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Abstract. The Arecibo Observatory will soon complete a major instrumental 
upgrade which will provide improved capabilities for observations of the upper 
atmosphere. As in the past, Arecibo capabilities center on 430-MHz incoherent 
scatter radar (ISR) measurements of the ionosphere made locally or in conjunction 
with other national and international incoherent scatter facilities; the upgrade will 
add the capability for simultaneous two beam incoherent scatter observations and 
will extend plasma line measurements to -t-15 MHz. Aeronomical studies may also 
be performed using a 46.8-MHz coherent scatter radar, the feed of which is coaxial 
with the 430-MHz line feed, the newly refurbished medium-frequency (MF) radar 
facility, and a new digital ionosonde. The original airglow laboratory continues to 
house the Fabry-Perot interferometers, Ebert-Fastie spectrometer, and tilting filter 
photometers used for observations of mesospheric, thermospheric, and exospheric 
airglow, while a new laboratory provides a permanent home for the lidars used 
for resonance fluorescence observations of atomic metal layers in the mesopause 
region and for Doppler Rayleigh measurements of the upper stratosphere and lower 
mesosphere. Finally, the recently upgraded high-frequency, high-power transmitter 
facility has performed active aeