms 12 Atoms >12 Atoms
CH,C,N CH,C,H CH,CN HCN ¢-CgHg HC, N
HC(0)OCH, CH,CH,CN (CH,),CO CH,CH n-C,H.CN Ceo
CH,COOH (CH,),0 (CH,0H), C,H;O0CHO i-C,H,CN 2014 Ch

CH CH,CH,0H CH,CH,CHO CH,OC(O)CH, C,H,OCH, ? Cso

CH, HC.N

CH,OHCHO CgH

I-HCH CH,C(O)NH,

CH,CHCHO (?) CgH™

CH,CCHCN C,Hg

H,NCH,CN CH,CH,SH (?)

CH,CHNH

SOURCE: Universitat zu Koln, Physikalisches Institut, “Molecules in Space,” October 2015, http://www.astro.uni-koeln.de/
cdms/molecules.
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FIGURE 2.6 Atmospheric windows in the radio spectrum commonly used in the Radio Astronomy Service cor
respond to regions with high atmospheric transmission. Radio observatories with high-frequency receivers are
usually located at high elevations, and at historically dry sites, to minimize atmospheric attenuation of cosmic
signals. The atmospheric transmission at the top of Mauna Kea, Hawaii, is shown for three values of precipitable
water vapor (0.62 mm, 0.91 mm, and 1.44 mm) corresponding to the best 10% (black), 25% (red), and 50% (blue)
conditions at the site. SOURCE: P. Tremblin, N. Schneider, V. Minier, G.Al. Durand, and J. Urban, Worldwide
site comparison for submillimetre astronomgtronomy and Astrophysiég8:A65, 2012; see also N. Schneider,
J. Urban, and P. Baron, Potential of radiotelescopes for atmospheric line observations: Observation principles
and transmissioncurves for selected siRdanetary and Space Scien6@(12):1419-1433, copyright 2009, with
permission from Elsevier.

from the lowest allocated radio astronomy band at 13.36-13.41 MHz to frequencies above 1000 GHz.
However, with the discovery of new astronomical objects and the development of better equipment and
techniques, much needs to be done to protect the current allocations and to meet the needs of modern
research. The following areas are of particular importance:

s Many of the currently allocated bands have insuf cient bandwiddnigiinally, given the technel
ogy available to radio astronomy, bandwidths of approximately 1 percent of the center frequency were
adequate. With modern technology, more bandwidth is essential for high-sensitivity measurements,
which depend on averaging for noise reducfidine Doppler shift of spectral lines due to the expan

2 Radiometric noise reduction is achieved by increasing the number of effective samples, which means increasing the product
of the time spent observing the source and the bandwidth of these observations. Increasing the time spent observing the source
is limited by practical considerations, such as ampli er stability and atmospheric variability, which drives the need for wide
bandwidths.
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sion of the universe or local motions of astronomical objects also necessitates going outside of these
allocated bands.

s Most bands are shared with active servig@bvious strong signals of terrestrial origin can often
be excised from collected data, but weak signals defy editing and may therefore be more pernicious,
contaminating long-term wideband averages without being apparent in individual data.

s The radio astronomy bands are not adequately protected from transmissions in adjacent bands.
This is particularly a problem with airborne and spaceborne transmitters, because their modulation tech
niques are often inef cient and terrain around observatories does not provide shielding for transmitters
at high elevation.

s Some allocations apply to limited areas of the world, providing no protection at all in other areas.

s There are large intervals between some of the allocated bandsder to determine the spectral
distribution of radio source emission, bands were assigned to radio astronomy at approximately octave
intervals.

Despite the above concerns, the shared use of the radio spectrum by both active services and the
receive-only Radio Astronomy Service (RAS) is possible in certain circumstances, such as active use of
low power or shielded transmitters. For example, the RAS allocation at 608-614 MHz (TV Channel 37)
has been shared successfully with medical telemetry devices with no con ict for years. At high-frequen
cies, similar sharing between passive and active use may be possible because of the severe attenuation
of the propagating signal and to the geographic isolation of millimeter-wave radio telescopes (which
are located on high, arid mountaintops to minimize atmospheric attenuation of already weak signals).
However, as a practical matter, commercial applications that choose to use the opaque bands, between the
atmospheric windows, will not only avoid con ict with the radio astronomy service, but also minimize
con icts between other active services. In all cases, however, reducing interference from active users
of the radio spectrum will increase the ef cacy of both the receive-only science applications delineated
below and other users of the radio spectrum.

2.2 THE SOLAR SYSTEM AND EXTRASOLAR PLANETS

Radio observations of our solar system span the range of dynamic, but well studied, sources such as
our Sun, to observations of stable, but transient, sources such as near-Earth asteroids. The discovery of
planets around other stars has led to the burgeoning study of extrasolar planets (exoplanets); the evolu
tion of planetary systems, and a renewed interest in the possibility of other forms of life in the universe.

2.2.1 The Sun

In the solar system, radio observations of the Sun complement optical observations (see Figure 2.7).
For example, observations of coronal mass ejections are of particular importance in the study of space
weather. The slowly varying component of solar radio emission has been found to provide one of the
best indicators of the variation of solar activity over the Sun’s 22-year cycle. In addition, the intense and
rapid bursts of solar radio emission provide greater understanding of what happens on the Sun during
active periods and the way the Sun in uences events in Earth’s atmosphere, near-Earth space, and other
portions of the solar system. Solar monitoring programs at 2.8 GHz have shown that the selar emis
sions at these radio wavelengths are tightly correlated with ultraviolet and x-ray emissions. In addition,
as the longest running indicator of solar activity, solar monitoring at 2.8 GHz can be conducted in any
weather conditions and at much less expense than space-based observations. Overall, solar monitoring
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FIGURE 2.7 A 4.9 GHz image of the Sun obtained with the Very Large Array. Several active regsmsated

with sunspots are seen as well as a line of absorption due to aarkient crossing the southern part of the
image. SOURCE: “The Radio Sun,” image, April 11, 1999, http://images.nrao.edu/506; courtesy of NRAO/AUI
and Stephen White, University of Maryland.

programs with frequency coverage from 1 to 18 GHz provide insight into the nature and evolution of
coronal magnetic elds and the temperature and density of nonthermal electrons in active regions.
2ADOMB SERVOARHBNADPEH REQUBECOBNS-(Z PROVEDEENAMDMEOLAR
bursts. Occasionally, and more frequently during sunspot maximum, dramatic radio bursts of several
different characteristic types are generated in the Sun’s atmosphere. Such bursts are sometimes associ
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ated with solar ares, which are sudden, violent explosions in the Sun’s chromosphere. Radio bursts
ANODOROWNMES ECTARBBSSERREM TO -(Z ANRRMOREBTEANBHIEOWER
frequencies. The high-energy particles ejected from the Sun during these bursts may cause damage to
orbiting satellites, and interact with Earth’s ionosphere and the stratosphere. Such interactions cause
severe interruptions in radio communications and power systems and can also have dangerous effects
on aircraft passengers on ights above 15 km. Studies of radio bursts aim to enable the prediction of
failures in radio communications and the forecasting of other effects. Knowledge of the high-energy
particle ejections from the Sun is essential for space exploration missions, both manned and unmanned.
Continuous monitoring of the Sun’s activity will remain a high priority for the foreseeable future.

2.2.2 Geodesy

Originally developed as a radio astronomical technique for the high-resolution imaging ef astro
nomical objects, Very Long Baseline Interferometry (VLBI) has found many applications in Earth-based
science, a notable example being the sensitive monitoring of crustal motions on Earth. The positional
accuracy provided by the Global Positioning System (GPS) depends on the precise knowledge of
irregularities of Earth’s rotation provided by VLBI measurements of distant quasars. Using large num
bers of time-difference measurements from many distant quasars observed with a global network of
antennas, VLBI determines with unequaled precision the terrestrial reference frame (antenna locations
on Earth), the celestial reference frame (quasar positions in the sky), and Earth’s orientation in space.
These time-difference measurements are precise to a few picoseconds. This high precision is made
possible by simultaneous continuum observations in several discrete channels spanning over 100 MHz
around 2300 MHz and spanning 500 MHz or more around 8600 MHz. Because of the sensitive, large
antennas of the NASA Deep Space Network and other deep space stations, the 2290-2300 MHz band
allocated to the Space Research Service (SRS) is used for VLBI observations in radio astronomy. The
2200-2290 MHz band is widely used in conjunction with the SRS band just above it. In particular, major
geodetic and astrometric programs are being carried out jointly in the 2200-2300 MHz frequency range.

Although it is not possible to make such precise measurements using only bands allocated to the
passive services, use of broader bandwidths are possible because the interferometric technique provides
some mitigation against radio frequency interference that is present in only one of the antennas. How
ever, the recent activation of broadcast satellites in the 2300 MHz band is making these measurements
more dif cult. The broadcast satellites and other sources of interference may make it necessary to move
geodetic observations to the 31 GHz band, where 500 MHz is protected for radio astronomy and other
passive services.

2.2.3 Comets and Asteroids

Comets likely preserve pristine material remaining from the origin of the solar system. As comets
pass near the Sun, the volatile ices in the comet are sublimated; the gas that is produced ows out from
the nucleus to form the comet’s coma. “Parent” species are those directly sublimated from the nucleus,
while “daughter” species are formed through photo-destruction within the coma. Many parent molecules
are only detectable via radio spectroscopy, so radio observations provide the best way to measure the
detailed molecular composition of the cometary ices, which then relate to the volatile composition of the
protosolar cloud that formed the Sun and planets. High-resolution radio spectroscopy enables analysis
of the dynamics of gas production, the excitation mechanisms affecting coma molecules, and what frac
tion of the nucleus is actively outgassing. In addition, quasi-thermal broadband emission from cometary
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dust can be detected in the millimeter and submillimeter wavelength ranges, enabling assessment of the
structure, porosity, mass, and density of dust that was aggregated from the protosolar nebula.

Asteroid thermal emission, which typically peaks in the mid-infrared bands, can still be detected at
radio wavelengths for some bodies. For larger or closer objects, the Atacama Large Millimeter Array
(ALMA) can provide high enough resolution to make thermal maps of asteroid surfaces at submillimeter
(>300 GHz) wavelengths. Such observations place important constraints on thermal inertia, which relates
to the density and porosity of the object, which is an important element in assessing impact hazards,
and complements radar observations.

2.2.4 Radar Astronomy

While radio astronomy is largely a receive-only activity, there is one exception. Operating in the
Radidocation Service bands at 2380 MHz and 8560 MHz, powerful radars at the Arecibo Observatory
and the NASA Goldstone Deep Space Communications Complex, respectively, are used to study the
surfaces of the Moon, Mars, Mercury, Venus, comets, asteroids, and the satellites and rings of Jupiter
and Saturn. Additional transmitters at 7200 MHz are also used by other Deep Space Beterorés,
as well as X-band (8560 MHz) transmitters at various private and international facilities. Though
many radar signal returns are received by the transmitting station, in some cases it is advantageous to
receive at a different station bistatic mode. Bistatic observations are used when the radar target (the
moon or a near-Earth object) is too close to Earth to switch transmit/receive modes in time to capture
the echo. In addition, bistatic operations permit the optimal combination of transmitter resolution and
receivingstation sensitivity, such as transmission at Goldstone and receipt at Arecibo. Furthermore,
by receiving radar echoes with an interferometer array, such as the VLA or the Very Long Baseline Array
(VLBA), the technique of radar speckle tracking provides a high-resolution option for both planetary
and asteroidal targets.

Observations with planetary radar systems have made unique and critical contributions to eur knowl
edge of the Moon, terrestrial planets, satellites, asteroids, and comets. Radar astrometry can improve
orbit characterization and predictions, which assist with planning and executing spacecraft rendezvous,
analysis of non-gravitational effects on the orbits, testing General Relativity predictions, measuring solar
oblateness, and assessing impact hazards. Radar imaging at high resolution, often rivaling that of space
craft encounters, enables determination of object shapes, estimation of spin pole positions, discovery of
satellites or contact binaries, and characterization of surface and near-surface processes and properties
(see Figure 2.8). Radar characterizations of binary/multiple systems can constrain masses, densities, and
material properties critical for hazard assessment. In addition, radar astrometry places strong constraints
on Yarkovsky drift, which results from asymmetrical thermal emissions and can alter the orbits of small
objects. Yarkovsky effects are important to the assessment of impact hazards, but also offer another
means of estimating masses because the effect is proportional to object size.

Although the transmitters are very powerful, the returned signals decrease with the fourth power of
the distance to the target and, therefore, are extremely weak and vulnerable to interference. In particular,
the Arecibo S-band radar frequency 2380 MHz is close to powerful broadcast satellite transmissions
near 2330 MHz, which is of great concern for the reliable detection of the weak return signals. Bistatic
operations require coordinated protection of frequency bands at two or more stations, and often a rapid
response time for scheduling and coordination when newly discovered targets are being observed.
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FIGURE 2.8A radar investigation and model of asteroid 101955 Bennu, a target for the OSIRIS-REX sample-
return mission. A simulation of the data based on the model is shown at the left for three different times on Septem
ber 23, 1999. In the center are the delay-Doppler images from the S-band Arecibo Planetary Radar observations,
where the width of the image is proportional to the asteroid’s rotation speed, and the height of the image shows the
radar range, related to the object’'s physical size. At right is how Bennu would appear on the sky viewed from
Earth at the time the data were taken (the cross indicates the sub-radar point on the model). SOURCE: Courtesy
of Michael C. Nolan, Arecibo Observatory.
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2.2.5 Our Solar System

Radio observations of the planets provide new information that cannot be achieved by other tech
NIQUEGBRXAMPHELANER IPRRDBREQRERSRADNAVERBOMTO -(Z
their study by radio astronomers rst determined the rotation period of the planet’'s core and showed
the coupling between Jupiter's magnetosphere and the satellite lo. Furthermore, these bursts are an
example of a coherent emission mechanism that is not completely understood. This has been con rmed
and extended by measurements in the vicinity of Jupiter from yby and orbital spacecraft. Radio
measureents of the deep atmospheres of Venus and the outer planets provide the only means to probe
these regions remotely and inform models of planetary formation. Low frequency observations have
also detected electric discharges in the atmospheres of Saturn, Uranus, and Neptune. Millimeter-wave
spectroscopic measurements of the upper atmospheres of Venus, Mars, and Saturn’s satellite Titan pro
vide some of the best information on the atmospheric photochemistry and circulation that is available.
Ground-based radio observations complement optical observations in providing the long-term monitor
ing necessary to study the seasonal cycles on Titan, viewing Saturn’s rings at different geometries, and
monitoring Venus radar returns for evidence of volcanic activity.

In addition, another important use of radio astronomy telescopes is for ground-based telemetry for
space missions, including, for example, use of the VLBA in support of the Cassini mission during the
descent of the Huygens probe at Titan, and use of the Green Bank Telescope to acquire signals from
the probe during its descent to measure wind speeds on Titan. As large, sensitive receivers with large
collecting areas, Green Bank and Arecibo can be used to con rm a spacecraft landing or recever hom
ing signals from spacecraft for which anomalies have occurred. Frequencies used in these experiments
are necessarily limited to those available on spacecraft transmitters, which are generally in X-band
(8-12 GHz), but vary depending on the Doppler shift due to motion of the spacecraft or its target object
in the solar system.

2.2.6 Extrasolar Planets

Given the dramatic strength of Jovian Bursts at low frequencies, considerable effort is currently
being directed into searches for emission from extrasolar planets (exo-planets) below 80 MHz with
new instruments such as the Long Wavelength Array (LWA). These observations enable a search for
stellar bursts coupled with planetary orbits in these systems and provide evidence for evaporation of
extrasolar planetary atmospheres. Such observations have the potential to reveal extrasolar planetary
magnetic eld strengths, the exoplanet’s composition, and how bursts may in uence habitability for
extremely small planetary orbits. In particular, magnetic elds are critical to the establishment of life
as they de ect high-energy charged particles and help to con ne planetary atmospheres. The presence
and strength of magnetic elds also provide insight into the internal structure of planets. As extrasolar
planet detections increase, new elds of research are emerging, enabled by radio astronomy, including
studies of composition, atmospheres, and habitability.

Searches for protoplanetary bodies are undertaken in the infrared, submillimeter, and millimeter as
dusty debris disks are thermal emitters within these wavelength regimes. One spectacular example of
a protoplanetary disk imaged with the ALMA interferometer is the HL-Tau system (Figure 2.9). The
multiple rings and gaps are indicative of protoplanetary bodies that have collapsed and swapittheir
clear of debris while, at the same time, they shepherd the remaining dust and gas into tighter, more
con ned, zones. Similar high spatial resolution imaging of other young stellar systems has the potential
to provide unique insight into the formation of planets and solar systems like our own.
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FIGURE 2.9 A 300 GHz Atacama Large Millimeter Array image of the young star HL Tau and its protoplanetary
disk that shows multiple rings and gaps characteristic of emerging planets as they sweep their orbits clear of
dust and gas. SOURCE: Courtesy of ALMA (NRAO/ESO/NAQJ); C. Brogan, B. Saxton (NRAO/AUI/NSF); see
NRAO, “Birth of Planets Revealed in Astonishing Detail in ALMAs ‘Best Image Ever,” press release, Novem

ber 6, 2014, https://public.nrao.edu/news/pressreleases/planet-formation-alma.
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2.2.7 Prebiotic Chemical Evolution

Some theories posit that interstellar chemistry may have supplied the prebiotic compounds essential
for terrestrial life. Consequently, establishing the inventory of organic molecules in interstellar gas is
of interest to the study of the origin of life. Because organic molecules have many favorable transi
tions at millimeter wavelengths, this spectral region is crucial for the identi cation of such species. The
65-115 GHz (3 mm) and 125-180 GHz (2 mm) spectral regions (see Figure 2.6) have been the prime
frequency regions for the detection of organic molecules. Many possible new organic compounds may
be identi ed in interstellar gas. It is important to recognize that new frequencies are regularly becoming
available for possible new molecules, enhanced by the addition of more sensitive laboratory spectroscopy
in support of millimeter-wave observations with ALMA. Because temperature environments in our solar
system and in extrasolar planetary systems cover a wide range, higher energy transitions at 1 mm and
shorter can yield important insights into the distribution of those molecules, hence, broadband protection
of millimeter-wave windows is desirable, as well as for observations above 300 GHz.

2.2.8 The Search for Extraterrestrial Intelligence

Making use of receiver instrumentation developed for radio astronomy, radio searches for extra
terrestrial intelligence (SETI) are largely clustered about the frequencies of natural and molecular emis
sion lines and within the protected radio astronomy bands. For example, in 1959, Frank Drake made the

rst radio search for extraterrestrial intelligence using the Howard E. Tatel Telescope of the National
Radio Astronomy Observatory (NRAO) equipped with a single-channel narrowband spectrometer and a
receiver tuned around 1420 MHz. In recognition of the interest of the radio science community in these
passive search techniques, footnote 722 (renumbered by the World Radiocommunication Conference
[WRC] of 1995 as 5.341) was added to the radio regulations during the 1979 World Administrative
Radio Conference (WARC, the predecessor of the WRC). Recent improvements in receiver technology
and digital signal processing equipment, intended primarily for use in radio astronomy, have enabled far
more sensitive and sophisticated searches for extraterrestrial technologies to be conducted.

One can, of course, only speculate on the likelihood of civilizations with matching technology. The
SETI Institute has initiated a systematic search for signals throughout the 1 to 10 GHz frequency range
that represents the clearest microwave window through the terrestrial atmosphere. This search is based
on state-of-the-art signal processing equipment and wideband, low-noise receivers and feeds developed
speci cally for the effort. Plausible arguments can also be made for searching at “magic frequencies,”
but most of the microwave window has remained unexplored.

Because of the technical challenges alone, SETI is an important scienti ¢ endeavor. SEFI experi
ments require advanced methods of signal processing as an attempt is made to recognize and interpret
weak signals of unknown direction, intensity, frequency, and temporal characteristics amidst a back
ground din of terrestrial and cosmic noise. As with more traditional astronomical studies of weak cosmic
radio emission, terrestrial interference poses the greatest challenge to such searches.

2.3 THE MILKY WAY AND OTHER GALAXIES

Radio observations of our galaxy and others reveal complex structures from individual stellar sys
tems to extensive stellar nurseries, all of which are situated within a dusty interstellar medium. Spectral
line observations trace the kinematics and distribution of atomic and molecular gas in cold, warm, and
hot phases of the interstellar medium. Meanwhile, continuum observations reveal dust and magnetic
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elds throughout the galaxy. Observations of pulsars test theories of general relativity and also trace the
distribution of ionized plasma throughout the Milky Way.

2.3.1 The Interstellar Medium: Neutral and lonized Atomic Gas

The material between the stars in the Milky Way and other galaxies includes an inhomogeneous mix
of ionized, neutral atomic, and molecular gas. Spectral lines from atomic transitions trace the diffuse
component of this interstellar medium. One of the most important spectral lines at radio wavelengths is
the 21 cm line (1420.408Hz), corresponding to the =1 0 hyper ne transition of neutral atomic
hydrogen (HI). Radio observations of this line have been used since its discovery in 1951 to study the
structure of our galaxy and those of other galaxies. Because of Doppler shifts owing to both the distance
and motion of the hydrogen clouds that emit this radiation, the frequency for observing this line emission
RANGE@BMLOWZ TO -(Z 7ITHTMRA NGHE -(Z BANBPARTICULARLY
important for observations of redshifted HI gas from distant external galaxies and quasars (see Box 2.2).
However, studies of the evolution of the HI mass function over cosmic time will require observations
at even lower frequencies; currently, surveys below 1200 MHz are being proposed for systematic study
of the evolution of the atomic gas component in external galaxies. Such studies are used to investigate
the state of cold interstellar matter; the dynamics, kinematics, and distribution of the gas; the rotation
of our galaxy and of other galaxies; and the masses of other galaxies.

The comparable hyper ne-structure transition of atomic deuterium occurs at 327.384 MHz. The
study of this line is signi cant for questions related to the origin of the universe and the cosmological
synthesis of the elements. However, because of its low abundance, the recent detection of deuterium
emission in the outer region of our galaxy required months of integration time, with careful attention to
mitigation of radio frequency interference. Continuing study of the deuterium abundance in other parts
of our galaxy can further re ne our understanding of the early universe.

Other important atomic transitions include the atomic recombination lines that occur after an ionized

atom recaptures an electron, which then cascades down through a series of energy levels, emitting narrow
spectral line radiation. Such lines occur throughout the spectrum and serve as probes of the temperature
and density of nebulae surrounding newly formed stars and the extended envelopes of certain late-stage
stars. Radio studies have been particularly helpful for observations of these nebulae, which are partially
or totally obscured at optical wavelengths by interstellar dust. The recombination lines that occur below
3 GHz arise from very high energy levels, in which the electron orbits very far from the atomic nucleus.
In fact, these atoms are so large that the orbits of the outer electrons are affected by the free electrons in
a measurable way, serving as a probe of the density of the ionized gas. The physics of the ionized hot
gaseous clouds between the stars has been studied by observations of radio lines of excited hydrogen,
helium, and carbon.

2.3.2 The Interstellar Medium: Cold Molecular Gas

Molecular transitions provide unique information regarding the physical properties of the inter
stellar medium, measurement of relative chemical abundances, and the identi cation of regions that are
favorable for star formation. A listing of many of the important molecular transitions for astronomical
studies is provided in Appendices C, D, and E. To provide context for the general study of the molecular
components of the Milky Way and other galaxies, several of the most commonly observed molecular
lines are discussed in more detail here. For example, the discovery of interstellar carbon monoxide (CO)
at 115.271 GHz has been of fundamental signi cance for the study of star-forming gas in the Milky Way
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Galaxy and in distant galaxies. This is primarily because CO is a relatively stable molecule compared
with other molecules discovered in the interstellar medium, and also because CO seems to be-very abun
dant and exists almost everywhere in the plane of our galaxy as well as in a number of other galaxies.
CO studies give information about disks around forming stars and, in the future, they may tell of the
conditions for planet formation. CO lines are also used to measure the mass loss rates from evolved stars.
Furthermore, CO emission studies reveal the presence of bursts of star formation activity in nearby and
distant galaxies. These bursts have recently been related to collisions between galaxies and possibly to
the formation of massive black holes and quasars. Allowance for Doppler shifts characteristic of nearby
and distant galaxies is essential for adequate protection of radio spectral lines for scienti c research. For
example, the 100-116 GHz band is used for radio astronomy observations of redshifted CO in distant
galaxies and for isotopic transitions'8€0, 3CO, and C®O in the Milky Way and nearby galaxies.

A wide range of interstellar molecules can be observed through the atmospheric windows- (see Fig
ure 2.6) at 3 mm (65-115 GHz), 2 mm (125-180 GHz), 1.2 mm (200-300 GHz), 0.9 mm (325-375 GHz),
0.7 mm (375-500 GHz), 0.45 mm (600-720 GHz), and 0.35 mm (780-950 GHz). The CO molecule is
important because this is a good tracer of the abundance of molecular hydrogen in the intezdialtar
Rotational lines of CO have been detected to redshifts of more than 5 (see Figure 2.5 for a schematic of
the visibility of various CO transitions in the atmospheric windows as a result of the Doppler shift due
to the expansion of the universe). The 3 mm window contains the fundandental ( 0), or lowest-
energy, transition of most common interstellar molecules, including CO,'H@CN, CCH, CN, HNC,

HCO, HNO, HCO, and I\JH*. More than 100 molecules have been detected in this frequency range, as
have 25 different isotopic species. These also include favorable transitions of such simple molecules as
S0, SQ, SiO, SiS, and MgNC and such complex molecules a£€LOH, CH,CH,CN, and CHOCH,,

In addition, NH*, HCS", HCNH', and HCO are vitally necessary participants in the ion-molecule
reactions believed to be key in the formation of many other molecules in the interstellar gas. The 1.2 mm
and 0.9 mm bands include the 2 1 andJ=3 2 lines of CO, as well as its isotopic variants; the

0.7 mm band contains tke=4 3 line of CO, and théPl—3P0 ne structure line of neutral carbon,

while the 0.35 mm band contains the 7 6 line of CO and théP,-*P, ne structure line of neutral

carbon. Multiple transition studies of CO enable the density and temperature pro les of molecular clouds
to be determined and are used as tracers of the total amount of molecular gas. The rotational transitions of
such species as HC@nd HCN lie in these bands as well and are important tracers of high-density gas in
molecular clouds. Also in these wavelength regions, diatomic hydride and polyatomic hydride species have
some of their lowest-energy rotational transitions, such as MgH, K@, &hd HO". Only at frequencies

above 200 GHz can these hydride moleculestbeied in the interstellar medium. Investigating simple
hydride species is crucial for interstellar chemistry. Because of the high abundance of hydrogen, such
species are prevalent in molecular clouds and are the initial species produced by interstellar chemistry.

Isotope ratios, particularly tHéC/A3C, 1%0/180, and®?Sf*S ratios, give important insight into theo
ries of nucleosynthesis in stars and models of star-formation rates and the relative masses involved. As
an example, the basic molecule HCN has the isotopic speti€d*N, H3CN, and H2C®N in the
86-92 GHz range, and all have been observed in interstellar gas. Similarly, the 48.94-49.04 GHz band
contains the lowest rotational transitions of CS and its isotopes suéfsaad G*S. Molecules can also
be used to investigate deuterium/hydrogen ratios. Because of chemical fractionation, very high deuterium/
hydrogen ratios are found in certain interstellar molecules as a result of ion-molecule chemistry. DCN
and DCQO are important tracers in this context. Their lowest-energy spectral transitions lie near 72 GHz.

The discovery of ammonia (N}in interstellar space presented an example of a molecule radiating
thermally. The distribution of NEclouds in our galaxy and their relation to the other molecules that
have been discovered are of great interest. Radio lines of ammonia at 23 GHz arise from the inversion of
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nitrogen through the plane of the hydrogen atoms. The molecule inverts in many of its rotational levels.
Hence, there are numerous inversion lines of ammonia that can be studied, which makes this molecule
an excellent indicator of gas temperature.

At lower frequencies, formaldehyde {EO) is detected in interstellar clouds via its K-doubling
transition 0, ; ;= 1,5-1;,) at 4829.66 MHz. This line is a useful tracer of the more diffuse interstellar
medium because it can be detected in absorption against strong background radio sources.-The distri
bution of HCO clouds can give independent evidence of the distribution of the interstellar material
and can help in understanding the structure of our galaygOHines from the carbon-13 isotope and
oxygen-18 isotope have been detected, and studies of the isotopic abundances of these elements are
being carried out. The combination of the 4830 MHz and 14.5 GHz formaldehyde lines is a sensitive
and useful diagnostic of the density in the emitting gas.

OH has been detected in thermal emission and absorption in several hundred different molecular
complexes in our galaxy. Thermal OH emission, which predominates in the low-density envelopes of
molecular clouds, is the principal means for studying these envelopes. Emission liné¥frband
1’0OH have been detected in some molecular regions of our galaxy and other galaxies. The data from
these lines allow the study of the abundances of the oxygen isotopes involved. Such studies are a cru
cial part of understanding the network of chemical reactions involved in the formation of atoms and
molecules. The data can help astronomers to understand the physics of stellar interiors, the chemistry
of the interstellar medium, and the physics of the early universe. OH lines also appear as masers in both
our galaxy and in extragalactic sources (see Section 2.3.4).

Finally, the spectral region from 30 to 50 GHz contains the strongest Iines3bf, fd@nolecule
that is a signpost of pre-protostellar conditions and a good temperature probe for extremely cold gas. It
represents the shortest of a series of long-chain molecules of the foih(ki€1, 3, 5, 7, 9, 11, . . .).

2.3.3 The Interstellar Medium: Dust

Cold dust, with grain temperatures of 10 K to 30 K, makes up much of the total mass of dust in
our galaxy and in other galaxies. In fact, aside from planets, dust emission provides the mast promi
nent source of broadband radiation at millimeter/submillimeter wavelengths. Observations indicate
that the spectral energy distribution of dust emission is quasi-thermal. Speci cally, in the millimeter/
submillimeter wavelength range, the emission follows the modi ed Rayleigh-Jeans relation with
intensity increasing proportional to frequency to the second power. However, at higher frequencies,
the intensity is directly proportional to dust temperature and optical depth. The intensity is measured
tovary ad () *2 power, where the value of+2 arises from the Rayleigh-Jeans factor lzasla
value of 1 to 2, depending on the composition of the dust. Measurement of the quasi-thermal emission
from dust grains is an important component in the determination of source mass and estimation of
energy balance in the interstellar medium. For example, it is possible to estimate the column density
of hydrogen in all forms (atomic, molecular, and ionized) from the dust emission by measuring the
spectral energy distribution (SED) on both sides of the peak to derive a dust temperature and to infer
properties of the dust grains.

Dust grains come in a wide range of sizes, with a typical size of 0.1 microns, and are mainly
silicates or graphites with an icy surface. However, it is likely that the structure of dust grains is not
spherical. Measurements of absorption (in the optical and near-infrared) and emission (in the millimeter/
submillimeter) from dust grains show linear polarization, so grains are elongated and can be aligned
by magnetic elds. Dust grains are important catalysts for complex astrochemistry reactions, as they
provide surfaces on which molecules may form and then later be ejected into the interstellar medium.
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Small grains are thought to be particularly important for astrochemistry, because they have a-large sur
face area to volume ratio.

2.3.4 Masers

Extremely narrow and intense emission lines can arise if the physical conditions and geometric align
ment are optimal for microwave ampli cation by stimulated emission of radiation (masers). Masers can
be associated with star-forming regions and with more-evolved stars. Within the Milky Way, OH maser
sources have apparent angular sizes on the order of 0.01 arcsecond or less. Such apparent sizes translate
to linear sizes on the order of a few times the mean distance between Earth and the Sun (150 million km)
and occur at the heart of regions with active star formation. The 1612 MHz transition is an extremely
important hyper ne line of OH. This line emission occurs in many types of objects in our galaxy, and
high-angular-resolution observations of these objects in this line measure their distances and can be
used collectively to measure the distance to the center of our galaxy. OH masers in other galaxies can
be more than a million times as luminous as galactic masers. These so-called megamasers arise within
the cores of galaxies; this action results in ampli cation (rather than absorption) of the nuclear radio
continuum. Because they are so bright, these powerful OH megamasers can be seen to great distances,
currently up to 80,000 km/g € 0.27). Use of the OH 1667 MHz line to study these very peculiar and
active galaxies allows radio astronomers to diagnose the temperature and density of the molecular gas in
the centers of these galaxies. Similarly, extragalactic formaldehyde megamaser emission and absorption
are found in a growing number of galaxies. Because formaldehyde is a good tracer of intermediate- to
high-density gas, this line is very important for the study of the molecular structure of other galaxies.

The discovery in 1968 of extremely intense lines at 22.2 GHz from jOentblecule in interstellar
space has also resulted in many new and interesting puzzles. It was soon discovered that the intensities
of these lines are highly variable, that the sizes of @ sburces are extremely small (a few astro
nomical units), and that the lines are highly polarized. Additionall) khasers often show multiple
components, each one with a slightly different velocity in the line of sight. Tracing the kinematic motions
of H,O masers in external galaxies has led to the rst geometric distance measurements in extragalactic
sources (see Section 2.3.9).

The 42.5-43.5 GHz band contains the lowest rotational transitien& ( 0) of vibrational states of
SiO. These transitions have been detected as strong maser emission from the envelopes of evolved stars and
in young star-forming regions. In addition, two vibrational states of the transitions of SiO fall in the 3 mm
spectral window. SiO is the only molecule that shows strong maser emission in an excited vibrational state.

2.3.5 Magnetic Fields

Magnetic elds may play a major role in the dynamics of the interstellar gas in galaxies. The
strength of the magnetic eld along a line of sight can be inferred from its effects on the propagation
of radio waves. For example, the OH molecule has four hyper ne components of the ground state
lambda-doubling transitions at 1665, 1667, 1612, and 1720 MHz. The two oppositely circularly polarized
components become slightly separated in frequency in the presence of a magnetic eld. This so-called
Zeeman effect is an effective method to measure the strength of the magnetic eld in our galaxy and in
other galaxies with OH megamaser emission.

Alternative techniques to measure the magnetic eld strength along the line of sight include obser
vations of continuum emission from pulsars (Section 2.3.7). The frequency dependence of pulse arrival
times is proportional to the electron density along the line of sight. At the same time, the observed
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Faraday rotation is proportional to the magnetic eld strength and the electron density. Thus, ratios
of the rotation measure to the dispersion measure for pulsars located throughout our galaxy trace the
strength of the galactic magnetic eld along many lines of sight. Continuum bands, particularly those
at frequencies below 3 GHz, are most valuable for these studies.

2.3.6 Stars and Stellar Processes

While stars range widely in mass, the most common types are at the lowest masses: M, L, and T
dwarfs. These stars have extremely long formation times and lifetimes. Radio observations of these stars
can detect stellar ares, star-spots or other magnetic activity. Flares can be synchronized with the orbit
of a close-orbiting planet, making radio pulse timing another good option for detecting extrasolar planets
(comparable to the investigation of pulsars, Section 2.3.7), constraining orbital timescales, and assess
ing habitability. Stellar ares are of particular interest because of their potential in uence on planetary
habitability. Because of their abundance in our galaxy, coupled with their strong magnetic elds and
associated activity, low-mass stars are ideal for radio observations and inform the study of all types of
stars and planetary systems.

Brown dwarfs, sub-stellar objects that are not massive enough to sustain core hydrogen fusion, are
also interesting objects for radio astronomy observations. In particular, as star-planet transition objects,
they offer us insight into both stars and planets. Brown dwarfs alone are brighter and easier to detect than
planets, and brown dwarfs with extrasolar planets provide an interesting contrast to planetary systems
with more massive host stars.

At the end-stages of their stellar life cycle, stars shed material into the interstellar medium. The
physical conditions of circumstellar envelopes of late-stage stars are favorable for the formation of
complex long-chain carbon species such ad,@.N, C,H, CH, CH, as well as those of silicon-,
magnesium-, and aluminum-bearing molecules (SiS,, S,, MgCN, AICI, AINC). Observations
of these spectral lines in the 3 mm and 2 mm windows (see Figure 2.6) provide insight into the chem
istry of circumstellar envelopes of late-stage stars. In addition, observations of SiO maser transitions at
42.5-43.5 GHz provide probes of the stellar envelopes, yielding information on temperature, density,
stellar wind velocities, and envelope geometry.

The highest mass stars will eject their outer envelopes into the interstellar medium via supernova
explosions at the end of their life. While the supernova explosion itself occurs on short timescales, the
resulting supernova remnants are relatively long lived and have characteristic non-thermal spectra pro
duced by synchrotron emission from relativistic cosmic ray electrons moving in galactic-scale magnetic
elds. Radio continuum observations at, for example, 5 GHz reveal the extent and detailed morphology
of galactic supernova remnants and allow measurement of their structures and dynamics as well as the
derivation of their physical parameters, such as their total mass.

2.3.7 Pulsars and Gravitational Waves

One of the most interesting and important discoveries in radio astronomy has been the detection of
pulsars. Pulsars are understood to be highly condensed neutron stars that rotate with a period as short
as a millisecond. Such objects are produced by the collapse of the cores of massive stars during the
catastrophic explosion of a supernova. The radio spectra of pulsars indicate a non-thermal mechanism.
OULSARSTROKNEREDQ U ENWN ERANFEIM - (Z TO'(Z (ENCNEANXBSERVATIONS
are being performed at such frequencies. However, important observations and surveys for pulsars are
being conducted at frequencies up to 10 GHz.
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The discovery and the study of pulsars during the past ve decades have opened up a major new
chapter in the physics of highly condensed matter. The study of neutron stars with densities on the order
of 10" g/cn? and with magnetic- eld strengths of Bgauss has already contributed immensely to our
understanding of the nal stages of stellar evolution and has brought us closer to understanding black
holes, which are thought to be the most highly condensed objects in the universe.

The discovery of millisecond binary pulsars has enabled the best experimental tests of general
relativity and provided strong evidence for the existence of gravitational radiation. In addition, careful
analysis of pulse timing residuals led to the startling discovery of planet-sized bodies in orbit around
pulsars—the rst detection of extrasolar planets (see also Section 2.2.6). Pulsars also now provide the
most accurate timekeeping, surpassing the world’s ensemble of atomic clocks for long-term time stability.

Coordinated observations of pulsars at a number of radio observatories, such as those by the
NANOGrav project, provide a method to search for Gravitational Wave Radiation (GWR). Speci cally,
because millisecond pulsars are very stable clocks, coordinated observations of millisecond pulsars
provide precise time-of-arrival measurements at each observatory. Fluctuations of time-of-arrival can
then be used to detect GWR from the correlation of measured residuals.

2.3.8 Galactic Structure and Dark Matter

Observations of the structure of our own Milky Way are dif cult to obtain at optical wavelengths,
because these wavelengths of light are blocked by clouds of interstellar dust. Radio waves, however, can
penetrate these clouds and allow astronomers to obtain a view of the entire Milky Way galaxy, including
thegalactic center (see Figure 2.10). Studies of the location and composition of interstellar clouds using
radio obserations provide fundamental information about the structure and evolution of the galaxy that
cannot be obtained by other means. The frequency bands in the 1 to 3 GHz range are important for galactic
studies of ionized hydrogen clouds and the general diffuse radiation of the Milky Way. Furthermore, maps

FIGURE 2.10Radio image of the center of our galaxy at 1.4 GHz from the Very Large Array. The bright core in
the center of the image (known as Sgr A) is the area surrounding the Milky Way’s supermassive black hole. Other
structures in this image include supernova remnants (SNRs) and lamentary arcs tracing magnetic eld lines.
SOURCE: Courtesy of Elisabeth Mills, NRAO, and Cornelia Lang, University of lowa; see C.C. Lang, W.M.
Goss, C. Cyganowski, and K.I. Clubb, A high-resolution survey of H | absorption toward the central 200 pc of the
galactic centerAstrophysical Journal Supplement Seri€d :275, 2010.

Copyright National Academy of Sciences. All rights reserved.



Handbook of Frequency Allocations and Spectrum Protection for Scientific Uses: Second Edition

SCIENTIFIC BACKGROUND: RADIO ASTRONOMY SERVICE 41

of galactic continuum emission are not only important for the fundamental science associated with studies
of structure in our own Milky Way, but also critical to the interpretation of observations obsnaic
microwave background (see Section 2.4.1). Indeed, the most serious hindrance to the full exploitation of
existing and future cosmic microwave background data sets is the understanding of the galactic foreground
(see Figure 2.1), especially at the frequencies used for these experiments (20-200 GHz).

Observations below 1 GHz are also of great importance in the study of both the thermal and non-
thermal diffuse radiation in our own Milky Way Galaxy. Such galactic observations give information
about the high-energy cosmic ray particles in our galaxy and about their distribution, and also about the
hot ionized plasma and star birth in the disk of our spiral galaxy. In particular, the ionized interstellar
clouds can be studied at low frequencies where the sources are opaque and their spectra approximate the
Planck thermal radiation (blackbody) law. Such spectral observations can be used directly to measure
the physical parameters of the radiating clouds, particularly their temperatures. Several hundred such
GALACITO@GPBRARRROXIMBIACKBAOHREQUBHRCOBNS - (Z

The structure of our galaxy can also be inferred from the dispersive properties of the diffuse inter
stellar plasma on the radiation emitted from pulsars. Speci cally, because each pulse provides a unique
time stamp, it is possible to measure the arrival time of the pulse as a function of frequency and thereby
derive the column density of electrons along the path (see Figure 2.11). In addition, the Faraday rotation
angle provides a measure of the strength and orientation of the local galactic magnetic eld along these
same paths. Thus, using pulsars located throughout the galactic disk, pulsar timing experiments have
provided some of the best maps of the interstellar medium of the Milky Way to date.

Precision astrometric measurements from interferometric observations of galactic sources also pro
vide the opportunity to trace galactic structure. For example, the distance to the Pleiades star cluster was
recently revised based on stellar parallax measurements, with sub-milliarcsecond positional precision,
derived from VLBI observations at 8.4 GHz. Similarly, high spatial resolution monitoring observations
of sources near the center of our galaxy are used to trace their orbital motions and thereby provide a
kinematic estimate of the mass of the central black hole. Furthermore, high spatial resolution observa
tions of atomic and molecular gas trace the circumnuclear accretion disk and provide insight into the
feeding and feedback of the supermassive black hole at the center of our galaxy.

As mentioned in Section 2.3.1, the 21 cm HI line has been used extensively to trace the atomic gas
component of the Milky Way and other galaxies (e.g., see Figure 2.12). Using the Doppler shift to trace
the kinematics of the gas, observations of atomic and molecular transitions are also used to learn about
the gravitational potential of galaxies. Results from this work led to the realization that a substantial
fraction of the mass of every galaxy is composed of material that is not visible. The “dark matter” that is
implied by these observations and con rmed through other observational tests, such as the study of the
cosmic microwave background, is one of the most important areas of research in modehysistio
In addition, for galaxies that are gas-rich and optically faint (or even optically “dark,” i.e., containing
too few stars to be seen), the measurement of the 21 cm HI line gives an accurate measure of the dis
tance, thereby allowing a unique but important view of local large-scale structure. Hl also traces the
debris remnants of tidal encounters among galaxies. Ongoing and future experiments will conduct these
observations at lower frequencies and thus higher redshifts, allowing us to explore how the gas content
of galaxies varies not only across space but also over cosmic time.

2.3.9 Extragalactic Distance Estimates

One of the critical parameters in astronomical studies is the distance to astronomical objects. Geo
metric methods provide the most accurate distance estimates, but are typically only feasible for the near
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FIGURE 2.11Pulse dispersion shown in observations of the 128 ms pulsar B1356-61 with the Parkes Radio Tele
scope. The pulse arrives rst at higher frequencies because of the dispersive nature of the plasma in the interstellar
medium. The delay is proportional to the inverse square of the frequency. Broad bandwidths allow the detection
of multiple pulses simultaneously, increasing the signal-to-noise ratio and permitting analysis of the pulse shape.
This observation is centered at 1380 MHz with a bandwidth of 288 MHz. SOURCE: Courtesy of Andrew Lyne,
University of Manchester.

est objects (i.e., within the Milky Way) because the angular resolution required is inversely proportional
to the distance of the source. However, recent advances in precision astrome@ynedisers in nearby
galaxies has opened a new window on extragalactic distance measurements. From parallax measure
ments of the galaxies in the Local Group, to measurements of the orbital motions of masers around the
centers of nearby galaxies, these high spatial resolution observations provide accurate distance estimates
that form a robust basis for the extragalactic distance ladder.

More traditional extragalactic distance measurements come from galaxy scaling relations, such
as the Tully-Fisher relation. The Tully-Fisher relation correlates a galaxy’s intrinsic luminosity with
its rotation velocity. Because the observed rotation velocity is distance independent, a distance can be
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calculated based on the observed ux and the predicted intrinsic luminosity. Traditionally, the Tully-
Fisher relation has relied on linewidth measurements of the neutral hydrogen line in the protected band
at 21 cm. However, new applications of the Tully-Fisher relation to more distant galaxies has pushed
these observations into lower frequency (non-protected) bands.

2.4 ACTIVE GALAXIES

In recent years, astronomers have discovered a surprising level of activity due to the rapid formation
of new stars, violent supernovae, and the presence of a supermassive black hole (SMBH) in the center of
almost all galaxies. These SMBHs have masses in the rangé af 10° times the mass of the Sun,
which can lead to extraordinary levels of radio luminosity. The levels of radio emission from SMBHs
as well as from star formation appears to increase rapidly with distance, suggesting that SMBH activity
and star formation were more prominent in the early universe.

2.4.1 Radio Galaxies, Quasars, and Active Galactic Nuclei

About 10 percent of quasars and galaxies with active galactic nuclei (AGN) are very strong radio
sources with luminosities ranging up to?1@//Hz. Other galaxies, quasars, and AGN are much weaker
radio sources with luminosities as faint as®/Hz. The radio emission is due to synchrotron radia
tion from relativistic electrons with energies of the order of 10 GeV moving in magnetic elds of about
10° Gauss. The total energy contained in particles and magnetic elds is huge and can be as much as
10fergs. Most radio sources (such as radio galaxies, quasars, and supernova remnants) have non-thermal
radio spectra characteristic of a power law electron energy distribution of thBIfgym E- with #

As shown in Figure 2.3 the corresponding radio ux density spectra are also closely described by power
law of the formY( ) with "¥ "ECAOEEECHRDPDRADIATUOMMWEHEREROCPOR
tional to the square of the electron energy, the radio spectrum often steepens toward high frequencies.

The powerful radio emission from quasars and radio galaxies is driven by a “central engine,” thought
to be the SMBH located at the galactic nucleus, which accretes matter from the dense interstellar
medium surrounding the galactic nucleus. Highly relativistic plasma is then ejected in narrow beams,
which transport their energy to the giant radio lobes often associated with radio galaxies. However, the
manner by which the relativistic plasma is formed, collimated, and accelerated to form radio jets is not
well understood. Figure 2.13 shows a high spatial resolution radio image of the powerful radio galaxy
known as Hercules A, obtained with the VLA. The image was made by observing in the full frequency
range from 1 to 9 GHz and shows the optically invisible highly collimated relativistic jets,which extend
more than 1 million light-years from the visible galaxy from which they emerge. The jets are composed
of plasma beams that are ejected at nearly the speed of light from the vicinity of a supermassive black
hole located at the center of the galaxy. The outer portions of both jets show ring-like structures, sug
gesting a history of multiple outbursts from the supermassive black hole.

The study of the continuum emission of radio sources requires observations throughout a very wide
frequency range, including the Very high frequency (VHF), Ultra high frequency (UHF), microwave,
and millimeter bands, to determine the physical parameters. Many extragalactic radio sources show a
“break” or peak in their non-thermal spectrum in their radio emission because of electron energy losses
at high frequencies or to self absorption at low frequencies. Continuum measurements throughout this
range are essential to de ne accurately such spectral characteristics.

The radio emission from most quasars and active galactic nuclei come from such small regions
that the synchrotron radiation becomes synchrotron self-absorbed from relativistic electrons within
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FIGURE 2.13The Very Large Array (VLA) radio image (pink) superimposed on a Hubble Space Telescope optical
image of the powerful radio galaxy known as Hercules A. This image was made using the frequency band from
1 to 9 GHz and interferometer spacings from 36 meters to 36 km to produce this extraordinarily detailed picture
with a resolution of only 0.3 arcseconds. Narrow band and short duration pulsating interference signals within
the VLA passbands were rejected during data processing. This image illustrates the additional information gained
by observing astronomical sources at different wavelengths. Note the sharp contrast between the light emitted at
optical wavelengths (Hercules A is the diffuse fuzzy galaxy at the center of the image) and radio wavelengths (the
two powerful radio jets are 1.5 million light-years long and extend well beyond the optical galaxy). The optical
image is dominated by the thermal emission from starlight, whereas the radio image is dominated by emission
from high-energy plasma beams ejected at close to the speed-of-light in the vicinity of the central black hole.
SOURCE:Courtesy of NASA, ESA, S. Baum and C. O’Dea (RIT), R. Perley and W. Cotton (NRAO/AUI/NSF),
and the Hubble Heritage Team (STScl/AURA); see NRAO, “Image Release: A Radio-Optical View of the Galaxy
Hercules A;” November 29, 2012, http://www.nrao.edu/pr/2012/herca.

the source. This causes the emerging radiation to be “cut-off” at frequencies below what is called the
synchrotron self-absorption cutoff frequency, which depends on the magnetic eld strength, source size,
and ux density. These peaks may be found between 100 MHz and 100 GHz depending on the electron
energy population and the magnetic eld strength, so measurements of the spectrum surrounding the
cutoff frequency as well as at frequencies well above and well below the cutoff frequency provide a

powerful technique to study the physics of these small, yet remarkably powerful, relativistic plasmas.

Copyright National Academy of Sciences. All rights reserved.



Handbook of Frequency Allocations and Spectrum Protection for Scientific Uses: Second Edition

46 HANDBOOK OF FREQUENCY ALLOCATIONS AND SPECTRUM PROTECTION FOR SCIENTIFIC USES

Many compact radio sources, particularly those associated with quasars and active galactic nuclei
are variable, typically showing outbursts on timescales of a few weeks to a few years. Repeated obser
vations at multiple wavelengths sampled with appropriate cadence give further insight to the nature of
these sources, and speci cally on the way that relativistic electrons are accelerated. Some sources are
so small that they “scintillate” in a manner analogous to the optical twinkling of stars, but the scintilla
tions typically occur on timescales of hours requiring frequent time sampling to de ne the variability.
Unlike optical twinkling which occurs in the Earth’s atmosphere, the intra-day radio variability is due
to scattering in the ionized gas in interstellar space, so the observations of how the ux density changes
with frequency and time also gives information on the nature of the ionized interstellar medium.

Many of the non-thermal synchrotron sources are only detectable at higher frequencies: The fre
guency range of 10-100 GHz is important for monitoring the variability of the radio emission from
guasars. At this frequency range, it is also possible to observe emission from dust in extremely dense
cores, which are opaque at higher frequencies.

2.4.2 Starburst Galaxies

Other galaxies with radio emission, particularly the less luminous sources, are found to be spiral
galaxies where stars are still being formed. Certain young stars may undergo supernova explosions,
which are exceedingly bright for a few days. The stellar explosion generates a shock wave that, as it
expands, can accelerate the surrounding interstellar material to relativistic velocities, and the electron
component becomes a source of synchrotron radiation. Although the relation is not well understood,
there is a close connection between the radio and far infrared luminosity of these star-forming regions.
However, it is only at radio wavelengths that the radiation from star forming regions is not obscured
by interstellar matter, so radio observations are a uniguely powerful way of determining the rate of star
formation in galaxies and how it evolves with cosmic time.

At the extreme end of star forming galaxies are the so-called submillimeter galaxies, which are
thought to represent galaxies in the earliest stages of evolution. The discovery of these objects has been
one of the key developments of recent years. The emission from submillimeter galaxies arises from dense
gas and dust heated by a burst of newly formed stars in the system. Because this enmsgigicaly
strong at infrared wavelengths and because, for objects at great distances, it is redshifted from the
far-infrared into the submillimeter/millimeter band, these objects can be detected to great distances at
submillimeter wavelengths (see Box 2.2). ALMA and other modern facilities are able to measure sub
millimeter galaxies out to very large redshifts giving further insight to the evolutionary history of the
development of galaxies and the star formation that occurs within them. This includes the measurement
of dust emission, CO rotational lines, and also atomic lines of ionized carbon and nitrogen.

2.4.3 Cosmic Magnetic Fields

The radio emission from active galaxies generally is highly polarized, and so can be used as probes
of the gas and magnetic elds through which their radiation propagates. The magnetic elds of clus
ters of galaxies, individual galaxies, the interstellar medium of our own Milky Way, and even the solar
corona have all been estimated from their observed Faraday rotation. The degree of polarization of radio
waves is highest at higher frequencies, but the in uence of the ionized interstellar medium is greatest
at lower frequencies. The frequency range from 30 MHz to 10 GHz is especially important for these
polarization measurements.
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2.5 COSMOLOGY AND STRUCTURE OF THE UNIVERSE

Cosmology is the study of the history of the universe from its ery beginning to the way it is today.
Radio astronomy has made many critical contributions to cosmology.

2.5.1 Cosmic Microwave Background

The evolution of tiny uctuations in the density of the universe into galaxies and clusters of galaxies
is one of the most exciting research areas in modern astrophysics. The cosmic microwave background
(CMB) is uniform to 1 part in 10and lIs the sky. This radiation, which is a remnant of the Big Bang,
follows the Planck law at a present-day temperature of 2.73 K. It represents emission as the ionized
material recombined 380,000 years after the initiation of the Big Bang. The existence of weak density
uctuations in the microwave background was revealed by NASAs Cosmic Background Explorer
(COBE) mission and imaged by NASAs Wilkinson Microwave Anisotropy Probe (WMAP) and the
European Space Agency/NASA Planck satellite (see Figure 2.14). All of these satellites operate at radio
frequencies. Ground-based and balloon-borne CMB experiments also continue to play vital roles in the
study of the angular distribution, spectral energy distribution, polarization, and small-scale structure of
the CMB. While observations of the cosmic background from the ground are severely limited by the
strongly variable intensity of atmospheric emission near the continuum peak (see Figure 2.6); observa
tions in the 1.2 mm (200-300 GHz) window are important for such fundamental measurement as the

FIGURE 2.14The anisotropies of the cosmic microwave background (CMB) as observed by the European Space
Agency (ESA)/NASA Planck satellite. The foreground emission has been removed, leaving uctuations at the
level of 10° relative to the mean temperature of the signal. The CMB is a snapshot of the oldest light in our
universe, imprinted on the sky when the universe was just 380,000 years old. It shows tiny temperature uctua
tions that correspond to regions of slightly different densities, representing the seeds of all future structure: the
stars andjalaxies of today. SOURCE: ESA, “Plank CMB,” March 21, 2013, http://www.esa.int/spaceinimages/
Images/2013/03/Planck_CMB; courtesy of ESA and the Planck Collaboration.
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velocity of the galaxy with respect to the background radiation eld and the rotation and symmetry of
the universe.

Furthermore, while the CMB intensity uctuations have been mapped extremely deeply by the
Planck mission, there is additional information encoded in the CMB that will require additional obser
vations. Most importantly, it is possible to infer the existence of gravitational waves from the Big Bang
and probe the process of cosmic in ation through study of the polarization of the CMB. These so called
B-mode signals are currently unknown in amplitude, but are expected to be another factor of 10 to 100
smaller than the intensity uctuations mapped by WMAP and Planck. At this exquisitely small level
(below 1 micro-Kelvin), foreground signals will likely dominate any background uctuation. Thus, to
create images of only the CMB, measurements at multiple frequencies spanning 40-200 GHz will be
required to identify and remove foreground synchrotron emission at low frequencies and foreground
dust emission at higher frequencies. Indisputably, radio observations serve as the best way to study the
CMB, which has yielded a remarkable picture of the initial conditions of the universe (see Figure 2.2).

2.5.2 Dark Energy, Dark Matter, and Cosmic Evolution

The history of radio astronomy has been one of increasing sensitivity and angular resolution and now
reaches sources with ux densities as faint a8?M/m?Hz (1 micro-Jansky), which can be localized
in the sky to an accuracy better than a milliarcsecond. The way in which the number of radio sources
is detected as a function of ux density is related to their intrinsic luminosity function, the geometry
of the universe, and the evolution with cosmic time of their luminosity and space density. Indeed the
rst evidence for cosmic evolution came from the early number counts of radio galaxies, which was
dramatically con rmed with the discovery of the CMB. Currently, with the aid of a powerful new gen
eration of high-energy, optical, and infrared telescopes, sources detected in radio surveys are identi ed
with a variety of galaxy and active galactic nuclei types, and their redshifts (distances) determined (see
Box 2.2). In this way, astronomers are able to study the different cosmic populations, including the rela
tion between supermassive black holes and star formation and how they evolve with cosmic time. The
radio surveys used for these studies are conducted at frequencies between 1 and 10 GHz using large
bandwidths in order to obtain the highest possible sensitivity.

Galaxies can also be detected in the radio by the 21 cm emission from the hyper ne transition of
neutral hydrogen (see Section 2.3.1). At present, discrete galaxies can be detected only at low redshift,
but several experiments are under construction or planned to detect the integrated emission from many
galaxies (so-called “intensity mapping”) up to redshifts of 2.5 or more. This requires observations at
as many frequencies as possible between 400 and 1400 MHz. The technique traces the distribution of
hydrogen gas, and thus matter, in the universe. Imprinted in the distribution of matter is a standard ruler
with which to measure the universe’s expansion history: the “baryonic acoustic oscillation” (BAO) length
scale, which is related to the distance sound could travel between the Big Bang and the time when the
universe changed from plasma to neutral hydrogen. The goal is to measure the apparent size of the BAO
scale as a function of cosmic epoch and hence the expansion history of the universe (see Figure 2.2), which
depends on the density of mass and dark energy. Other experiments are looking for neutral hydrogen at
even higher redshifts at frequencies below 200 MHz. These frequencies probe the Epoch of Reionization
(EoR, see Section 2.5.5), the period in the history of the universe during which the predominately neutral
intergalactic medium was re-ionized by the emergence of the rst luminous sources. These observations
will help us understand the origin of the rst stars, galaxies, and quasars. Intensity mapping of redshifted
spectral lines of carbon monoxide and ionized carbon at frequencies between 15 and 200 GHz are also
being planned, and will provide a complementary probe of the history of the universe.
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Surveys of the radio sky also reveal examples of cosmic sources that are gravitationally lensed (see
Figure 2.15). Strong gravitational lenses occur when there is suf cient mass in front of a source such
that the light rays are bent to create multiple images. The lens also magni es the background source,
providing a natural method to amplify weak signals from the distant universe. The orientatspaald
separation of the multiple images are used to create a mass model for the lensing system, independent
of the visible matter. Thus, gravitational lenses provide signi cant insight into the distributioattef,
both luminous and dark. Although gravitational lensing requires a fortuitous alignment of source and
lens, both the number of and the properties of lensed systems provide a measure of cosmological
parameters, including the expansion rate of the universe and the mean density. Combined with timing
experiments of the variability of the background source, gravitational lenses also provide insight into
the acceleration of the expansion rate of the universe (see Figure 2.2) and dark energy. Observations of
gravitational lenses can be conducted at any radio frequency; large bandwidths are preferred in order to
obtain the highest possible sensitivity.

2.5.3 Clusters of Galaxies

The history of the clustering of galaxies in the universe can be studied by surveys/observations of
the Sunyaev-Zel'dovich (SZ) effect. The ionized gas that collects in the central region of a cluster of
galaxies scatters the cosmic background radiation, producing a depression in the intensity of the back
ground radiation at the location of the cluster. The radio data can be combined with x-ray observations
to yield the redshift of the cluster. Large SZ surveys will trace the history of clustering of galaxies from
early epochs. These surveys are conducted at millimeter wavelengths.

Observations of galaxy clusters at centimeter wavelengths can reveal information about their mag
netic eld strengths either through the observations of synchrotron emission, or via studies of Faraday
rotation. The origin of these cluster magnetic elds is an area of active research.

2.5.4 Galaxies in the Early Universe

To study the nature of early galaxies as well as other objects, astronomers use radio astronomy data
synergistically with optical data from the Hubble Space Telescope, infrared data from the Spitzer Space
Telescope, and x-ray data from the Chandra X-ray Observatory (see Figure 2.16). The class of high
redshift objects known as submillimeter galaxies are detected with the use of ultra-wideband continuum
detectors and bolometers, which make use of most of the available frequency space within the millimeter
and submillimeter atmospheric windows (see Figure 2.6). Because the sensitivity of these measurements
is greatly enhanced by the use of wide bandwidths, this places a premium on continuous, interference-
free allocations for radio astronomy observations. Moreover, it is important to measure the redshift of
these objects to determine their distance (see Box 2.2). These radio redshift determinations are made
using molecular-line observations. The redshifts of new objects are not known a priori, and these lines
may be redshifted to any lower frequency. The ability to determine a redshift is directly related to the
ability to cover the widest possible bandwidth in a search; therefore, it is important to preserve large
portions of the spectrum to allow this fundamental information to be measured.

2.5.5 Epoch of Re-ionization

Studies are just beginning of the EoR, during which radiation from the rst generation of stars and
galaxies (re)ionized the universe (see Figure 2.2). Observations of HI at redshi#t§ od 15 (88-200
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FIGURE 2.15Very Long Baseline Array 5-GHz maps of the gravitational lens system CLASS B0128+437. This is
formed by the de ection of the light from a distamty3.12) quasar by an intervening galaxy (the lens), resulting

in four images of the quasar being seen from Earth (MERLIN map—middle). The high resolution of the VLBA
reveals that the lensed source consists of at least three sub-components. The detection of sub-structure in the lensed
image enables models of the mass distribution in the lensed galaxy to be tightly constrained. SOURCE: A. Biggs,

I. Browne, N. Jackson, T. York, M. Norbury, J. McKean, and P. Phillips, “The Gravitational Lens System CLASS
B0128+437,” NRAO, March 2004, http://www.vlba.nrao.edu/imgmonth/CLASS B0128 437/.
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FIGURE 2.16Radio and optical image of the 4.7 redshift quasar known as BR 1202-07 showing the galaxy
at 814 nm (color) observed with the Hubble Space Telescope overlaid by 340 GHz contours observed with the
Atacama Large Millimeter Array (ALMA) radio telescope. Also seen in the radio is a bright submillimeter galaxy
lying to the northwest of the quasar that is obscured in the optical, and two faint Lyamission regions, one

of which is a strong 340 GHz radio source. SOURCE: Courtesy of NRAO/AUI; see C.L. Carilli, D. Riechers, F.
Walter, R. Maiolino, J. Wagg, L. Lentati, R. McMahon, and A. Wolfe, The anatomy of an extreme starburst within
1.3 Gyr of the Big Bang revealed by ALMAhe Astrphysical Journalr63:120, 2013.

MHz) will probe the EoR. Indeed, HI may be observable in absorption against the cosmic background
radiation itself at a redshift af= 30 (45 MHz). An advantage of this approach is that the HI is optically
thin, allowing the gas distribution to be measured throughout the universe. Detection and subsequent
observations of redshifted hydrogen from this epoch are expected to yield valuable insights into the
energetics of the early universe and the processes of initial galaxy formation. A detection of neutral
hydrogen from this epoch would place strong constraints on the spin temperature of the hydrogen gas,
the neutral fraction, and the timeline of the re-ionization.
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Scienti ¢ Background:
Earth Exploration Satellite Service

3.1 INTRODUCTION

The Earth Exploration Satellite Service (EESS) is dedicated to monitoring and studying phenomena
that affect habitat of our planet Earth and its environmental quality. These services use spaceborne active
and/or passive microwave sensors to provide valuable measurements of atmosphere, land, and sea, for both
research and operational purposes. Because all matter emits, absorbs, and scatters electromagnetic energy
to varying degrees, these sensors detect variations in Earth’s environment. Spaceborne sensors operating
at radio frequencies (RF) can detect these variations under all weather conditions because of their longer
wavelengths, and with penetration depths not possible at optical or infrared wavelengths. RF used for EESS
are usually designated either as “windows” used for observing Earth’s surface or as “opaque” used for
observing the atmosphere (Figure 3.1). However, it should be noted that all window channels exhibit some
atmospheric absorption and emission, and even atmospheric resonant frequencies or absorption bands are
often not completely opaque. Hence, most sensors incorporate both window and opaque channels.

Spaceborne sensors can monitor environmental conditions repetitively on a global scaleedheg
temperature, humidity, cloud, and trace gas pro les in the atmosphere; moisture, roughness, and biomass
at the land surface; salinity, temperature, surface wave height, and sea state in the oceans; and water con
tent and melt character of ice and snow. These measurements are critical to predicting and monitoring
of weather and severe storms; managing water resources, land, and biota; and understanding changes in
global climate and atmospheric chemistry. As mentioned in Section 1.6, the long-term economic impact
of the information from remote sensing satellites is substantial, in both the production of food and other
agricultural products and in the operation of businesses and industries that are dependent on knowledge
of local weather and changes in climate. Each year many thousands of lives are saved, globally, through
advance warning of dangerously inclement weather, for example, hurricanes, tornadoes, severe thunder
storms, ash oods, and droughts.

In addition to using spectrum for spaceborne active and passive sensing, the Earth science services
use spectrum for command, tracking, data acquisition, and communications and for ground-based
radiometry of the atmosphere (see Section 1.5). Ground-based passive and active microwave sensors
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FIGURE 3.1 Atmospheric zenith opacity in the radio spectrum commonly used for the EESS. SOURCE: A.J.
Gasiewski and M. Klein, The sensitivity of millimeter and sub-millimeter frequencies to atmospheric temperature
and water vapor variationgpurnal of Geophysical Research-Atmospher8sl78481-17511, 2000, copyright
2001 by the American Geophysical Union.

utilize many of the same bands used by satellites to provide additional complementary measurements
of the atmosphere.

Observations of Earth’s atmosphere, land areas, and oceans in the radio part of tmeagjretio
spectrum have become increasingly important in understanding Earth as a system. Currently operational
satellite sensors provide key meteorological data sets, including the Advanced Microwave Sounding Unit
(AMSU) and instruments on the Defense Meteorological Satellite Program’s (DM#2B&ye micro
wave weather satellites (the Special Sensor Microwave/Imager [SSM/I] and SpecialNlienswave/
Temperature [SSM/T]). Remote sensing satellite missions such as NASAs Earth Observing System
(EOS), European Space Agency’s (ESAs) Soil Moisture and Ocean Salinity (SMOS), NASA/Japan
Aerospace Exploration Agency’s (JAXAs) Global Precipitation Measurement (GPM), and NASA's Saoill
Moisture Active/Passive (SMAP) are providing information about water, rainfall, and ocean salinity on
a global basis to improve measurements of atmospheric temperature, water vapor and precipitation,
soil moisture, concentrations of ozone and other trace gases, and sea surface temperature and salinity.
These multiyear, multibillion-dollar missions are international in scope, re ecting the interests of many
countries in continued availability of accurate meteorological, hydrological, and oceanographic data and
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measurements of land-surface features and trace gases in the atmosphere. It is critical to ensure contin
ued data availability for these important applications. For example, the Tropical Rainfall Measurement
Mission (TRMM) reached the end of its life in 2015 after providing unprecedented rainfall data for
nearly two decades, much longer than its expected mission life of 3 years. In early 2014, the GPM was
launched to provide continued and improved rainfall mapping and forecasting.

3.1.1 Passive Sensing

Techniques

Passive sensors have receivers that measure the electromagnetic energy emitted and scattered by
Earth’s surface and the constituents of Earth’'s atmosphere. Measurements at “opaque” frequencies
are affected by the absorption and emission of the waves and are strong functions of frequency due to
resonant absorption by atmospheric gases. Atmospheric gases emit and absorb microwave energy at dis
crete resonant frequency bands described by the laws of quantum mechanics, necessitating atmospheric
observations in those bands (Figure 3.1). For example, atmospheric molecul€stuivd resonances
at 22.235 and 183.3101 GHz, and frequencies near these resonances are needed for the measurement
of water vapor by passive spaceborne sensors. Other atmospheric constituents with resonant frequency
bands in the microwave spectrum includg O,, CO, NQ, and CIO. Measurements taken near the
resonances of these gases can be used to determine the amount of the particular gas in the atmosphere.
Oxygen lines around 55 GHz are used to obtain atmospheric temperature pro les, and water lines are
used to obtain atmospheric humidity pro les. The frequency allocations needed for these measurements
are rigidly determined by the location of the resonant frequency bands.

The choice of frequencies for measurements of Earth’s surface by passive sensors is not as tightly
constrained as that for atmospheric measurements. If Earth were an ideal blackbody, then it would emit
radio emission of intensity proportional to its temperature, and that is all that could be determined. How
ever, the actual emission depends on the surface characteristics of land and water, such as roughness, soil
moisture, and wind speed (see Figures 3.2 and 3.3). The sensing of many surface phenomena requires
simultaneous measurements at several frequencies because the energy emitted at any given frequency
is determined by several overlapping geophysical phenomena. Multiple frequencies either help separate
the property of interest or provide a correction for competing factors such as variations in the sea sur
face temperature to estimate wind speed or absorption in the atmosphere. Within a set of approximately
octave-spaced bands (Appendix B), suitable for particular applications, the precise frequencies to be
used for sensing Earth’s surface are not critical. The selection of speci ¢ frequency is typically based
upon the feasibility of sharing frequencies with other allocated radio services. Because passive radio
astronomy services (Chapter 2) use these same windows to observe the universe from the ground, there
is much spectrum compatibility between the two sciences. However, below 20 GHz, constraints on the
parameters of active radio services may be needed to make spectrum sharing feasible.

The energy emitted from Earth’s surface is a function of frequency, surface roughness and dielectric
properties, polarization, angle of incidence and aspect, and subsurface microstructure. A few underly
ing physical principles characterize the capabilities of most passive microwave techniques used in the
“window” channels to observe Earth’s surface. First, lower-frequency waves generally penetrate interven
ing media better and sense deeper beneath the surface. Thus low frequencies such as those at L-band (e.qg.,
1.4 GHz, Appendix B) are preferred when sensing subsurface soil moisture beneath vegetative canopies.
Second, the in uence of surface roughness tends to be largest when the length scales of the roughness are
comparable to the electromagnetic wavelength. This fact motivates the use of X-band (e.g., 10.7 GHz)
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or higher frequencies in attempting to sense the short sea waves, such as the capillary waves, that are
the most sensitive to sea surface winds at low wind speeds. Third, water in its various phases of ice,
liquid, and vapor exhibits particularly strong characteristic absorption, emission, and scattering features
in the radio spectrum. The dielectric constant of water is a strong function of frequency, temperature,
and the water’s phase. Frequencies below approximately 2 GHz are the most sensitive to sea surface
salinity, while the frequencies closer to 5-10 GHz are the most sensitive to sea surface temperature.

Sensors

A major tool of Earth remote sensing systems is the microwave radiometer. These passive sensors
are similar in their basic design to radio astronomy receivers. The instrument sensitivity needed varies
with the accuracy required for the physical property. For example, determination of open-ocean salinity,
with typical values between 30 to 36 parts per thousand, requires accuracies on the order of 0.2 parts
per thousand for use in numerical ocean models. In the 1-2 GHz range, where salinity is measured, this
translates to a measurement sensitivity of about 0.1 K. Determination of soil moisture, which is also
measured in this frequency range, requires accuracies of about 4 percent water by volume, with data
availability every 2 to 3 days for meaningful use in weather prediction models. The sensitivity in this
frequency band is about 1 to 3 K per percent soil moisture (hence a measurement requirement of about
4 to 12 K).

Scientists have conducted extensive studies to identify the frequencies needed for passive sensor
measurements and to quantify the performance criteria of the sensors used by EESS, and to inform and
complement the regulations formulated by the ha@onal Telecommunications Union’s Radiocommu
nication Section (ITU-R). The resulting frequencies are documented in Recommendation ITU-R RS.515
and the necessary bandwidths and sensitivities for various measurements are found in Recommendation
ITU-R RS.1028. The ITU-R recommends that in shared frequency bands (except absorption bands), the
availability of passive sensor data shall exceed 95 percent from all locations in the sensor service area
in the case where the loss occurs randomly, and that it shall exceed 99 percent from all locations in the
case where the loss occurs systematically at the same locations. For three-dimensional measurements
of atmospheric temperature or gas concentration, the availability of data shall exceed 99.99 percent.
Interference criteria have also been de ned by the ITU-R. Permissible interference levels in dBW and
interference reference bandwidths are contained in Recommendation ITU-R RS.1029. In bands that are
allocated to EESS on an exclusive basis, it has been determined by the ITU that “all emissions shall be
prohibited” (see Radio Regulation 5.340).

3.1.2 Active Sensing

Techniques

Active microwave sensing involves radars. Radars receive signals that they have transmitted after
these signals have been re ected by land or ocean surfaces or by water or ice particles in Earth’s atmo
sphere. Because the re ected signal depends on the dielectric properties of the surface and its roughness,
the necessary frequencies for active sensing are determined by the phenomena to be measudred. Gener
ally speaking, bands spaced about an octave apart are needed (Appendix B), similar to those for the
surface measurements using passive techniques and for the radio astronomy continuum measurements.
The precise frequency used within the required octave-wide band is not critical, and the allocations are
based upon other services within that band. The sharing of these bands, while not incurring or causing
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interference with other sources, is an important modern-day consideration. For instance, sharing between
active spaceborne sensors and terrestrial radars (the radiolocation service, in ITU parlance) has been
shown to be feasible with certain design constraints, and the bands allocated for active sensing are all also
allocated to the radiolocation service. The frequency bands to accommodate active sensor measurements
range from below 1 GHz for surface measurements up to 150 GHz for cloud measurements. Applica
tions of active sensors include the measurement of soil moisture and roughness, snow, ice, rain, clouds,
atmospheric pressure, and ocean wave parameters, and the mapping of geologic and geodetic features
and vegetation. Similar to passive requirements, the active sensor frequency and bandwidth requirements
have been studied extensively by scientists, the results from which have informed the regulations at the
ITU-R. These requirements can be found in Recommendation ITU-R RS.577.

Sensors

Major types of active sensors include spaceborne scatterometers and image-forming radars such as
synthetic aperture radars (SARs) and Interferometric SAR (INSAR). SARs and InSARs are capable of
determining topography and surface change over large geographic regions to unprecedented accuracy.
Bandwidth requirements for active sensors vary with the type of application. For example, scatterometers
are typically narrowband, low-resolution devices requiring about 1 MHz of bandwidth. Most SARs,
precipitation radars, and cloud-pro ling radars are medium-bandwidth devices; they can be designed to
satisfy measurement resolution requirements in less than 100 MHz of bandwidth. However, altimeters
and a few very-high resolution SARs require wide bandwidth, typically up to 600 MHz or more, to
achieve desired measurement accuracies. Ultra-wide band radars for snow-depth pro ling are now in
experimental development and require several GHz of bandwidth but operate over a limited spatial extent.

Multispectral images obtained by SARs operating at 432-438 MHz, 1215-1300 MHz, 3100-3300 MHz,
5250-5570 MHz, and 9500-9800 MHz are used to study Earth’s ecosystems, climate, and geological
processes, the hydrologic cycle, and ocean circulation. Altimeter measurements in the 5250-5350 MHz,
13.4-14 GHz, and 35-36 GHz bands provide data to study ocean-surface height and wave dynamics
and their effects on climatology and meteorology. Spaceborne scatterometer measurements of ocean-
surface wind speeds and direction in the 5250-5350 MHz, 9500-9800 MHz, and 13.25-14 GHz bands
play a key role in understanding and predicting complex global weather patterns and climate systems.
The GPM uses precipitation radars in the 13.4-14 GHz and 35-36 GHz bands to provide data on global
rainfall. TheCloudsat mission, launched in May 2006, measures clouds using the recently allocated
band at 94-94.GHz.

Performance and interference criteria for active spaceborne sensors have been extensively studied.
These criteria have been de ned in terms of the precision of measurement of physical parameters and
the availability of measurements free from harmful interference. Interference criteria are stated in terms
of the interfering signal power not to be exceeded in a reference bandwidth for more than a given per
centage of time. The processing of SAR signals discriminates against interference depending on the
modulation characteristics of the interfering signal and can materially improve the potential for sharing
frequency bands. Performance and interference criteria for these sensors can be found in Reeommenda
tion ITU-R RS.1166.

In the following sections, the radio frequencies used by EESS for applications in atmosphere, ter
restrial hydrology, cryosphere, oceans, and solid Earth and biosphere are discussed in more detail.
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3.2 ATMOSPHERE

Systems for sensing atmospheric properties can be designed to exploit atmospheric absorption and
emission resonances. There are a vast and growing number of applications that bene t from atmospheric
measurements obtained by microwave and millimeter wave sounding instruments spanning research
areas that include meteorology, oceanography, geology, and ecology. Measurements of the atmosphere
using microwave radiometry have provided a benchmark climate record of temperature trends dating
back to the rst operational use of the Microwave Sounding Unit (MSU) in 1979, which began opera-
tion in 1979. MSU was followed by the Advance Microwave Sounding Unit, which began operation
in 1998. The Advanced Technology Microwave Sounder (ATMS) is the rst in a series of new cross-
track scanning sounders developed for the Joint Polar Satellite System (JPSS). ATMS was launched on
October 28, 2011, on the Suomi National Polar Partnership satellite. The Special Sensor Microwave
Imager/Sounder (SSMIS), launched in 2003 on a DMSP satellite, observed atmospheric temperature
up into the mesosphere as well as surface phenomena such as near-surface wind speed and sea surface
temperature. The rst Microwave Limb Sounder (MLS) was aboard the Upper Atmosphere Research
Satellite (UARS), which was launched in 1991. The MLS provides measurements of stratospheric CIO,
O,, and HO, upper tropospheric J& vapor and cloud ice, stratospheric HNO, and temperature vari-
ances associated with atmospheric gravity waves, as shown in Figure 3.4.

FIGURE 3.4 Daily observations of temperature, CGDHO,, HCI, and OH from the Microwave Limb Sounder on

the Earth Observing System-Aura satellite January 3, 2015. NOTE: Produced on February 25, 2015 12:47:48 using
plot version 1.34. Courtesy of NASA/JPL; produced by the MLS Science Team at the Jet Propulsion Laboratory,
California Institute of Technology, under contract with NASA, from EOS MLS and GMAO data: JPL Clearance
CL#05-3463.
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Observations of molecular absorption lines between 118 GHz and 2.5 THz, through the limb of the
atmosphere provide key information on atmospheric chemistry from the upper troposphere through
the stratosphere. Observations gfplay an important role in monitoring the recovery of the ozone hole

In this section, we review the frequencies used for the atmospheric applications in the following
areas: temperature and water vapor pro ling, precipitation, atmospheric chemistry, clouds, and iono
spheric sensing.

3.2.1 Temperature Pro ling

Atmospheric pro les of temperature, that is, temperature as a function of altitude, from polar-orbiting
satellites are required to initialize and to update the current and emerging global ocean-atmosphere
models that provide essential global meteorological and oceanographic predictions for many civil and
military applications. High measurement accuracies are essential for the proper operation of these
prediction models. For example, it has been shown that for temperature pro le inputs not meeting the
uncertainty criterion of 1 to 3 K (depending on altitude), the pro le data corrupt the model rather than
increase its capability to forecast. Observational errors, usually on smaller scales, amplify the model error
and, through nonlinear interactions, gradually spread to longer scales and seriously degrade the forecast.

Currently, the temperature pro les are measured using low Earth orbit (LEO) satellite microwave
sounders operating in the, @bsorption band from 50-62 GHz. A number of present-day technologi
cal developments are enabling the future deployment of geostationary orbiting microwave temperature
SOUNBHRIS MO SPHEHREICIOAMCQEARYY PICVWARKFRIMD"NEAR'(Z TO
>200 dB in the region 58 to 62 GHz. Atmospheric temperature pro les can be measured with an uncer
tainty of 1 to 3 K with vertical resolution ranging from 2 to 5 km (depending on altitude). The Defense
Meteorological Satellite Program (DMSP) Special Sensor Microwave Imager Sounder (SSMIS) uses
frequencies between 60.4 and 61.2 GHz and a separate channel near 63 GHz to obtain mesospheric tem
perature pro les. The same oxygen resonance frequency that enables these measurements also leads to
the strong absorption of terrestrial anthropogenic emissions. In many (albeit not all) cases, the spectrum
from approximately 58 to 62 GHz can be shared with terrestrial ground-based active systems, such as
point-to-point communication systems.

The atmospheric temperature pro les can also be derived using passive radiometric measurements
on and near the 118.75 GHz @ansition. Temperature pro les derived from this band complement
those derived using the 50-60 GHz band by providing independent measurements, albeit with reduced
sensitivity at higher altitudes and less penetration of clouds and precipitation. However, diffraction-
limited apertures of xed size will yield temperature pro les with better horizontal spatial resolution with
118 GHz measurements compared with the data from 50-60 GHz. As a result, channels near 118 GHz
are being considered for use in sounding and imaging from geostationary microwave sensors. Moreover,
THEIFFERMREGP B R BWEIBMNCARARHARAELS (Z AND '(ZWIPIROVIDE
additional information on cloud and precipitation amounts.

3.2.2 Water Vapor Pro ling

The hydrologic cycle is critical to the dynamical and thermodynamical functioning of the global climate
system and to its impacts on human society. The distributions of water vapor, cloud liquid water, and cloud
ice in the atmosphere and the evolution of these distributions with time determine to a great extent the radia-
tion characteristics of clouds, with consequent large impacts on the radiation balance of the atmosphere.
-UCK K HATM O S AVHEIFS IMABCROBEN C E NCTIRORSEEAR B BANICHEOWESTO KM
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of the atmosphere. Water vapor is an important greenhouse gas, greatly in uencing the surface radiation
budget even in the absence of clouds. Condensation and evaporation of water in the atmosphere affect
large transfers of energy and have enormous in uence on large-scale circulation in the troposphere. The
global water vapor measurements are essential to initialize and to update meteorological forecasting and
climatological models that provide the global meteorological and oceanographic predictions necessary for
civil and military operations. Comparisons of model simulations indicate that if the measurement accura
cies of moisture pro les are less than threshold values (typically set to 20 to 35 percent of the root mean
square mass mixing ratio), then the remotely sensed pro le data that are used as input corrupt the model.
Combined microwave and infrared spectral data can yield what is nearly all-weather global performance,
even in most cloudy conditions. Moisture pro les can also be used to support path delay and attenuation
estimates for active remote sensing systems (e.g., radar altimeters) and satellite radio-frequency links.
Accurate measurements of upper tropospheric water vapor are also obtained by viewing Earth’s limb from
LEO to support scienti ¢ studies of the upper atmosphere and associated atmospheric chemistry.

Radar observations are strongly dependent on unknown drop size distributions, and optical sensors
do not penetrate clouds well; thus microwave radiometers on all types of platforms (satellite, aircraft,
ships, and ground sites) are essential to making water vapor measurements. Passive measurements near
the strong 183.31 GHz water-vapor line, aided by measurements in the adjacent transmission window
at the EESS-allocated bands of 150-151 GHz or 164-168 GHz, are critical for the global measurement
of atmospheric water vapor pro les. Measurements from spaceborne sensors in LEO are carried out
to obtain atmospheric water-vapor pro les from Earth’s surface to 100 mb with a measurement uncer
tainty of approximately 20 to 35 mb. Two different types of microwave observations are used: those
in transparent bands within which the warmer water vapor absorption stands out (1) against the colder
ocean background (ocean partially re ects the extremely cold cosmic background radiation {see Sec
tion 2.5.1) or (2) against that of cold low-emissivity ldrdo pro le information is usually retrieved—
only an estimate of the column integrated abundance. The frequencies most often used for this purpose
include 18.7, 22, 23.8, 31.4, 37, and 89 GHz. To improve retrieval accuracies, these channels are often
dualpolarized (horizontal and vertical) and scanned at a near-constant angle of incidence (e.g., GPM
Microwave Imager [GMI], Special Sensor Microwave/Imager [SSM/I], Special Sensor Microwave/
Imager Sounder [SSMIS], WindSat, and Advanced Microwave Scanning Radiometer [ASMR]-E). In
addition, the opaque water vapor resonance near 183 GHz is often used by measurements in the adjacent
transmission window at the EESS-allocated bands of 150-151 GHz or 164-168 GHz; these can also be
used in combination with temperature pro le information to yield the most accurate results (e.g., AMSU,
SSMIS). Figure 3.5 shows the water vapor derived from the SSM/I. Instruments retrieving water vapor
pro les are generally used to retrieve other parameters simultaneously, such as cloud water content,
precipitation rate, and ice and snow cover information.

3.2.3 Integrated Precipitable Water

Integrated precipitable water or total precipitable water (TPW), that is, the total atmospheric water
VAPOPROMEURHACHKM BCABIEESTIMAGEINCERDAIMMOR PERCHMMNILI
meters of condensed water) using space-based radiometric measurements in the K-band (Appendix B).
These measurements are of major use for meteorological research and forecasting and for astronomical
and military applications. Radiowave propagation delays due to atmospheric water vapor can also be
derived from radiometric measurements in the spectral region near 22 GHz.

1 For background regarding EESS for water vapor pro ling, see the following: J.R. Wang, P. Racette, and L.A Chang, MIR
measurements of atmospheric water vapor prollEEE Transactions of Geoscience Remote Serg§():212-223, 1997.
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FIGURE 3.5 Operational water vapor (in kgAnproduct over ocean for June 13, 2015. The data derived from the
SSMI/I sensor on the DMSP satellites relies on measurements at 19.35, 22.235, and 37 GHz. SOURCE: Courtesy
of NOAA Of ce of Satellite and Product Operations, National Environmental Satellite, Data, and Information
Service; see “SSM/IS Products” at http://www.ospo.noaa.gov/Products/land/spp/ssmis.html.

For an estimate of the total columnar water, the optimum frequency is one for which the water-
vapor-density weighting function has a constant pro le with height. Weighting functions in the region
of the 22.235 GHz weak water vapor absorption line display these characteristics and are widely used
as the primary radiometric channel for estimates of TPW (see Figure 3.6) and path delay. It is noted
that the same bands that are used to measure water vapor from space are also used on ground- and ship-
based radiometers to measure TPW from the surface of Earth. These ground-based sensors-are becom
ing widely used around the globe to help initialize and update numerical weather-prediction models
and for the calibration of remote sensing satellites. Although they do not provide global measurements,
they are particularly accurate over both land and water, because they view water vapor against a strong
contrasting background caused by the cold cosmic emission temperature of 2.73 K (see Section 2.5.1).

3.2.4 Precipitation

Accurate measurement of spatial and temporal variations of rainfall around the globe, particularly
over the vast and under-sampled Southern Hemisphere, and oceanic and tropical areas, is one of the
most dif cult and important problems in meteorology. Satellite-based microwave remote sensing of
precipitation can provide the best-available means of obtaining data detailing four-dimensional distri
bution of rainfall and latent heating on a global bafsinfall and snowfall rates and total amounts of

2 For background information regarding EESS for precipitation and clouds, see the following: G.L. Stephens and C.D.
Kummerow, The remote sensing of clouds and precipitation from space: A rduigwal of Atmospheric Scienéd:3742-
3765, 2007.
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FIGURE 3.6 Total precipitable global water product. Data from multiple satellites are merged to produce global
nearly continuous products which track the ow of water vapor and are key to weather forecasting. SOURCE:
Courtesy of NOAA Of ce of Satellite and Product Operations, National Environmental Satellite, Data, and Infor
mation Service; see “The NESDIS Operational Blended TPW Products” at http://www.ospo.noaa.gov/Products/
bTPW/TPW_Animation.html?product=GLOBAL_TPW.

precipitation are highly valuable measurements that can be determined by on-orbit and ground-based
microwave and millimeter wave radiometers. Knowledge of these quantities is important to the prediction
of oods, crop health and yield, and catchment replenishment for hydroelectric, irrigation, and domestic
uses, and for other societal bene ts and impacts. The link between precipitation and clouds provides
important constraints on climate variability through the Earth radiation budget. Precipitation measure
ments using microwave remote sensing may utilize both active and passive sensing. Rain mapping using
radar reveals the three-dimensional structure of precipitation, such as the observations from the GPM
as shown in Figures 3.7 and 3.8. These radar observations can be used to develop statistical cloud and
rain-cell models and to provide improved calibration of rainfall measurements dasivegl passive
radiometry alone. In general, microwave radiometric measurements within the bands at 6, 10, 18, 23,
37, and 89 GHz are of primary interest for rainfall measurement. Active measurements of precipitation
are carried out near 13.6, 35.5, and 94 GHz.

Passive microwave measurements near the 89 GHz atmospheric window play an important role in the
retrieval of precipitation data, particularly over land. Owing to the combination of high emissivity, thick
ness, and temperature of clouds over land, signatures of convective precipitation cells are often strongest
at 89 GHz. At this frequency there is high sensitivity to clouds over land, causing the upwelling bright
ness temperatures to be cooler rather than warmer, as observed over a relatively cold ocean background.
Clouds over land exhibit much less contrast at lower microwave window frequencies (e.g., 10, 18, and
37 GHz) causing 89 GHz observations to play an important role in determining rain rate over land.
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FIGURE 3.7 A storm in the eastern United States observed by the NASA/JAXA Global Precipitation Measure
ment (GPM) Core Observatory on March 17, 2014. A full range of precipitation, from rain to snow was revealed
by the GPM measurements. SOURCE: Courtesy of NASA/JAXA; see NASA GSFC, “GPM Data from March 2014
East Coast Snowstorm,” image, March 17, 2014, http://pmm.nasa.gov/image-gallery/gpm-data-march-2014-east-
coast-snowstorm.

Passive microwave remote sensing from satellites and aircraft at frequencies above 90 GHz are
used to estimate hydrometeor properties of cirrus clouds and the higher altitude convective and anvil
clouds, which contain frozen particles. Speci ¢ frequencies currently used include 150 GHz, 166 GHz,

"(Z "(Z "(Z "(Z "(Z '(Z ~ '(Z AND '(Z 4HESE
channels are particularly sensitive to the frozen particles, and several have been used to estimate snowfall
rates over land surfaces. Furthermore, because these channels tend to become opaque to the land surface
in the presence of clouds, they may be useful in estimating light rain over land surfaces. Precipitation
obsevations may also be possible with high spatial resolution using a geostationary microwave sounder
AFREQUBNKCIES AND '(Z
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FIGURE 3.8 The Global Precipitation Measurement mission’s dual-frequency precipitation radar observed a three
dimensional structure of precipitation, inside an extra-tropical cyclone off the coast of Japan on March 10, 2014.
The image shows rain rates across a vertical cross-section approximately 4.4 miles (7 kilometers) high. The red
areas indicate heavy rainfall while yellow and blue indicate less intense rainfall. SOURCE: Courtesy of JAXA/
NASA,; see NASA, “First Images Available from NASA-JAXA Global Rain and Snowfall Satellite,” Release
14-086, March 25, 2014, http://www.nasa.gov/press/2014/march/ rst-images-available-from-nasa-jaxa-global-
rain-and-snowfall-satellite/#.VhakD VhBe.

3.2.5 Atmospheric Chemistry

Among the most important of human in uences on climate is the production of greergasese
including CQ, methane (Ct}), and various chloro uorocarbon (CFC; hydrochloro uorocarbon [HCFC])
and hydro uorocarbon (HFC) compounds. Of these,,@@d CH rapidly become well mixed in the
lower atmosphere and affect Earth’s radiation budget by trapping infrared radiation that would otherwise
be expelled to space. Although Cénd CH are themselves potent greenhouse gases and the primary
cause of observed global warming, their indirect in uence on atmospheric water vapor—a more potent
and less predictable greenhouse gas—is perhaps even more important. Tropospheric water vapor provides
a feedback mechanism through which increased global warming adds to the capacity of the atmosphere
to contain water vapor while simultaneously elevating evaporation rates. The monitoring of water vapor
and cloud water content and their effects on global radiation uxes is thus critical to understanding the
causes of climate change and predicting future climates. Currently, cloud coverage and type are the most
signi cant sources of uncertainty in global climate modeling. Climate is also strongly affected by trace
gases in the upper troposphere, stratosphere, and mesosphere; some of these trace gases also facilitate
the destruction of stratospheric ozone. A diminished ozone layer allows harmful ultraviolet-B (UV-B)
radiation from the Sun to reach Earth’s surface, where it signi cantly enhances the probability of the
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occurrence of basal and squamous cell skin cancers and cataracts. The underlying chemical reactions
that cause ozone depletion require chlorine and bromine to be present in suf cient quantities in the
stratosphere.

Passive microwave observations provide a uniquely valuable means for monitoring the distribution
and concentration of ozone and other trace gases including source, reservoir and active forms of key
ozone-depleting substances, other species involved in ozone layer chemistry, and long-lived tracers used
to track motions of air parcels. The rst Microwave Limb Sounder (MLS) on NASA's Uppeosphere
Research Satellite used channels near 63, 183, and 205 GHz to measure emissions of chlorine mon
oxide (ClO), water vapor, ozone {Qand sulfur dioxide (S§. CIO is a key reactant in the chlorine
chemical cycle that destroys, A second generation MLS instrument is on NASA's AURA spacecraft
(launched in July 2004); it uses channels near 118 GHz for temperature and pressure pro ling, 190 and
183 GHz for HNQ and water-vapor measurements, 240 GHz fgra@d 640 GHz and 2.5 THz to sup
port detailed studies of the stratosphere and the chemistry associated with ozone depletion. Instruments
making passive observations Earth’s atmospheric composition under development use frequencies listed
above, plus the 320-360 GHz spectral region. Mesosphgrea®be measured using an 11.072 GHz
line using radiometer techniques and measurements from 50 to 80 km and 80 to 104 km can be made
using ground-based receivers.

3.2.6 Clouds

As described earlier, clouds play an important role in both Earth’s water and radiation budgets.
Determnation of the composition, structure, and location of clouds is of critical importance for numerical
weather and climate modeling and analysis. Microwave radiometric measurements within the bands at
6, 10, 18, 23, 31, 37, and 89 GHz are of primary interest for clouds. Active measurements of clouds are
carried out near 13.6, 35.5, 78.5, and 94 GHz. It is important to have knowledge of cirrus clouds and
the frozen particles in convective and anvil clouds for several reasons: (1) to enhance cloud-resolving
models, (2) to better understand the relationships between the frozen and melting particles, (3) to clarify
relationships between the passive observations and frozen particles, (4) to improve latent heating and
global change models that are particularly sensitive to cirrus ice clouds and to the ice in convective
and anvil clouds, and (5) to provide indirect information on surface rain rate below the cirrus anvil.
Finally, real-time estimates of snowfall rate are extremely useful for urban management.

Cloud ice water path (CIWP) is the vertically summed mass of cloud-borne ice particles per unit of
area. As ice clouds can re ect a signi cant amount of sunlight, their impact on global radiative energy
uxes, and hence climate change is considerable. Future global CIWP measurements from space, using
passive microwave techniques at frequencies from 89 GHz up to approximately 1 THz (e.g., 150, 166,

n AND '(Z COUWMARACHERIZEFOMNHELOBXDROARNEBNERGYCLES
through upper tropospheric cloud processes. Retrieval of CIWP data depends strongly on knowledge of
the cloud particle size distributions. Therefore, retrievals are improved using multiple high-frequency
brightness temperature measurements. Such measurements would enable the development and testing
of new self-consistent parameterizations of ice cloud processes and cloud systems, which could in turn
guide improvements in ice cloud representation in global Earth system models. These improvements
will signi cantly advance the understanding of the hydrological cycle and climate predictability. The
inclusion of cloud microphysics into cloud and climate models within the decade is anticipated by many
numerical weather modelers. Accordingly, measurements of cloud ice water will be needed to diagnose
and validate these cloud models, which, in principle, have the ability to greatly improve the uneerstand
ing of climate, rainfall, and precipitation variability and the atmospheric radiation budget.
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A spaceborne 94 GHz cloud-pro ling radar (CloudSat) was successfully launched in May 2006, with
an objective of measuring the altitude and properties of clouds with 500 m vertical resolution, 1.2 km cross-
track resolution, and with a sensitivity of —30 to —36 dBZ (decibelk wihereZ is the energy re ected
back to the radar, or re ectivity). This advanced W-band radar (Appendix B) has provided information on
the vertical structure of highly dynamic cloud systems to provide global measurements of cloud properties,
as shown in Figure 3.9. These measurements have helped scientists compile a database of cloud proper
ties to improve the representation of clouds in global climate and numerical weather-prediction models.

Cloud base information for a range of cloud types, particle distributions (microphysics), and liquid
water content is desired to support both operational and scienti ¢ objectives. Ceiling height data are
vital to identify regions of potential aircraft icing and for determining the most effective altitudes for
commercial ight operations. For climate measurements, cloud base height is critical for determining
the long-wave energy budget at Earth’s surface, and for understanding the impacts of anthropogenic
aerosols on cloud formation, precipitation, and short- and long-wave energy uxes.

For non-precipitating clouds, microwave radiometric brightness temperatures near 10, 18, and
37 GHz can be used to estimate the integrated amount of cloud liquid water to within approximately
0.05 mm or 10 percent total columnar water precision. Within the next 5 to 10 years, inclusion of cloud
microphysics in climate models is expected. Measurements of cloud liquid water will be needed to
diagnose and validate these cloud models, which in principle have the ability to greatly improve under
standing of climate, rainfall variability, and the atmospheric radiation budget. The inclusion of cloud
water into numerical weather-prediction models will also provide an important means of accurately

FIGURE 3.9 Combined imagery from Cloudsat and Japanese Multifunctional Transport Satellite (MTSAT) of
Typhoon Dolphin in the West Paci ¢c on May 16, 2015. SOURCE: Courtesy of NASA/JPL-Caltech/Colorado State
University; see NASA, “Dolphin (was 07W/System 93W - NW Paci ¢ Ocean),” May 21, 2015, http://www.nasa.
gov/feature/dolphin-was-07wsystem-93w-nw-paci c-ocean.
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modeling the in uences of short-wave and long-wave radiation on the evolution of severe weather.
Accurate measurements of cloud water amounts also play an important role in global climate models
and in understanding the impact of anthropogenic and natural aerosols on clouds, rainfall, and climate.
As with water vapor, the same bands that are used to measure cloud liquid water from space are also
used on ground- and ship-based radiometers to measure cloud liquid water from Earth’s surface, but
with greater accuracy because of the cold cosmic (see Section 2.5.1) background. Widespread global
deployment of these sensors is occurring.

3.2.7 lonosphere

Radio frequencies are used to understand the physical state of the ionosphere, characterize irregu
larities, detect large-scale structures, and enable the real-time monitoring and prediction of propagation
conditions and space weather effects. Such understanding enables important scienti ¢ and commer
cial applications including communications, precision navigation, environmental remote sensing, and
national defense. Techniques for remote sensing of the ionosphere include study of ionospheric coupling
to the lower atmosphere below and the larger heliospheric environment above, using both passive and
active techniques over a wide range of frequency bands. In this section, we brie y survey ongoing work
and point out the wide range of frequencies below 3 GHz that are used for ionospheric sensing.

Passive microwave techniques involve monitoring of the radio spectrum, radio imaging and interferom
etry, precision measurement of radio noise, and passive use of transmitters of opportunity (natural or man
made) to measure ionospheric phenomena. Riometers (relative ionospheric opacity meters) such as IRIS,
KAIRA, and EDGES, measure ionospheric absorption and provide images of ionospheric structures in
the frequency range of 20-70 MHz. Frequencies lower than 20 MHz tend to be contaminated by broadcast
signals, while those higher than 70 MHz have high absorptions in the D- and F-regions of the ionosphere.

Radio scintillation is used for real-time amplitude and phase uctuations detectmmspheric con
ditions such as plasma parameter gradients and embedded irregularities. These impaco$jatmsric
propagation and detection of heliospheric phenomena. Interplanetary scintillation is used for detection of
electron densities and magnetic eld of coronal mass ejections at distances <1AU. It is measured at a variety
of frequencies from HF to S-band (Appendix B). Satellite and ground-based phase coherent radio beacons
measure total electron content (TEC) and the amplitude and phase uctuations in the trans-ionospheric
signals (i.e., scintillations) related to the irregularities along the propagation path. Example frequencies of
the currently on-orbit beacons operate at 150.012, 300-400, 400.032, 1066.752, and 2360-2380 MHz; and
on-ground beacons operate at 401.25 MHz and 2036.25 MHz. Examples of space-based receiver frequen
cies include 150, 400, and1067 MHz. Both active transmissions from satellites and observation of radio
star scintillation (RSS) are routinely conducted. Global Navigation Satellite System use navigation signals
in L1 (1575.42 MHz), L2 (1227.6 MHz), and L5 (1176.45 MHz) bands to estimate ionospheric delay.

In the low frequency ranges, VLF sounding techniques are used for magnetosphere-ionosphere
coupling, eld-aligned TEC, wave perturbations, wave-particle interactions, and lightning locations.
ELF from 1-800 Hz are used to explore Schumann resonances in the Earth-ionosphere waveguide cavity
and are important for Q-bursts due to “super-bolt” lightning strikes and “sprites” associated with these
large strikes. The ULF from 10to 1 MHz are used for magnetosphere-ionosphere coupling, provide
remote sensing of natural wave modes, and magnetospheric resonances. Low frequency radio telescopes
(e.g., LOFAR, MWA, VLA, or LWA) produce calibration products that provide very accurate all-sky
map of relative line integrated electron density between baselines. Existing systems with frequency
ranges of 10-300 MHz and future systems such as SKA and RAPID can be used to study small-scale
ionospheric waves and structures. Satellite-based HF receivers are used to study manmade and natural
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HF waves such as radar propagation, lightning pulses, HF scatter from ocean, and high-power HF inter
actions in the ionosphere at 0-18 MHz range (e.g., ePOP and CARINA).

Passive radar observations of the ionosphere uses transmitters of opportunity such as AM and FM
radio, and HDTYV, to produce radar observations. These observations are used to study propagation and
scattering in the ionosphere, ionospheric turbulence, natural plasma irregularities, and meteor trails.
White space bands between stations are often useful for passive propagation measurements in bi-static
and multi-static receiver con gurations. In-band on channel digital radio, such as used with FM, acts
to jam these con gurations.

Active techniques are also used for ionospheric sounding, noise and absorption measurements, and
radio propagation-based techniques (both ground-to-ground and ground-to-space). Incoherent scatter
radar provides precise measurement of the thermal ionospheric plasma. Primary measurements include
electron density, electron temperature, ion temperature, and ionospheric drifts and provide information
on electric elds, neutral winds, and ion compositions. Typical HF/VHF/UHF/L-band center frequencies,
with up to 30 MHz bandwidth on receive and typically up to 1 MHz bandwidth on transmit, are used
in existing systems. Up to 10 MHz bandwidth is planned for future systems. Signi cant power aperture
is required, with most systems being multi-megawatt class that have antennae sizes between 25 and
300 meters. Current active systems operate at 46.5, 47, 49.92, 53.5, 154-162, 224, 430, 440, 440.2,
440.4, 442.5, 449.3, 500, 933, 1290, and 2380 MHz, with future systems planned at 220 and 233 MHz.

lonospheric sounders or ionosondes provide direct measurement of ionospheric electron density
pro les using transmissions that experience total re ection at the local plasma/Langmuir frequency.
Because electron density and hence the resonance frequency is altitude dependent, these systems must
SPANIGNIIRANEEEG TO -(Z WHICHIME DEPEADEIENE OP HCRINCHIL
tions. Altitude coverage is limited by the peak ionospheric cut-off frequency. Higher frequencies beyond
the local plasma frequency can be used for oblique sounding up to 30TMélpseudorandom trans
mission radar sounders with low emission levels that produce minimum electromagnetic interference
LEVEL3 ANIDOWOWNE®RISERABERANSMCABDSE® RODEBRANGE $OPPLER
radar measurements and even ionosonde measurements. This type of radar, which is currently being
developed, would cause less interference to other users of the already crowded HF band. They operate
from 2-30 MHz with typical bandwidths of 100 kHz. Transmission at low power covering the entire
frequency range can be very useful for high measurement speeds. Similar to ionosondes, they provide
measurements of electron density and re ection height, wave measurements, meteor trails, and Doppler
radar measurement of coherent scattering structures.

The mesosphere/stratosphere/troposphere radar systems measure the lower boun@eygsydhe
environment and its coupling to the ionosphere and lower atmosphere. They operate at 30-60 MHz, VHF/
UHF, and S-band3he Mesosphere/Lower Thermosphere (MLT) dynamics radars provide measurements
of the mesosphere regions. The mesosphere is a crucial atmospheric layer and is quite dif cult to observe
by techniques other than meteor radar (MR) and medium frequency (MF) radar that operate at 2-3 MHz.
These radar measurements have widely been used to detect mean winds and tides and to get insight into
the seasonal, interannual, and long-term behavior of the MLT circulation including long-term trends. In
addition, MR and MF radar measurements have been combined to analyze properties of planetary waves
and estimate wind parameters. Meteor radars, operating at 30-50 MHz, with some systems operating
from 2-100 MHz, provide neutral wind measurements by measuring the Doppler frequency of a drifting
meteor trail after the meteor has ablated in the upper atmosphere.

Radars at 2-10 MHz (some speci ¢ examples, 2.8, 3.5, 3.85, 5.1, 8.175 MHz) are used to heat the
ionosphere at an altitude where the critical frequency corresponds to the transmission frequency. The
measurements can be used to investigate fundamental plasma physics primary and secondary wave
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modes in the plasma, and to measure ionospheric parameters inaccessible by other means. High-power
HF have produced arti cial aurora, enhanced ionization, eld-aligned irregularities, and stimulated
electromagnetic emissions.

HF radar operating between 5-50 MHz is used for over the horizon observations of a variety of
targets and for ionospheric measurements. Wide-Sweep Backscatter lonograms are used by over-the-
HORIZODIP&R APHEPROPAGCAONDIND MENRS KMNRANERASUREMENTTERENT
scattering structures at HF allows detailed study of ionospheric irregularities and plasma physies. Propa
gation and surface scattering effects, ionospheric waves from earthquakes, or just traveling ionospheric
disturbance and Alfven waves can also be investigated.

3.3 TERRESTRIAL HYDROLOGY

3.3.1 Soil Moisture

Soil moisture (SM) is a key component of the land-surface hydrospheric state and is vital to weather
and climate prediction research. It is essential in estimating latent heat and carbon uxes at the land-
atmosphere boundary. SM is also a key parameter in forecasting relating to agriculture, drought, and
ooding and for predicting vegetative stress and establishing related government policies. Accurate
knowledge of the parameters of SM has been shown to improve forecasts of local storms and seasonal
climate anomalies. Atmospheric models tend to use sea surface temperatures (SSTs) as their primary
boundary condition because so much of Earth’s surface is ocean. However, models just using SSTs are
unable to capture seasonal climate anomalies in the middle of large continents. However, if SM data
are incorporated, atmospheric models can accurately predict the seasonal anomalies in extreme weather.

Passive microwave radiometers operating at frequencies of 10 GHz and lower are sensitive to varia
tions in soil density, type, and moisture content and are needed for SM measufeRagtitsnetry in
the 1-2 GHz range is arguably the best means for measuring subsurface soil moisture on a national or
global basis. A combination of active and/or passive microwave measurements can be used to remotely
SENSEUNDM@DERWHE G E YARTEBADSTUHT O K G2 bf vegetation water content. These
measurements provide SM information with an uncertainty of 0 ¥whinPassive measurements rely
on the dependence of the microwave emissivity of soil to its water content. Lower microwave-frequen
CIPROVADEBDODPENETRAPPERR M| MEASU R EONBECNMICSI S DIOREND C M
depth at 1.4 GHz, and less so at higher frequencies. Active measurements, such as those at 1.26 GHz,
rely on the dependence of soil backscatter on water content and are complicated by surface roughness
and scattering by vegetation cover. Active measurements can, however, provide ner spatial resolution
than is possible with passive techniques. Thus, a combination of active and passive measurements, such
as those from the NASA SMAP mission, can be used to separate the effects of surface roughness and
vegetation scattering from the soil-moisture signature while providing the desired spatial resolution,
as shown in Figure 3.10. Passive microwave measurements in the C-band region, near 6.8 GHz, such
as those from AMSR-E and AMSR2, can be used to infer soil moisture in the top 1cm of the surface
L A YUENRDEEARS BAIN DI G HVTE (Y E TAARTERAISVHA TCEEARN TUEPNA K G2,Nb an approximate
accuracy of 0.10 A#m?.

3 For background information regarding EESS for soil moisture see the following: W. Wagner, P. Pampaloni, J.-C. Calvet,
B. Bazzari, J.P. Wigneron, and Y. Kerr, Operational readiness of microwave remote sensing of soil moisture for hydrologic ap
plications,Nordic Hydrology38(1):1-20, 2007; J. Judge, Microwave remote sensing of soil water: Recent advances gnd issues
Transactions of the American Society of Agricultural Engineers—Centennial ESG{&)1645-16492007.
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FIGURE 3.10Global soil moisture from L-band observations of the NASA SMAP mission at a spatial resolution

of 10 km obtained by combining passive measurements at a spatial resolution of 36 km with active measurements
at a spatial resolution of 3 km. SOURCE: Courtesy of NASA/JPL-Caltech/GSFC; see NASA/JPL, “SMAP’s
RadiometelCaptures Views of Global Soil Moisture” April 22, 2015, http://smap.jpl.nasa.gov/resources/87/.

3.3.2 Freeze/Thaw

The seasonal freeze-thaw transition of the Northern Hemisphere is a signi cant source and sink of
atmospheric CQ The exact timing of the spring thaw and the resulting length of the growing season
can fundamentally affect the net carbon exchange budget between land and atmosphere. The thawing of
polar tundra also results in more solar absorption and heating, with the possible runaway production
of methane from the anaerobic decomposition of sub-surface biomass. Because microwave signatures
are directly sensitive to the liquid and the solid phase of water, both active and passive observations are
well suited for monitoring global freeze-thaw. The radar response to the freeze-thaw transition dominates
the response due to any other factors such as changes in canopy structure, biomass, or precipitation.
Typically, time series change detection approaches have been used to obtain freeze-thaw information
from scatterometers operating at L-band (1.2 GHz; Figure 3.11), C-band (at 5.3 GHz), or Ku band (at
13.4 GHz). The passive approaches rely on the differing sensitivities among various frequencies to liquid
moisture and volume scattering, thus requiring multi-frequency observations. Spectral gradients between
various frequency combinations at 6, 10, 18, 22, and 37 GHz have been used to obtain freeze-thaw.

3.3.3 Surface Water

Fresh water is essential to all life forms. Our ability to measure, monitor, and predict thegjqibal
of fresh water is increasingly valuable as many countries face critical challenges in meeting demands
for clean water supplies partly because of growing and shifting populations. Knowledge of the location,
extent, and changes of surface water bodies such as rivers, lakes, reservoirs, oodplains, and wetlands is
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FIGURE 3.11 Spring thaw as observed by the radar at L-band aboard the NASA SMAP mission. SOURCE:
Courtesy of NASA/JPL-Caltech; see “SMAP Shows Progression of Spring Thaw,” April 2015, http://smap.jpl.
nasa.gov/resources/85/.

also important for predicting impacts of extreme hydrological events such as oods tiorgdiaindated
areas such as the wetlands contribute about 25 percent of the anpuahiSslons to the atmosphere,
affecting the carbon budget. To date, our ability to measure, monitor, and predict the spatial extent and
variability of fresh water at the global scale is surprisingly poor. Speci c measurements that are needed
to obtain such knowledge are the elevation of the water surface, its slope, extent, and temporal change.
Satellite-based microwave sensors are well suited for measuring these parameters. Forregansple,
operating at L, C, Ku, and Ka bands have been used to measure surface water extent, elevation; and tempo
ral variations using combinations of altimetry, imaging, and interferometric techngpresors at L- and
C-bands, in particular, can also provide information regarding seasonal inundation extents in oodplains
and wetlands using both active and passive measurement techniques. At L- and C- band, passive signatures
typically decrease with increasing inundation, while active signatures are typically low over at, open water,
but high where dense vegetation is inundated because tree trunks act as corner re ectors.

3.4 CRYOSPHERE

The cryosphere consists of components of the Earth system that contain water in a frozen state.
Glaciers, ice sheets, snow cover, lake and river ice, and permafrost make up the terrestrial elements of
the cryosphere. Sea ice, frozen sea-bed, and icebergs constitute the oceanic elements of the cryosphere.
This de nition of Earth’s cryosphere implies that substantial portions of Earth’s land and ocean surfaces
are directly subject in some fashion to cryospheric processes. As such, observations of the cryosphere are
necessary to predict future variability in Earth’s ice cover, and its interaction with other Earth systems
must be made on commensurate spatial and temporal scales. Moreover many measurements must be made
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TABLE 3.1 Radio-Frequency Sensors Supporting Cryosphere Research
Platform/Sensor Example Cryo Application Center Frequency

Currently Operational Spaceborne

SMAP/Radiometer Sea ice and ice sheet 1.41 GHz
GCOM/AMSR-2 Sea ice concentration, snow cover, wet/dry snow, 18.7, 36.5, 89.0 GHz (Cryo used)
dry snow water equivalent Possible 6.925 app
DMSP/SSMI Sea ice concentration, snow cover, wet/dry snow, 19.35, 37, 85 GHz
dry snow water equivalent
SMOS/MIRAS Sea ice thickness, ice sheet morphology, seasonall.41 GHz
snow cover
Sentinal Sea ice monitoring, glacier/ice sheet motion 5.405 GHz
Radarsat 2 Lake/river ice monitoring, sea ice monitoring, 5.405 GHz
glacier/ice sheet motion
ALOS-2/Palsar-2 Sea ice concentration, ice sheet/glacier motion  1.2575, 1.2365, 1.2785 selectable
TerraSAR Glacier/ice sheet surface elevation and motion, 9.65 GHz
Cryosat/SIRAL Sea thickness, glacier/ice sheet surface elevation 13.575 GHz
Planned
BIOMASS Potential subsurface mapping of glaciers and ice 435 MHz
sheets

Example Operational Airborne Systems

MCoRDS Glacier/ice sheet thickness 195 MHz

Kansas KU Band Ice elevation 15 GHz

Snow Radar Sea ice snow cover 5 GHz

Accumulation Radar Ice sheet accumulation 750 MHz
Planned

UWBRAD Radiometer Subsurface temperature 0.5-2 GHz

NOTE: Airborne radars referenced are by University of Kansas. Other similar systems are operated by numerous other groups.
UWBRAD system is by Ohio State University.

under the environmental restrictions of the long polar night and the frequently cloud-covered conditions
at the poles. Consequently, airborne and spaceborne radio-frequency technologies play a key role in
acquiring data necessary to understand the important physical processes and Earth syattionster

that govern the cryosphetd@able 3.1 provides current RF sensors supporting cryosphere research.

3.4.1 Glaciers and Ice Sheets

Glaciers and ice sheets are reservoirs of fresh water with greater than 90 percent of Earth’s fresh
water bound in the Antarctic Ice Sheet. If released, the melting ice will have profound implications for

4 For background information regarding technical information on EESS for cryosphere applications, see the following:
IGOS, Integrated Global Observing Strategy Cryosphere Theme Report-For the Monitoring of Our Environment from Space
and from Earth, WMO/TD-No. 1405, World Meteorological Organization, Geneva, 2007; K.C. Jezek, Cryosphere: Spaceborne
and airborne measurements/monitoring, pp. 280-2®8haoyclopedia of Sustainability Science and Techno(Bgi. Meyers,
ed.), Springer Science+Business Media, 2012.
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coastal communities experiencing sea level rise. Indirect approaches for identifying whether ice sheets
are losing mass include use of proxy indicators such as surface melt area and duration—both measure
able using passive microwave techniques. For example, the SSM/I instrument of the DMSP (19.35 and
37 GHz channels) and Japan’s AMSR-2 (18.7 and 36.5 GHz) provide useful, frequent measurement of
ice sheet surface melt. More directly, there are two primary radio-frequency techniques currently used
to explicitly assess the changing volume (or mass) of ice contained in glaciers. The rst involves an
estimate of the difference between the annual net accumulation of mass on the surface of the glacier
and the ux of ice lost from the terminus. Surface accumulation has been estimated using the European
Space Agency (ESA) Earth Remote Sensing Satellite (ERS-1) C-band SAR and passive microwave data
using relationships between accumulation rate, snow grain growth, and grain scattering. Wide-band air
borne radars (750 MHz) can map individual annual layers in the near surface from which accumulation
rate can be estimated. The ux from the terminus is calculated using the measured ice thickness from
airborne radar and the surface velocity from InSAR. Airborne radars, such as those developed as part of
NASA's operation IceBridge, operating at 195 MHz, are capable of sounding the deepest polar ice with
thickness accuracies of 10-20 m. Lower frequency (1-5 MHz) systems mounted on surface or airborne
platforms are used to measure the thickness of temperate ice where volumetric distributions of water
inclusions become strong scatters at higher frequencies. Japanese Phased Array L-band SAR (Palsar-2
at 1.2576 GHz), Canadian Space Agency (CSA) and ESA C-band (Radarsat-2 and Sentinel at 5.4 GHz),
and German X-band (TerraSAR-X at 9.65 GHz) are all operational SARs capable of interferometry and
are used to successfully measure ice surface motion.

The second approach for estimating reservoir change is to repeatedly measure surface elevation
change. This has been accomplished with several earlier spaceborne radar altimeters and most recently
with ESA's CryoSAT-2 (13.58 GHz). CyroSAT-2 uses synthetic aperture and interferometric process
ing to provide ne-scale resolution of ice surface elevation near the ice margin where surface slopes
are high. Elevation and elevation change have also been measured with ERS-1, NASA's Shuttle Radar
Topographic Mapper (SRTM), and Germany’s Tandem-X. However, these data tend to be more useful
for glacier dynamics studies that rely on estimates of the surface slope to compute the stress driving
the glacier forward.

Regional mapping of glaciers and ice sheets focuses on delineating physical characteristics such as
glacier termini, glacier snow lines, crevasse patterns, and snow-rock boundaries. For example, active
and passive observations at L-band are sensitive to melt onset on ice sheets. An ERS-1 SAR mosaic of
Greenland revealed the existence of a long ice stream in northeast Greenland. In 1997, Radarsat-1 SAR
data were successfully acquired over the entirety of Antarctica. The coverage was complete and was
used to create the rst, high-resolution (25 m) radar image mosaic of Antarctica. Subsequent to 1997,
regional mapping has been repeated by Radarsat-2 (Figure 3.12) and also with TerraSAR-X- Measure
ments using Sentinal-1 are now under way.

Internal ice sheet temperature, critical to accurately characterizing ice sheet ow at depth, remains
an elusive objective for remote sensing techniques. Recently, airborne wide-band radiometry in the
0.5 to 2 GHz band has been suggested as a possible approach to ice sheet thermometry. Comparisons
between modeled and SMOS measured brightness temperatures at 1.4 GHz offer some support for the
hypothesis.

3.4.2 Sea Ice and Icebergs

Sea ice modulates polar climate by restricting the oceanic heat ow to the atmosphere and by
re ecting incoming solar radiation back into the atmosphere. Sea ice impedes surface navigation and
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FIGURE 3.12Radarsat-2 multipolariztion, C-band image of Antarctica collected as part of the International
Polar Year. SOURCE: Courtesy of the Canadian Space Agency (for additional background information see M.
Drinkwater, K. Jezek, E. Sarukhanian, and T. Mohr, IPY Satellite Observation Program, Chaptddrad&rin
standing Earth’s Polar Challenges: International Polar Year 2007-2@8nmary Report by the IPY Joint Com
mittee, WMO/ICSU, 2011).

shrinking sea ice cover has important consequences for future development of the Arctic. Cloud cover
and the long polar night dictate the use of all-weather, day/night passive microwave radiometers for
monitoring sea ice age, extent, and concentration. Older, multiyear sea ice is thicker and is structurally
different from new sea ice. The lower salinity and generally rougher multiyear ice can be mapped with
scatterometers and radiometers at L-band. Detailed measurements of ice extent are made using passive
microwave image data at frequencies of about 18, 37, and 85 GHz. These data document the dramatic
decrease in Arctic sea ice cover and the changing dates of melt onset. Visualization of northern sea ice
retreat represent some of the most compelling and straightforward demonstration of the changing climate
at high latitudes (Figure 3.13).

Sea ice oes in the Arctic are suf ciently large to enable motion estimates from repeat passive
microwave images. Better results are obtained with increasing resolution (tens of meters) achievable
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FIGURE 3.13Top: Sea ice areal extent anomaly for the arctic (blue) and antarctic (red) from 1978 through 2013.
Extent is calculated using the NASA team algorithm applied to spaceborne passive microwave data. Anomalies are
deviations from the mean for the period of observations. Arctic sea ice has retreated over the period of observa-
tions. More rapid shrinkage of the ice cover began in about 2000, and that trend is continuing through the present.
Conversely, Antarctic sea ice is slowly expanding over the Southern Ocean. Differences in the two trends can be
attributed in part to the distinct geographies of the north and south polar regions. Nevertheless, sustained retreat of the
northern ice pack is a clear indication of a warming Ar&attom:Sea ice extent around the summer minimum, on
September 23, 2012, from SSM/I and historical extent on the same day in 1996 from SSM/I and SMMR. SOURCE:
Top: Data were provided by the National Snow and Ice Data Center; image generated by Kenneth Jezek, Ohio State
University. Bottom: Courtesy of Robert Gersten and Jose ho Comiso, NASA Goddard Space Flight Center.
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with C-band SAR (ERS-1 and -2, Radarsat-1 and -2, and Sentinal-1). Similar to ice sheets, a net ux of
sea ice across the ocean can be computed given the motion results and an estimate of ice thickness. Ice
thickness is presently obtained by computing the ice surface elevation-above-sea-level as measured by
Cyrosat-2 and earlier radar altimeters. Snow layer thickness obtained using airborne radars operating at
5 GHz with a 6 MHz bandwidth provides key information about insulating snow layer. Most recently,
ESA SMOS L-band emission data have also been used to compute sea ice thickness.

Icebergs are a measure of the ice lost from glaciers and ice sheets by calving at the ice margin. They
also represent obvious hazards to navigation. The largest (tens of kilometers) icebergs formed from long
fractures through Antarctic ice shelves can be tracked with passive microwave imagers (such as SSM/I
using the 18 and 37 GHz channels). Smaller icebergs can be identi ed and tracked with C-band SAR
(such as Radarsat-1 and -2).

3.4.3 Seasonal Snow Pack

Seasonal snow cover plays an important role in regional hydrology and water resource management.
Rapid melting of the seasonal snow pack can result in catastrophic ooding. The bright snow surface
also serves as an effective mirror for returning incoming solar radiation back into space thus modulating
the planetary heat budget.

Snow thickness and, indirectly, the mass of snow are key variables for estimating the volume of water
available in a reservoir and potentially releasable as runoff. The most successful techniques to date have
relied on microwave-based algorithms. One approach for estimating snow thickness is to difference 19
and 37 GHz brightness temperature data that along with a proportionality constant yields an estimate of
the snow thickness. The algorithm is based on the fact that 19 GHz radiation tends to minimize variations
in ground temperature because it is less affected by the snow pack. The 37 GHz radiation is strongly
scattered by the snow grains, and brightness temperature at this frequency decreases rapidly with snow
thickness/snow water equivalent.

Information about the seasonal onset of snow melt is important in river discharge and glacier mass
balance studies. It can be obtained from microwave data. A few percent increase in the amount of free
water in the snow pack causes the snow emissivity to approach unity, resulting in a dramatic increase
in passive microwave brightness temperature. This fact has been successfully used to track the annual
melt extent on the ice sheets and also to track the springtime melt progression across the Arctic. Higher
resolution estimates of melt extent can be obtained with scatterometer and SAR data. These data gener
ally show an earlier springtime date for the beginning of melt onset and a later date for the fall freeze.

3.4.4 Lake and River Ice

Lake and river ice form seasonally at mid- and high-latitudes and high elevations. River ice forms
under the ow of turbulent water, which governs its thickness. The combination of ice jams on rivers
with increased water ow during springtime snow melt can result in catastrophic oods. The start of ice
formation and the start of springtime ice breakup are proxy indicators for changes in local climate as well
as impacts on the ability to navigate these waterways. On larger lakes, passive micachcemetry
is effective for monitoring lake ice growth and decay in much the same way as the technique is applied
to sea ice.

Streams, rivers, and lakes of all sizes dot the landscape. Locally, ice cover observations can be made
from aircraft. Regionally or globally, river and lake ice monitoring is challenging because physical
dimensions (long but narrow rivers) often require high-resolution instruments such as SAR to resolve
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details. Moreover, because the exact date of key processes, such as the onset of ice formation or river
ice breakup are unknown, voluminous data sets are required to support large-scale studies.

3.4.5 Permafrost

Permafrost presents one of the greatest challenges for regional remote sensing technologies. The
near surface active layer, the shallow zone where seasonal temperature swings allow for annual freeze
and thaw, is complicated by different soil types and vegetative cover. This combination tends to hide
the underlying persistently frozen ground from the usual airborne and spaceborne techniques mentioned
above. SAR interferometry has been suggested as another tool that can be used to monitor terrain for
slumping associated with thawing permafrost. For example, lakes and depressions left by drained lakes
are densely distributed across the tundra and are diagnostic of permafrost conditions. SAR intensity
images have been used to determine that most of these small lakes freeze completely to the bottom dur
ing the winter months. Airborne electrical resistivity measurements at kHz frequencies seem to offer a
more direct approach to estimating active layer thickness and the presence/absence of permafrost.

3.5 OCEANS

Microwave remote sensing of the oceans is important both for understanding the oceans themselves
(e.g., ocean circulation and currents) and for understanding the global hydrologic cycle and the impact of
the oceans on weather and climate. It is also important for commercial applications such as monitoring
sheries and directing ship traf c. Passive measurements (radiometry) require measurement of weak
thermal emissions. These measurements are generally performed at a primary frequency that is sensi
tive to the parameter of interest (e.g., 6.8 GHz for remote sensing of SST) and secondary frequencies
necessary for correcting for effects such as attenuation along the propagation path and changes in emis
sivity of the surface due to roughness (waves). The same is true for active (radar) remote sensing of the
oceans, although active sensors are somewhat more exible because there is control of the transmitted
signal. However, the signals are small and the systems often require passive measurements to correct
for path delay (e.g., in measurements of ocean topography). Table 3.2 provides a list of the parameters
of interest and the primary and secondary frequencies most commonly obtained by passive and active
microwave Sensors in space.

Both passive and active remote sensing techniques are limited by the availability of noise-free
bandwidth. The signals are small, and bandwidth is needed to reduce noise (natural thermal noise). As

TABLE 3.2 Ocean Parameters of Interest and the Primary (black circles) and Secondary (open circles)
Frequencies Most Commonly Obtained by Passive and Active Microwave Sensors in Space

Frequency of Observation (GHz)
Parameter 1.4 5.3 6.8 10.7 13.6 18.7 23.8 37.0

Passive

Sea surface temperature ) | | | |
Sea surface winds ” | |
Sea surface salinity
Active
Surface topography i | |
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the sensor technology improves, the potential for more accurate measurements and new applications
increases. Given the limitations on available bandwidth, progress requires careful protection ofthe avail
able bandwidth from encouragement by manmade RF interference (RFI).

3.5.1 Sea Surface Temperature

Global maps of SST are important for predicting weather and understanding climate and climate
change and for commercial applications such as shery assessment. For example, knowledge of SST isim
portant for modeling the coupling between ocean and atmosphere and for understandingxich dnage
across the boundary. Temperature together with salinity determines water density, and the density-driven
circulation (thermohaline circulation) moves large amounts of water and heat around the globe.

Prior to the launch of the microwave imager (TMI) on the TRMM satellite in 1997, global maps of
SST were produced from infrared measurements. Since then, data from passive microwave instruments
on satellites such as AMSR-E, AMSR-2, Windsat, and GPM are being used to produce global maps
of SST®> The microwave measurements are not as limited by cloud cover and have proven particularly
important for helping to forecast storms and for monitoring areas of persistent cloud cover. For example,
this is the case in economically important areas off the coast of Washington and Oregon daragedbe
in the infrared for weeks at a time because of such cloud cover.

Passive observations of the surface (i.e., measurement of the natural thermal radiation from the
surface) respond to changes in SST with peak sensitivity to changes in temperature near 5-7 GHz
(Figure 3.14). In this frequency range it is necessary to account for surface roughness (waves) and attenu
ation in the atmosphere. Modern microwave instruments generally use a combination of frequencies to
retrieve SST: A primary channel near 6.8 GHz and channels near 10 GHz (to mitigate effects of waves);
channels near 18 and 21 GHz to correct for attenuation by water vapor; and a frequency near 37 GHz
to help correct for liquid water (note Figure 3.3). The frequencies of the microwave imager (GMI) on
the recently launched GPM are 10.65, 18.70, 23.80, 36.50, and 89.00. These are bands with primary
allocation for passive use, but they are shared with other active services. The AMSR series of satellites
included a channel at 6.8 GHz better suited for measurement of SST. This channel is near the peak in
sensitivity and critical for the measurement of SST. However, the 6.7-7.25 GHz band is not protected
for passive use. ITU-R Footnote 5.458 recognizes its use for passive measurements over oceans and
urges administrations to be mindful of such use.

3.5.2 Sea Surface Salinity

The salinity of ocean water is important for understanding ocean circulation and its impact on
weather and climate. Salinity, together with temperature, determines water density, which is important
for understanding water circulation. Ocean circulation in turn is responsible for moving large amounts of
heat around the globe with an impact on local weather and climate. Sea surface salinity is also important
for understanding the global hydrologic cycle. Changes in salinity in the open ocean are an indication
of the change in the balance between evaporation and precipitation. For example, Figure 3.15 shows the
mean surface salinity eld as observed by the NASA/CONAE Aquarius mission, which is very similar
to a map of the global distribution of the difference between evaporation and precipitation. On a short
timescale this is an indication of local precipitation, and on a longer timescale it provides important

5 For background information on EESS for SST, see the following: F. Wentz, C. Gentemann, D. Smith, and D. Chelton,
Satellite measurements of sea surface temperature through Qoiets;e288(5467):847-850, 2000.
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FIGURE 3.14 Sensitivity of brightness temperature to physical temperature (nadir and sea surface salinity = 30 psu).
SOURCE: Courtesy of David Le Vine, NASA Goddard Space Flight Center.

FIGURE 3.15 Remote sensing of sea surface salinity is important to improve understanding of ocean circulation
and the global water cycle, and their role in climate and climate change. This image is an example of data produced
by Aquarius. It shows the general features of the distribution of ocean salinity (e.g., saltier Atlantic than Paci c;
and salty mid-latitudes separated by fresher water created by rain in the tropics). However, the maps are produced
weekly and also show the dynamics of the salinity eld including short-term changes associated with river runoff
and longer term effects (e.g., seasonal and inter-annual) associated with the evolution of the mean eld. SOURCE:
Courtesy of the Aquarius Project; see NASA Aquarius, “Climatology Maps of Aquarius Data (V.4.0),” Gallery:
Climatology, http://aquarius.umaine.edu/cgi/gal_climatology.htm.
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boundary conditions for understanding ocean-atmosphere coupling. Changes in salinity in the northern
latitudes (e.g., Labrador Sea and Irminger Sea) are indications of freshwater input from melting ice and
can be an indicator of climate change. As important as salinity is to ocean dynamics, it is relatively
poorly measured. Historically, it has been measured by ships and more recently by a system of oats
and buoys (e.g., Argo oats). However, even thousands of point measurements provide poor sampling
of the spatial and temporal variations in the vast oceans.

Surface salinity can be measured remotely from space by detecting changes in the natural (i.e.,
thermal) emission from the surface. The conductivity of seawater depends on the salt content, which
changes the dielectric constant and emissivity at the surface (salty water has a higher conductivity and
lower emissivity). The change is small (about 0.5 K/psu at 1.4 GHz) but is detectable with modern
microwave radiometers. One issue for remote sensing is that the sensitivity is frequency dependent and
decreases very rapidly (Figure 3.16). Antenna size and the ionosphere limit measureimenteroies
above about 1 GHz, and the sensitivity is too low above 2-3 GHz. Without the protected spectral window
at 1.413 GHz and its radiometers, this measurement would not be practical.

Another important issue is surface roughness (waves). Wind-driven waves can cause a change in
emission almost as large as that due to changes in salinity. As a result sensors such as Aquarius that are
designed to monitor surface salinity globally from space, include a radar (scatterometer) to help correct for
roughness. The Aquarius scatterometer operated at 1.26 GHz in a shared band is an example of combined
active/passive microwave remote sensiBgta from both sensors are needed for an accurate measurement.

Measuring sea surface salinity also depends on ancillary information such as surface temperature,
atmospheric attenuation, and knowledge of radiation from other sources (e.g., the Sun and galactic back
ground) that are also products of microwave remote sensing and other scienti ¢ applications requiring
noise-free access to the spectrum. To make these measurements (i.e., SST) requires a sensor with bands
at 6.8, 10.65, 18.70, 23.80, and 36.50 (e.g., AMSR).

3.5.3 Sea Surface Winds

Winds at the ocean surface are important for weather forecasts, such as monitoring and developing
warnings for storms and to provide boundary conditions in numerical weather forecast models. Infor
mation on surface winds is also used in operational applications such as predicting sea state, routing of
ships, tracking buoys, and supporting ocean-based defense operations (navy operations).

Surface winds can be monitored with passive microwave instruments because of the coupling of
winds to waves and the effect of waves on the emissivity of the surface. In the microwave spectrum the
sensitivity to surface roughness increases with frequency until about 10 GHz, after which it is roughly
constant. Passive measurement of surface winds generally requires several frequencies. For example,
Windsat uses channels at 6.8, 10.7, 18.7, 23.8, and 37.0 GHz. The channel at 6.8 GHz helps to mitigate
the effects of SST, and the channels at 18.7 and 23.8 GHz to help correct for attenuation in atmosphere.
Instruments scanning in azimuthal directions can also provide wind direction because of differences in
along-wind and crosswind emissivity and dependence on polarization.

Surface winds can also be monitored with active microwave instruments. Backscatter from instru
ments such as NSCAT, QuickSCAT, and RapidSCAT, which operate near 13.5 GHz, responds to surface
roughness and, by looking in multiple directions, produce wind speed and direction. Winds have also been
retrieved successfully with scatterometers operating at L-band (1.26 GHz). Active/passive combinations

6 For technical information on EESS for measuring ocean salinity, see the following: D.M. Le Vine, G.S.E. Lagerloef, and
S. Torrusio, Aquarius and remote sensing of sea surface salinity from Bpaoeedings of the IEEE8(5):688-703, 2010.
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FIGURE 3.16 The sensitivity of brightness temperature of an ideal ocean surface (no waves) to chsalges/in

as a function of frequency for nadir (broken curve) and at 40 degrees (solid curves). The calculations are for a
surface with sea surface salinity = 35 psu and sea surface temperature = 20°C. SOURCE: Courtesy of David
Le Vine, NASA Goddard Space Flight Center.

have also been employed (e.g., Aquarius and SMAP) where the radar (1.26 GHz) provides a correction
for roughness and an independent estimate roughness or winds needed by the passive sensor (1.41 GHz).

Both active (radar) and passive (radiometer) measurements require highly sensitive instruments
operating in a noise-free environment. However, the bands available are generally shared with other
services (e.g., the radar band at 1.26 GHz).

3.5.4 Sea Topography

Details of the surface of the ocean provide information for several important ocean, weather, and
climate applications. For example, roughness is related to sea state and surface winds. Sea level (e.qg.,
height and topography) changes with water temperature, and variations in sea level provide estimates of
the upper-level heat content. Water velocity is also related to surface height (geostrophic current), and
maps of the surface topography can be used to study ocean circulation.

Microwave radar altimeters in orbit are used to provide global maps of the ocean surface to sup
port these applications. The altimeter is essentially a short-pulse, nadir-looking radar. By looking at the
shape of the returned signal and the travel time, it is possible to infer information about the sea surface
topography (e.g., height and roughness). Radar altimeters have been operating in space since the early
1990s including Topex/Poseidon, Jason-1, and the Ocean Surface Topography Mission (OSTM) on
Jason-2. These instruments operate at 13.6 GHz with a channel at 5.3 GHz and alsoliadlodester
to help correct for path delay. Typically, radiometer channels are at 18.7, 23.8, and 34.0 GHz. After
20 years of experience in orbit, the modern science objectives for spaceborne altimetry are impressive:
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The radar altimeter also has potential for applications over land, for example in monitoring changes
in ice cover and mapping properties of the surface. But the measurements require high accuracy and
operating in shared and/or partially protected frequency bands raises the problem of interference.

3.6 SOLID EARTH AND BIOSPHERE

The science of the solid Earth and biosphere covers a variety of applications related to Earth’s sur
faces and those systems that inhabit it. For these applications the RF spectrum is used either passively,
to observe variations in black body radiation and target emissivity (whose signature is regulated by
moisture content), or actively, which allows for measures of relative re ected power, signal phase, and
time of ight to be made and related to physical characteristics of the target.

In many of these applications, access to speci ¢ frequencies is less important than having some
degree of frequency (and wavelength) diversity because remote sensing of terrestrial targets isimost sensi
tive to the target’s broad structural and shape characteristics, as well as dielectric and surface roughness
contrasts with respect to surrounding areas. In all, the sensitivity to these characteristics is maximized
when the physical scale of the variations is similar to the observing wavelength.

For active systems, bandwidth is used to better determine the target range. RFI-free bandwidths per
mit passive systems to achieve a more accurate thermal/emissivity signature for the target being observed.

Because of the non-frequency speci ¢ nature of the described applications, RF spectrum require
ments occur at octave-level intervals. Historically, such spectrum, often coincident with atmospheric
windows, has been available for these systems The frequencies where most solid Earth and biosphere
measurements are obtained are listed in Table 3.3.

The long history of observations made in these bands allows the temporal evolution of-the phe
nomena to be observed. Observation systems themselves have also bene ted from historical resources,

TABLE 3.3 Frequencies Where Most of the Active Science-Application Systems Operate for
Studying the Solid Earth and Biosphere

Band Designation Passive Spectra Active Spectra Role

P-band 432-438 MHz Biomass imaging, root zone soil moisture, below-
canopy surface topography

L-band 1.42 GHz 1215-1300 MHz Biomass imaging, forest change detection, surface
motion and subsidence

S-band 3100-3300 MHz Agricultural monitoring

C-band 5250-5570 MHz Agricultural monitoring, surface change detection

X-band 8550-8650 MHz, Vegetation and elevation mapping

9300-9900 MHz
Ka-band 35.5-36 GHz Surface water and elevation mapping
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such as standardized parts and existing infrastructure. The development of technology and observational
capabilities in these areas relies on a stable and predictable RF spectral environment.

A more in-depth discussion for three areas of solid Earth and the biosphere is presented below:
(1) surface dynamics and deformation, (2) agricultural productivity, and (3) terrestrial carbon storage.
Indeed, there are many more applications than this short list can provide, or that can be discussed in
the space provided here. In each however, the use of the RF spectrum is often divided up into active
and passive applications, the details of which are related to the con guration of the sensing system and
the physics of the electromagnetic interaction that is being exploited to extract physical parameters of
interest.

3.6.1 Surface Dynamics and Deformation

Earth’s solid surface is often undergoing change. This change occurs through incremental events,
such as land subsidence and soil erosion/deposition, or changes driven by drastic and short-lived
events such as earthquakes, volcanic eruptions, and landslides.

The types of remote sensing that are applied to these types of changes often make use of the coherent
nature of electromagnetic signals, especially in the microwave region extending on the low-frequency
radar side from L-band up to X-band. In this context, low-frequency signals have the advantage of pen
etrating through ground cover and re ecting primarily from the solid surface, whereas higher frequency
signals have the advantage of increased sensitivity to change, because of the wavelength-dependent
nature for the coherent detection of this change. At the low-frequency extreme of observation (e.g.,
P-band), the interaction of the ionosphere with the signal causes variations in the signal phase that can
be dif cult to extract from the desired surface deformation signature. At the higher frequency extremes,
X-band and above, physical changes in the surface geometry on the order of a wavelength and electro
magnetic characteristics (e.g., dielectric changes) will cause the signal to decorrelate over time, and
similarly obscure the sought-after deformation signature.

Airborne and especially spaceborne remote sensing play a role in solid Earth science because of their
ability to make repeated measurements over long time periods. Often these measurements are made in
the high-resolution con guration of SAR, which allows for three-dimensional maps to be made of the
deformation. The resolution of SAR systems is dictated by the signal bandwidth (typically on the range of
10 MHz to 100 MHz) and the size of the antenna aperture in the along-track direction of the ight plat
form. If interference occurs in this bandwidth, then it can be dealt with through Itering of the signal in
the frequency domain. However, because of the high sensitivity of deformation measurements to signal
phase, the implementation of these lters has a deleterious effect on the deformation measure, and for that
reason, notch- lters (those with a steep frequency response) are generally avoided.

3.6.2 Agricultural Productivity

Agricultural production is important for human health and safety. Agricultural productivity changes
from year to year as the local environment changes and in response to government policies, so it is
important to track these changes. While much of this monitoring takes place through direct interaction
between the sources of production and government organizations such as the U.S. Department of Agri

7 For background regarding EESS in understanding surface dynamics and deformation, see the following: D. Massonnet and
K.L. Feigl, Radar interferometry and its application to changes in the Earth’'s siRfadews of Geophysi&$(4):441-500,
1998.
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culture, the factors governing production, such as soil moisture and water availability, and the outputs of
the production as they manifest themselves in crop health monitoring, are important components as well.

Both passive and active remote sensing are used in this context for monitoring changes in-soil mois
ture and groundcover. Employing passive remote sensing to measure soil moisture requires the use of
C-band frequencies and below in order for the signal to penetrate through the crop and directly sense
the soil surface. Measurements such as these, made from either spaceborne or airborne platforms, use
real-aperture antennas and have resolutions ranging from tens of meters up to tens of kilometers. For
this reason, moisture measurements are made over large regions, consisting of many crops and land
management practices.

Active remote sensing of agriculture crops makes use of the improved resolution (along- and
cross-track) that these systems can achieve with an active %igitgd-frequency observations (e.g.,
X-band), sensitive to small plant structures and the upper part of an agricultural canopy, are important
for monitoring early growth and estimating water resources available to the sun-gathering components
of the canopy. Lower frequency signals (C-, S-, and L-band) are used for estimating bulk characteristics
of the canopy. Calibrated ratios of power between these frequencies (which differentiate crop type and
crop density) are important factors in estimating crop yield and for detecting the early detection of crop
disease and drought. The lowest frequency observations of crops (L- or P-band), when combined with
estimates of surface roughness, canopy height, and time-series measurements, can be used for making
high-resolution estimates of soil moisture, an important component in overall crop health. Thus, because
farming practices vary widely around the world, these applications bene t greatly from high-bandwidth
and high-resolution observations.

3.6.3 Terrestrial Carbon Storage

Earth’s vegetation canopy, or biomass, is a signi cant component of the global carbon inventory and
a source of its greatest uncertainty. It is also a major contributor to the net long-wave/short-wave albedo
of the planet and hence to Earth’s energy balance and temperature. For these reasons, climate change
can both be affected by and can itself affect the global distribution of biomass.

The ability to perform comprehensive inventories of biomass from space is recognized as a criti
cal step toward modeling and understanding Earth’s climate system. Passive microwave observations
operating in all of the primary atmospheric window channels between 1.4 and 90 GHz are valuable for
monitoring the full range of vegetation canopy water content found in nature and are complementary
to optical and synthetic aperture radar techniques. Improved techniques for biomass estimation using
passive microwave methods are continuously being developed (Figure 3.17).

Active sensing of the vegetation canopy makes use of the volume scattering component of the
canopy and is used as a signature for the height of the canopy and to estimate the amount of above-
ground biomass stored in the vegetafiduch measures are important for characterizing animal and
plant habitats, for detecting natural or manmade changes in the land cover, and for better understanding
the global carbon budget.

8 For background in active EESS in agricultural monitoring, see the following: J.M. Lopez-Sanchez and J.D. Ballester-
Berman, Potentials of polarimetric SAR interferometry for agriculture monitoRagdjation Sciencd4, 2010; H. McNairn
and B. Brisco, The application of C-band polarimetric SAR for agriculture: A re@Gawadian Journal of Remote Sensing
30(3):525-542, 2004.

9 For background on active EESS for forest studies, see the following: R. Ahmed, P. Siqueira, S. Hensley, B. Chapman, and
K. Bergen. A survey of temporal decorrelation from spaceborne L-Band repeat-pass RSARe Sensing of Environment
115(11):2887-2896, 2011.
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FIGURE 3.17Vegetation gross primary production (GPP, g €day?) and the proportion (%) of estimated daily

GPP to potential growth from the NASA SMAP (Soil Moisture Active Passive) mission Level 4 Carbon (L4_C)
product; GPP de nes the photosynthetic rate of green plants and conversion of atmosphere carbon digxide (CO
to plant biomass, including forest, rangeland, and agricultural productivity. The proportional reduction in daily
GPP shows where environmental conditions are less than optimal for plant growth (including areas with frozen
temperatures and low soil moisture levels determined from SMAP active and passive microwave remote sensing;
observed GPP reduction map ranges from optimal (100%) to fully constrained (0%) growth conditions). The L4_C
results are shown for April 13 and May 25, 2015, and capture the northerly migration of spring green-up- and asso
ciated onset of the growing season across the Northern Hemisphere; the onset of GPP in spring coincides with
a seasonal shift to favorable growth conditions from thawing temperatures and relatively abundant soil moisture
conditions from April to May. Strong GPP reductions from potential growth conditions are also observed over
many (red shaded) areas, including the African Sahel, northern India and southwest United States, stemming from
regional drought. SOURCE: Courtesy of John Kimball and Lucas Jones, University of Montana.

The physical mechanisms for this active sensing typically take on one of three forms. These are
(1) measure of the frequency-dependent radar backscattered power, (2) measure of the polarimetric
scattering characteristics of the target, and (3) use of single- and repeat-pass SAR interferometry for
determining the target volume scattering characteristics, which can be related to the vegetation height
and vertical density pro le. In all of these applications, the frequency determines the depth of penetration
into the vegetation canopy; different frequencies (or wavelengths) are chosen such that they are primarily
sensitive to the upper or lower parts of the vegetation layer. Frequencies that are of primary interest for
this application range from P-band up to X-band. Multiple-frequency observations and their ratios are
used to remove systematic variations that occur due to weather, moisture, and topographic conditions,
and assess the underlying structural components of the vegetation that are of interest.
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Technical Aspects of Protection for the
Scienti ¢ Use of the Radio Spectrum

Unlike active users of the radio spectrum, the passive services do not interfere with other passive
users and therefore can share spectrum ef ciently with each other. However, as the passive services are
dependent on the absence of transmissions, they cannot make their presence known to active users. Thus,
they require negotiations to reserve those portions of the radio-frequency (RF) environment that are
critical to their needs and to resolve con icts when that spectrum is infringed upon by active services.
As discussed in the previous chapters, frequency allocations for the passive services generally include
allocations for speci ¢ molecular and atomic transitions, and allocations spaced approximately every
octave for continuum and Earth observations. However, under the fast-paced development of technol
ogy and the subsequent increasing appetite for wireless communications and radio distancing devices
that were once under only the purview of specialized sectors of commercial, government and academic
institutions, the radio endnment has become increasingly crowded. An example of this is the 2010
Presidential memorandum that directed the Secretary of Commerce, working through the National
Telecommunications and Information Administration, to collaborate with the Federal Communications
Commission (FCC) to make available a total of 500 MHz of federal and nonfederal spectrum over the
next 10 years for mobile and xed wireless broadband use. More recently, in 2012, the President’s
Council of Advisors on Science and Technology (PCAST) recommended that 1000 MHz of federal
and non-federal spectrum be freed up over the next 10 years and shared with private industry in order
to meet the country’s needs for mobile and xed wireless broadband access. This increase in use of the
radio spectrum will likely be geographically diverse and less regulated compared to previous practice
when broadcast installations were more specialized and access to the spectrum more tightly controlled.
Hence, the effects of RF interference (RFI) on the passive services will likely increase in the upcoming
decade thus creating new challenges and hopefully offering new solutions for addressing this changing
landscape.

Radio spectrum usage can act as a zero-sum game: use by one application can exclude use by
another. The key issue in allocation and use is to avoid this conundrum and to nd balance by utilizing
the best tools at hand to maximize the bene ts of spectrum use. The suite of tools can be very different
in different parts of the spectrum, and will change as time goes on and as technology changes.

86

Copyright National Academy of Sciences. All rights reserved.



Handbook of Frequency Allocations and Spectrum Protection for Scientific Uses: Second Edition

TECHNICAL ASPECTS OF PROTECTION FOR THE SCIENTIFIC USE OF THE RADIO SPECTRUM 87

Early documentation of the negative consequences of radio interference to the passive use of the
radio spectrum for radio astronomy was performed by the International Radio Consultative Committee
(CCIR) of the International Telecommunication Union (ITUljhe threshold levels of interference to
radio astronomy bands are published in Recommendation ITU-R RA.769 (0B/0®ction Criteria
for Radioastronomical Measuremegta/hich provides recommendations and guidelines on protection
of the spectrum for radio astronomical measurements. Protections such as these are increasingly im
portant as airborne-, ground-, and space-based use of the RF spectrum increase and as the potential for
aggregate interference increases due to the proliferation of electronic devices.

4.1 RADIO-FREQUENCY INTERFERENCE

4.1.1 Radio Astronomy Considerations

The threshold levels of interference detrimental to radio astrohgmgn in Recommendation
ITU-R RA.769 are speci ed in both power ux density (pfd) and spectral power ux density (spfd) at
the radio telescope site. They are based on a consideration of the effect of interference on measurements
of the total power received in a single antenna. Several criteria are basic to this analysis:

s The maximum level of interference that can be tolerated is that which increases the output power
of the receiver by 10 percent of the root mean square (rms) noise level at the output after averaging for
2000 second®8ecause of the low level of cosmic signals, radio astronomers almost always work at levels
close to the limits set by the system noise. This criterion can be thought of as allowing uncertainties in
the data to be increased by 10 percent.

s Interference that is being considered is received in the antenna sideliblsasot realistic to set
thresholds for interference received in the main beam of a large radio telescope; such interference occurs
only transiently and is dealt with by editing the data. A value for the sidelobe gain of 0 dBi (i.e., equal
to that of an isotropic radiator) is used in the calculatfofise corresponding collecting area %4 ,

1 The CCIR has been replaced by the ITU Radiocommunication Sector (ITU-R).

2 These thresholds were originally published in CCIR Report Béuments of the Xth Plenary Assembbiume 1V,
Geneva, 1963, p. 331.

8 For background information from technical papers regarding the detection of radio-frequency interference, see the following:
E.G. Njoku, P. Ashcroft, T.K. Chan, and L. Li, Global survey and statistics of radio-frequency interference in AMSR-E land obser
vations,|IEEE Transactions on Geoscience and Remote Se#3{6§938-946, 2005; S.W. Ellingson and Jdhnson, A polati
metric survey of radio frequency interference in C- and X-bands in the continental United States usingridimietiry|EEE
Transactions on Geoscience and Remote SedAd(i3).540-548, 2006; and J.T. Johnson, A.J. Gasiewski, B. Gliner, G.A. Hampson,

S.W. Ellingson, R. Krishnamachari, N. Niamsuwan, E. Mcintyre, M. Klein, and V.Y. Leuski, Airborne radio frequency-interfer
ence studies at C-band using a digital recelf&ttE Transactions on Geoscience and Remote Se#é{ig Pt. 2):1974-1985.

4 The ability of an antenna/receiver system to detect a signal (or equivalently, the susceptibility of being adversely affected by
signals) is dependent on the inherent sensitivity of the receiver, as well as on the direction that the antenna happens to be pointing
relative to the transmitter. However, even though the antenna may not be pointing directly toward the transmitter, it nonetheless
has some ability to receive signals from essentially all directions, which is roughly equivalent to the reception achieved by a small
wire antenna. Such a wire antenna is approximately able to receive signals equally from all directions and is therefore called an
isotropic antenna (although a true isotropic antenna is not realizable in practice). Because the reception is approximately the same,
the off-axis performance is generally assumed to be equivalent on average. A ratio of 1 converts to 0 dBi, where the “i” refers to
the fact that the comparison is being made to an isotropic antenna (see Appendix F for a full discussion of the O dBi sidelobe gain).

The use of 0 dBi means that the transmitter engineer need not consider the potential impact on a large variety of different
radio telescope designs, the calculations are much simpli ed when gain and pointing direction are removed as variables, and
the onus is on the radio astronomy design engineers and observers for dealing with regions of the radio astronomy antenna
pattern near the main beam that are above isotropic. In some speci ¢ cases, for example, nongeosynchronous satellites, the
0 dBi model may not be adequate.
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where is the wavelength. The choice of the 0 dBi level is discussed in Chapter 4Dfthkandbook
on Radio Astronom§2013 edition}, with respect to the models of sidelobe gain for large antennas that
are given in Recommendations ITU-R SA.509, S.580, and S.1428.

s The signal-to-noise ratio at the output of the receiver is measured after the data values have been
averaged for a period of 2000 secondlhis value was typical of a long integration period in the 1960s
when these calculations were rst made; it continues to be used as a generally representative value. More
recently there are observations, such as searches for prebiotic interstellar molecules, that push sensitivity
to the limits of what is possible, with integration times on the order of days and even months.

For an interfering signal with pfé,, the interference-to-noise ratio can be calculated using the
values of bandwidth, antenna noise temperature, and receiver noise temperature appropriate for each
band® By equating the interference-to-noise ratio to 0.1, the threshold FglissobtainedThe cor
responding value of the threshold as spfd across the b&d-i&,/ f, where fis the bandwidth. In
Tables 1 and 2 of Recommendation ITU-R RA.769, valuds cdnd S, are given for representative
radio astronomy bands across the spectrum for both continuum and spectral line observations. Both
criteria must be met, unless the band is designated exclusively for either continuum or spectral line use.
For continuum observations, the bandwidth used is the width of the allocated radio astronomy band; for
spectral line (multichannel) observations, a value for the channel bandwidth appropriate for observations
within the particular band is used. These values apply to observations that measure the total power re
ceived in a single antenna. Threshold values for interferometers and synthesis arrays are somewhat less
stringent and are considered in Section 4.3.5. However, such instruments are not suitable for observations
of extended objects, for which total-power observations are essential. Thus, the values in Tables 1 and
2 of Recommendation ITU-R RA.769 are the basic protection criteria for radio astronomy.

4.1.2 Remote Sensing Considerations

In contrast to radio telescopes that point from Earth to space, Earth Exploration Satellite Service (EESS)
sensors point in the opposite direction, from space to Earth. Hence, radio sources on Earth, particularly
those transmitting toward space, and which may be benign to radio astronomers, are typically-incompat
ible with spaceborne EESS sensors. The rapid motion of satellite-based sensors through space for EESS
remote sensing limits the integration time available for sensor measurements to seconds, compared with
the longer integration times used by stationary radio telescopes. Hence when interference does occur to the
sensor, it is more dif cult to correct or compensate and so the data is often agged simply as being lost.

Because Earth-observing satellite sensors typically point their antennas toward Earth’s surface, they
are also particularly sensitive to ground-based interference sources. While some of the effects of RFI can
be improved through front-end ltering prior to ampli cation and higher gain antennas that are better
able to geographically isolate interfering sources, fundamental limitations on satellite resources such as
size, weight, and power make most of those solutions impractical to implement.

There are two basic levels of remote sensing that utilize the RF spectrum: (1) active remote sensing,
which is typically associated with the use of radars that make use of the physics of microwave scat
tering to infer physical characteristics about the targets being imaged, and (2) passive remote sensing,

5 International Telecommunication Uniof,U Handbook on Radio Astronon®nd ed., Geneva, Switzerland, 2013.

6 Appendices 3 and 4 of tH€U Handbook on Radio Astronongyovide a useful guide on converting units used by radio
astronomers to those used by others in the radio communications sector. The IUCAF (the Scienti c Committee on Frequency
Allocations for Radio Astronomy and Space Science) has available many useful lectures on these topics on its website at http://
www.iucaf.org/.

Copyright National Academy of Sciences. All rights reserved.



Handbook of Frequency Allocations and Spectrum Protection for Scientific Uses: Second Edition

TECHNICAL ASPECTS OF PROTECTION FOR THE SCIENTIFIC USE OF THE RADIO SPECTRUM 89

which uses thermal emissions, radiative transfer theory, and models for the scattering albedo and surface
emissivity to infer dielectric and emission properties of the natural environment.

While both of these remote sensing applications are vulnerable to RFI, the passive remote sensing
measurements are more vulnerable to interference because there is no established way to detect and reject
data that are contaminated with low-level interference—that is, interference that cannot be differentiated
from signals originating from background thermal emission. The propagation of undetected contaminated
data into numerical weather- and climate-prediction models may have a signi cant destructive impact
on the reliability and/or quality of weather forecasting in some cases. In other cases observations may
be partially obscured or denied completely owing to strong out-of-band or weak in-band emissions
affecing regional or broad-area measurements.

Criteria for threshold levels of interference for passive remote sensing are de ned by limiting
the maximum permissible interference power within a reference bandwidth. This interference level
is determined by xing the unwanted signal level below 20 percentPof k T_B, where T, is the
sensitivity of passive radiometric sensdes$s Boltzmann’s constant, amlis the receiver bandwidth.
Recommendation ITU-R SA.1028 provides the performance criteria for satellite passive remote sens
ing, and ITU-R SA.1029 provides the interference criteria that are compatible with those performance
objectives by de ning the maximum permissible interference level within a reference bandwidth that is
not necessarily the same as any particular sensor’s bandwidth.

The ITU further recommends that in shared frequency bands (except absorption bands),-the avalil
ability of passive EESS sensor data should exceed 95 percent from all locations in the sensor service
area in the case where the loss occurs randomly, and that it should exceed 99 percent from all locations
in the case where the loss occurs systematically at the same locations. For three-dimensional measure
ments of atmospheric temperature of gas concentration or of water vapor measurements, the availability
of data shall exceed 99.99 percent. In bands that are allocated to the EESS and other passive services
on an exclusive basis, the Radio Regulations state aéiagrhissions shall be prohibited (RR 5.340)

See Section 3.1.1, “Passive Sensors,” in this handbook for more information.

For active microwave remote sensing, frequency and bandwidth requirements have also been studied
in the ITU-R and can be found in Recommendation ITU-R SA.577.4. Performance criteria for active
microwave remote sensors have been extensively studied and have been de ned in terms of interfering
power within a reference bandwidth. These recommendations can be found in ITU-R SA.1166.1.

4.1.3 Out-of-Band and Spurious Signals

When considering the regulation of signals that may spill into science service bands, account should
be taken of how such signals will appear to the scienti ¢ instruments in question. Radio astronomy
obsewations of transient phenomena generally are vulnerable, as are Earth-observing satellites that view
geographic regions for only brief periods of time as the satellite passes overhead. In radio astronomy,
ultrahigh-energy cosmic rays can be observed in the very high frequency (VHF) radio band, which can
be interfered with by human-made sources such as ocean-wave radars. Giant pulses from pulsars share
a similar time-frequency signature with chirp ral&lontransient observations can be interfered with
by intermodulation and harmonic products from VHF broadcast signals (those generated from both
the transmitting and the receiving end). These interfering signals are routinely detected throughout the
L-band and appear somewhat like spectral lines. They are not dif cult to discriminate against, but their

7 See S.W. Ellingson and G.A. Hampson, Mitigation of radar interference in L-band radio astréstophysical Journal
Supplement Serie47(1):167-176, 2003.

Copyright National Academy of Sciences. All rights reserved.



Handbook of Frequency Allocations and Spectrum Protection for Scientific Uses: Second Edition

90 HANDBOOK OF FREQUENCY ALLOCATIONS AND SPECTRUM PROTECTION FOR SCIENTIFIC USES

removal is time-consuming and often frustrating. In other words, interference that can be recognized as
such can be excised, resulting only in a reduction in ef ciency. But most unwanted signals that are not
easily recognizable can masquerade as valid scienti ¢ data.

Because it is not possible for radio astronomy to operate in frequency bands for which there are
transmitting antennas within the line of sight, the sharing of primary radio astronomy bands with ser-
vices using satellite downlink transmissions or aeronautical transmissions is avoided. The most serious
cases of interference to radio astronomy during recent years have resulted from transmitters on satellites
producing unwanted emissions that fall within radio astronomy bands.

An example of interference from a geostationary orbit (GEO) satellite in a band adjacent to a
radio astronomy band is provided by a European television broadcast satellite transmitting in the Fixed
Satellite Service band 10.7-10.95 GHz. A measured spectrum showed that at 10.7 GHz, the upper edge
of a primary radio astronomy band, the spfd from the satellite was approximately 39 dB greater than
the corresponding threshold value for continuum observations in Table 1 of Recommendation ITU-R
RA.769. The resulting radiation into the 10.6-10.7 GHz radio band makes that band completely unusable
for observations by the 100 m radio telescope at Effelsberg, Germany: for further details see Chapter 6
in the ITU Handbook on Radio Astronoif013 edition).

Interference from satellites in GEO presents a special problem, because a constellation of interfering
satellites distributed along the orbit could preclude science observation within a band of sky centered on
the orbit. The apparent declination of the orbit varies by approximately 10° as seen from observatories
at intermediate latitudes in the Northern and Southern Hemispheres of Earth (see Figure 1 in Annex 1
of Recommendation ITU-R RA.517, or see ITU-R RA.611). Thus, the whole sky can be observed
if observations can be made to within 5° of the orbit from observatories in both hemispheres. In the
sidelobe model in Recommendation ITU-R SA.509, the sidelobe gain at 5° from the main-beam axis is
15 dBi, so values of the detrimental thresholds for such observations are 15 dB lower than those based
on a sidelobe gain of 0 dBi, as in the tables in Recommendation ITU-R RA.769. It is desirable that
these lower detrimental thresholds be applicable to unwanted emissions from GEO satellites. For further
discussion, see ITU-R RA.769 or Chapter 4 of the ITU Handbook on Radio Astronomy (2013 edition).

Examples of interference from non-geostationary orbit satellites (non-GSO) can be found with
the 24 satellite Russian Global Navigation Satellite System (GLONASS; 1602.5625-1615.5 MHz)
and the 66 satellite Iridium constellation (1618.25-1626.5 MHZz) that interfere with Radio Astronomy
Service (RAS) operations in the 1610.6-1613.8 MHz and 1660-1670 MHz bands. Interferences of this
type have been due to out of band emissions from lack of pulse shaping, poor control of modulation
sidelobes in the frequency domain, and intermodulation products generated on the satellite caused by
driving the transmitter ampli ers into compression in order to improve on ef ciency. Because of their
constant motion, constellations of non-GSO satellites such as these have the potential for being par-
ticularly disruptive to the passive services because of their constantly changing con guration and their
near-constant coverage of Earth’s surface.

In the case of GLONASS, improvements have been made by no longer launching spacecraft with
frequency capacity higher than 1610 MHz, and those that do launch, all are equipped with out-of-band

Iters. As such, after 1999, the out-of-band emissions from GLONASS in the 1612 MHz radio astronomy
band have been eliminated. Unfortunately, this cannot be said of the Iridium system.

4.1.4 Percentage of Time Lost to Interference

Recognizing that interference to radio astronomy is dif cult to avoid at all times (see Figure 4.1),
the ITU recommends that the fraction of time during which transmissions from any one service into a
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FIGURE 4.1 lllustration of the effects of radio frequency interference (RFI) on a Radio Astronomy Service (RAS)
VHF passive-only band taken by the Long Wavelength Array (LWA1; Taylor et al., 2012). Shown above are two
pairs of images taken 10 seconds apart. Each row shows the radiometric inteteft)y,anfl absolute circular
polarization, |V| ight), for a part of the celestial sky that includes the Sun and Cas A, two very strong radio
sources. As can be seen in the time stamp of the images in their upper left-hand corner, the top row of images was
collected just 10 seconds prior to the bottom row. Effects of RFI in the protected RAS band from 73.0-74.6 MHz
on the 100 kHz bandwidth images shown in the top row (centered at 74.0 MHz) completely obscure the strongest
astronomical sources seen in the image, which are clearly visible in the bottom row. SOURCE: Courtesy of Greg
Taylor and the Long Wavelength Array.
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radio astronomy band exceeding the corresponding threshold level (ITU-R RA.769) should not exceed
2 percent. The corresponding fraction of time for the aggregate emission from all services within the
radio astronomy band should not exceed 5 percent. These limits are speci ed in Recommendation ITU-R
RA.1513, Annex 1 of which contains a discussion of the basis and application of the limits.

While these time restrictions are useful for xed installations such as radio astronomical ebserva
tories, they are less useful for EESS radiometric observations, which have a strict linkage between the
geographic-temporal aspects of coverage due to the fundamental mechanics of satellite orbits. Such
sources of RFI can be particularly problematic because the antennas of the Earth-observing satellites are
pointed such that maximum gain is obtained from Earth’s surface, and hence, ground-based sources of
interference will have a maximal impact on the satellite instrument during the time that it is observing
the geographic region where the interferer is located (Figure 4.2)

4.2 SEPARATION OF INCOMPATIBLE SERVICES

Several techniques enable active and passive users of the radio spectrum to share this-limited re
source. First, multiple users may share the same spectral allocation provided that they are spatially
located at a suf cient distance, or with suf cient blockage (e.g., mountains), such that the line-of-sight
propagation falls below threshold limits. Second, spectral allocations can recognize the incompatible
nature of the various services and designate some spectral regions as protected for passive service use
only. Finally, multiple users may effectively share the same spectral allocation if none need to use it
continuously and all are able to coordinate the use of the spectral allocation based on local demand.
Thus, while sharing of the radio spectrum is often considered a zero sum game, where use by one service
excludes use by another, effective spectrum management includes consideration of location and time,
as well as the speci ¢ spectral allocation.

4.2.1 Geographic Separation

The signal levels received by radio astronomers from cosmic objects are generally many tens of
decibels weaker than the signal levels usually required for communications, broadcasting, radar, and
other transmitting services. Earth stations in both EESS and Space Research Service receive weak
signals: EESS from Earth-orbiting satellites and the deep space network from interplanetary spacecraft
with extremely low signal levels. An important degree of protection from ground-based transmitters
can be obtained by choosing observatory sites and Earth stations in locations of low population density
and taking advantage of shielding by mountains or other terrain features. However, at frequencies
above about 60 GHz, atmospheric absorption becomes important, and observatories must be located
at high elevations. In these cases sites with effective terrain shielding are dif cult to nd. Transmit
ters on aircraft, spacecraft, balloons, and high-altitude platform stations can remain within the line of
sight over long distances. Choice of the site for an observatory is of little help in providing protection
against them.

It is useful to establish a coordination zone around an observatory for protection against terrestrial
transmissions of a particular service. For example, coordination zones are used for cases in which the
radio astronomy band is shared with the terrestrial mobile service (see Box 4.1). Such a zone can be
de ned by the requirement that, at the observatory, the sum total of all transmissions from outside the
zone should not exceed a detrimental threshold for the frequency band concerned. Coordination zones
can also be effective for protection in cases in which the potentially interfering transmissions are from
a service with an allocation close to a radio astronomy band edge.
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FIGURE 4.2 Percentage of radio frequency interference (RFI)- agged samples in the passive and active bands
of the radio spectrum. The top image shows the passive part of the spectrum between 1400-1427 MHz, which is

a protected passive band. The lower image is collected at 1.26 GHz and shows the effects of ground-based radar
stations on the observations. Ground-based RFI such as that shown here cause a degradation or loss of data that
are important for weather, food security, and climate-prediction models that are supported by the Earth Explora-
tion Satellite Service. SOURCE: Data shown above are from NASA's Aquarius satellite, launched in 2011. Image
courtesy of David LeVine, NASA Goddard Space Flight Center.

De ning the boundaries of a zone requires knowledge of the radiated powers in the direction of
the observatory or Earth station and a determination of the transmission loss in various directions with
respect to the observatory or Earth station. The transmission loss for propagation over terrain is calcu-
lable from terrain pro les. Major observatories and Earth stations usually have gridded elevation data
for their surrounding area and software for the calculation of propagation loss. In the case of terrestrial
mobile transmitters, it is often useful to use the Monte Carlo method to determine how the ux density
at the observatory or Earth station varies with the size of the coordination zone, using the criteria in
Recommendation ITU-R RA.1513 for the percentages of time for which ux density in excess of the
detrimental thresholds can be allowed. If it is necessary that a transmitter be sited within the coordination
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BOX 4.1
Footnote US385

US385 Radio astronomy observations may be made in the bands 1350-1400 MHz, 1718.8-
1722.2 MHz, and 4950-4990 MHz on an unprotected basis, and in the band 2655-2690 MHz
on a secondary basis, at the following radio astronomy observatories:

Allen Telescope Array, Hat Creek, California: Rectangle between latitudes 40° 00 N and
42° 00 N and between longitudes 120° 15 W and 122° 15 W

NASA Goldstone Deep Space Communications Complex, Goldstone, California: 80 kilometers
(50 mile) radius centered on latitude 35° 18 N, longitude 116° 54 W

National Astronomy and lonosphere Center, Arecibo, Puerto Rico: Rectangle between lati-
tudes 17° 30 N and 19° 00 N and between longitudes 65° 10 W and 68° 00 W

National Radio Astronomy Observatory, Socorro, New Mexico: Rectangle between latitudes
32° 30 N and 35° 30 N and between longitudes 106° 00 W and 109° 00 W

National Radio Astronomy Observatory, Green Bank, West Virginia: Rectangle between
latitudes 37° 30 N and 39° 15 N and between longitudes 78° 30 W and 80° 30 W

National Radio Astronomy Observatory Very Long Baseline Array Stations: 80 kilometers
(50 miles) radius centered on:

Latitude (North) Longitude (West)
Brewster, WA 48° 08 119° 41
Fort Davis, TX 30° 38 103° 57
Hancock, NH 42° 56 71° 59
Kitt Peak, AZ 31° 57 111° 37
Los Alamos, NM 35° 47 106° 15
Mauna Kea, HI 19° 48 155° 27
North Liberty, IA 41° 46 91° 34
Owens Valley, CA 37° 14 118° 17
Pie Town, NM 34° 18 108° 07
Saint Croix, VI 17° 45 64° 35

Owens Valley Radio Observatory, Big Pine, California: Two contiguous rectangles, one
latitudes 36° 00 N and 37° 00 N and between longitudes 117° 40 W and 118° 30 W
and the second between latitudes 37° 00 N and 38° 00 N and between longitudes
118° 00 W and 118° 50 W

“In the bands 1350-1400 MHz and 4950-4990 MHz, every practicable effort will be made to avoid
the assignment of frequencies to stations in the xed and mobile services that could interfere
with radio astronomy observations within the geographic areas given above. In addition, every
practicable effort will be made to avoid assignment of frequencies in these bands to stations in
the aeronautical mobile service which operate outside of those geographic areas, but which may
cause harmful interference to the listed observatories. Should such assignments result in harm-
ful interference to these observatories, the situation will be remedied to the extent practicable.”

SOURCE: Reprinted from FCC Online Table of Frequency Allocations, 47 C.FR. 2.106, May 2015.
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zone, then coordination between the transmitting service and the observatory/Earth station is required.
Protection of the observatory or Earth station may be possible by various means, such as placing a null
in the pattern of the transmitter in the direction of the observatory or Earth station or, if the allocated
transmitter frequency is outside the radio astronomy band or spacecraft communication band, by addi
tional ltering at the transmitter.

The calculation of separation distances for services in shared bands and the use of coordination zones
are discussed in Annex 1 of Recommendation ITU-R RA.1031 and, for observations above 60 GHz, in
ITU-R RA.1272.

4.2.2 Spectral Separation

A second strategy for mitigating the detrimental effect of an emission on a passive service is that
of spectral separation. In this strategy, the center frequencies of the active-service emissions are moved
suf ciently far from the band of interest of the passive service so as to reduce detrimental effects to an
acceptable level.

The required separation depends on the strength and spectrum of the emission as seen by the receiver,
as well as on the design of the receiver. All emissions naturally have spectra that extend above and below
the carrier frequency. Regardless of how this emission is Itered before transmission, some fraction of
this power remains. The total power that is subsequently delivered to a band used by passive services
then depends on the transmitting power and the characteristics of the transmitter’s lter.

The design of the receiver determines the vulnerability of the receiver to out-of-band emissions
through a separate mechanism: compression. Just as in the design of communications receivers, receivers
for passive services represent a trade-off between sensitivity and linearity. The extremely weak nature of
the signals of interest to scienti ¢ users constrains sensitivity requirements, with the result that a low-
noise gure is essential. This consideration subsequently limits the type of Itering that can be done at
the receiver. For example, any lter preceding the rst ampli er must have suf ciently low insertion
loss so as not to dominate the noise gure.

This constraint on the lter’'s insertion loss limits the order of the Iter design, which in turn limits
the rate of attenuation with increasing frequency separation. Thus, the need for high sensitivity in the
passive scienti ¢ services limits the amount of suppression that can be achieved for out-of-band signals.
Just as in a communications receiver, out-of-band signals stronger than a threshold determined by this
suppression cause the receiver to enter a nonlinear mode of operation—that is, compression. At this point,
received signals become distorted.

In summary, there are two technical considerations in determining the separation between active
and passive services required to limit interference to acceptable levels: (1) the actual out-of-band power
spectral density delivered to the receiver and (2) the receiver’s limited ability to maintain linearity in the
presence of strong out-of-band emissions, owing to the need to achieve an extremely low noise gure.
There is no substitute for a situation-speci ¢ engineering analysis to determine the actual potential
for detrimental interference due to these mechanisms; nonetheless, the situation is clearly helped by
preferentially avoiding the assignment of bands used by high-power transmitters near the band edges
of passive services.

4.2.3 Temporal Separation

A third strategy for mitigating interference between active and passive users of the radio spectrum
is with dynamic frequency allocations based on local demand. For example, with increasing demand for
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access to the radio spectra by commercial services (e.g., the communications industry) and a freeing up
of the part of the spectrum once occupied by analog broadcast television (from 470-790 MHz), there
has been a signi cant degree of activity in nding innovative ways for better accessing the RF spectrum
in order to allow autonomous users to make use of the spectrum without interfering with one another
and in compliance with FCC regulations. One example of this type of activity is in the area of cognitive
radios that are meant to sense the local radio environment and dynamically create a communication
channel that does not interfere with other users in that part of the spectrum.

In order to make best use of the spectrum, cognitive radios and other users wishing tmdaress
frequencies require knowledge of all current users in the geographic area. The Internet provides a unique
opportunity to serve as the information backbone that supports this increased ef ciency. For example,
the IEEE Geosciences and Remote Sensing Technical Committee on Frequency Alloc&emnstia
Sensing (FARS) has created a geographic database that can be accessed through the Internet that com
bines satellite observations of the RF spectrum with ITU and FCC regulations. Other efforts being
encouraged by the FCC result in commercially run databases that dynamically map the TV white space
spectrum and can be used by cognitive radios for improving communications performance. Taken to its
logical extension, databases such as these will likely be combined in the future and cover the wider RF
spectrum to provide an up-to-date picture of spectrum use and provide a mechanism for dynamically
allocating licenses to use the spectrum in accordance with ITU and FCC regulations and on a non-
interfering basis. Such a database will be useful for scienti ¢, governmental, and commercial users of
the spectrum because it will allow for a more exible approach to accessing parts of the spectrum that
have been nominally precluded from use because of more traditional methods for spectrum licensing.

4.3 MITIGATION TECHNIQUES FOR RADIO ASTRONOMY

In considering interference from transmitters in other bands, de nitions of the following terms,
which can be found in Appendix A, are important: necessary bandwidth, out-of-band emission (OOBE),
spurious emission, unwanted emissidhsaddition, OOBESs are usually de ned as those that fall within
+250 percent of the necessary bandwidth from the band center. With a few exceptions, spurious emis
sions are those at frequencies that are separated from the band center by more than +250 percent of
the necessary bandwidth. Further discussion of these de nitions can be found in Chapterlg0f the
Handbook on Radio Astronon(g013 edition).

Interference from transmitters in other bands can be generated by several mechanisms:

s -ODULSMEBANEAVLT ANE |G HBRARINES R OBIAONMDH HEMIERANSMITTED
spectrum is not adequately ltered.

S AWORIO BHERONINAASY S TTHM AN O N L INRERARO NGEN ERAREEQUEN
cies at sums and differences of the frequencies and their harmonics.

s (ARMONVWKEB ENERBANENLIREARONWIITEHHNERANS ANILI ERRONBE
output to remove such unwanted responses may be absent or inadequate.

Limits on spurious emissions are given in Appendix 3 of the ITU Radio Regulations, and also in
Recommendation ITU-R SM.329 (spectrum-management series). However, these limits generally fall

8 See F.H. Briggs and J. Kocz, Overview of technical approaches to radio frequency interference nRighti@ciencd0(5),
2005, and other articles in this issue; S.W. Ellingson, RFI mitigation and the EBS{p&rimental Astronom¥7(1-3):261-267,
2004; R. Weber, G. Hellbourg, C. Dumez-Viou, A.J. Boonstra, S. Torchinsky, C. Capdessus, and K. Abed-Meriam, RFI mitigation
in radio astronomy: An overviewes Journees Scienti ques d'URSI-France L'electromagneti§tags, France, 2013.
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short of being able to protect radio astronomy to the required levels (Recommendation ITU-R RA.769) by
several tens of decibels. Further discussion is given in Chapter @DUtkandbook on Radio Astronomy
(2013 edition), including calculations based on these limits as applied to non-GSO and GEO satellites.

4.3.1 Advanced Modulation

A basic modulation scheme used in communications is digital phase-shift keying. In its simplest
implementation, the power spectrum is in the form of [sifiy f]2, where fis a measure of the
frequency relative to the center frequency of the transmitter. This type of spectrum has extensive
sidelobes, which fall off with frequency by only 6 dB per octavefofor many years these sidelobes
in GLONASS (Section 4.1.3) caused serious interference to observations in the 1610.6-1613.8 MHz and
1660-1670 MHz radio astronomy bands. One method of control of the sidebands of these and similar
types of digital modulation is through the use of modulation techniques that control the rate of change
of amplitude or phase at the transitions and thereby greatly reduce the level of unwanted frequency
components that cause the sidebands. Several practical modulation systems of this type have been
developed—for example, Gaussian- ltered minimum shift keying. These are capable of reducing the
power level in the sidebands by many tens of decibels.

4.3.2 Filtering in Radio Astronomy Receivers

As explained in 84.2.2, the ability of passive services to employ Itering of suf ciently high order to
mitigate the deleterious effects of emissions outside the radio astronomy band is severely limited by the
need to achieve an extremely low noise gure. The requirements for a Iter designed to mitigate out-of-
band emission effectively must take into account (1) the strength of the interfering signal at the receiver,
(2) the total received power level at which the receiver enters a state of compression, and (3) the potential
for the generation of harmonic and intermodulation products due to any power remaining after Itering.

It is not possible or reasonable to assign a single requirement for out-of-band suppression achieved by
a lter for this application; situation-speci ¢ engineering analysis is required.

It should be noted that in certain cases it is possible to do better by employing alternative lItering
technologies. For example, it may be more effective to notch speci c interferers than to develop Iters
with broad band-stop characteristics. Also, it is now possible to design Iters using cooled er super
conducting materials that allow greater out-of-band suppression to be achieved without compromising
insertion loss (sensitivity), albeit at greatly increased cost. As stated above, a proper situation-speci c
engineering analysis is required to determine whether these alternative techniques can proviee the nec
essary attenuation.

4.3.3 Filtering in Transmitters

Band-pass ltering in transmitters to con ne the transmitted power to the allocated band of the
transmitting service can be an effective technique in reducing band-edge interference. In certain cases it
introduces technical dif culties. For example, in very high power transmitters, as used in some terrestrial
television stations, the power dissipated in an output Iter is a serious consideration. In some satellite
transmitters, such as those of the Iridium system, the transmitting antenna is a phased array in which
each radiating element is driven by a separate power ampli er. Power limitations on satellites necessi
tate the use of power ampli ers in which linearity is sacri ced to some degree to obtain high ef ciency.
Because harmonics and intermodulation products can be generated by nonlinearity in the output stages,
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effective Itering requires a separate lter for each ampli er. The additional weight of such lIters can
make their implementation impractical. Filtering is more practical in satellites that use, for example, a
parabolic re ector antenna in which the Itering is required in only one (or a small number) of signals
going to the feed system.

4.3.4 Transmitter Beamshaping

In the case of transmitters in xed terrestrial locations, it is often possible to place a null in the
radiation pattern in the direction of a radio astronomy observatory. This technique has been used on
numerous occasions to protect radio telescopes at Green Bank, West Virginia, within the Ratiomal
Quiet Zone. In the case of a simple antenna such as a vertical dipole, generating the null basically
requires using two such dipoles, fed through a power divider, and phased so that the two signals cancel
for propagation in the direction of the observatory.

4.3.5 Interferometric Excision

For a radio telescope that consists of a combination of individual antennas, the response to inter
ference is generally reduced relative to that of a system that measures the total power received in a
single antenna. The simplest combination is a two-element interferometer: that is, a system with two
spaced antennas connected to a receiving system that produces an output proportional to the voltage
product of the two received signals. Synthesis arrays consist of arrays of antennas connected in pairs
asinterferometers.

Two effects reduce the response to interference in interferometric systems. These are related to the
fringe oscillations that occur as the relative phase of the signal from the two antennas varies, and, for
geographically distributed systems, to the decorrelation that results from the difference in the time delays
of the interfering signals in reaching the two antennas.

The treatment of interference in these cases is more complicated than for a single antenna. Results
for two synthesis arrays and for very long baseline interferometry (VLBI) are plotted as a function of
frequency in Recommendation ITU-R RA.769 and in lffe Handbook on Radio Astronon2013
edition, Figure 4.2). These results are expressed in terms of the detrimental threshold levels fer interfer
ence. The period of the fringe oscillations increases as the baseline (spacing) of the antennas, measured
in wavelengths, is increased. The reduction in the interference response becomes effective when the
fringe period is similar to or less than the time for which each data point is averaged. The reduction
increases with frequency, because the fringe periods decrease. As the interference response is decreased,
the corresponding detrimental threshold is increased.

For example, for the VLA in its longest-spacing con guration, the detrimental threshold at meter
wavelengths is approximately 12 dB higher than that for a single antenna, and at 43 GHz it is 35 dB
higher. For the VLBI, in which the antenna spacings are typically 100 km or more, the reduction of
the fringe responses is effectively complete, but other effects of the interference result in detrimental
thresholds no more than 40 to 50 dB higher than the corresponding single-antenna values.

It is important to note that observations using interferometric techniques are applicable tomeasure
ments of discrete sources, and the VLBI is only applicable to exceedingly small, bright objects. Total-
power measurements using single antennas remain essential for measurements of extended sources and
do not enjoy this advantage. Also, the ability of interferometric arrays to discriminate against-interfer
encedecreases as the antennas become more closely spaced (as required for measurements of extended
sources) and as the frequency goes down.
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4.4 MITIGATION TECHNIQUES FOR PASSIVE REMOTE SENSING

Increased occurrences of RFI have been noted by passive remote sensing in regions of the spec
trum that are heavily used by other services. For example, airborne radiometers operating within the
EESS-allocated 1400-1427 MHz band have incurred interference frontodion services operating
adjacent to the band. Like RAS, passive remote sensing is also effected by out-of-band emission (as
discussed in Section 4.3). Most satellite-based remote sensing applications are not stationary however
and hence do not observe a xed geographic region for extended periods of time. For this reason there
is more tolerance for interferers in EESS than RAS, but the geographic reach of these sensors is global
(or nearly so) by design and therefore the effect of OOBE and other sources of interference must be
controlled over much larger geographic areas.

In the C-band region (5-7 GHz), NASA's Earth Observing System Advanced Microwave Scanning
Radiometer on Aqua is the rst spaceborne radiometer with channels near 6.8 GHz since the Nimbus 7
Scanning Multi-channel Microwave Radiometer that stopped operating in September 1987. There is
no EESS allocation near 6.8 GHz, and subsequent use of this spectral region, primarily by the xed
service, mobiles service, and xed-satellite service, in accordance with the national and international
allocations, has caused the band to be unusable for passive microwave measurements over land in much
of the world’s developed regions without the application of RFI mitigation. Over the oceans, the ITU
recognizes the passive microwave EESS usage between 6.425 and 7.075 GHz through Radio Regulation
5.458, but offers no formal protection other than asking administrations to keep the EESS needs in mind.

RFI mitigation techniques are being explored for passive radiometricvalises in RFl-affected
areas. In general, these techniques require costly and extensive modi cations to the sensor and retrieval
algorithms.

4.4.1 Sub-banding

The technique of sub-banding requires the sensor’s receiver passband to be split into multiple
sub-bands. Calibrated brightness temperatures are derived for each sub-band and are intercompared to
identify any sub-bands that may have brightness temperatures exceeding a predetermined variance from
the group. A logic tree is followed based on the level of agreement in brightness temperatures among
the sub-bands. In cases where one sub-band is determined to be an outlier, it can be thrown out and
the others averaged to provide an estimate of brightness temperature with only degradation in noise
performance (sensitivity).

4.4.2 Digitization and Signal Excision

The digitization and signal-excision technique requires the signal passband to be digitally sampled.
Initially this procedure was developed to be effective against RFI from pulsed emitters. After digital
sampling, the time sequence of samples is checked for large deviations that are characteitistieof
RFI. If the pulse repetition rate and pulse duration of the interferer are known, then the input can be
effectively blanked during the pulse period with little impact to the radiometric sensitivity and accuracy.
It should be noted however that narrow-band interfering signals will be broad in time, and thus are dif
cult to remove using this technique.
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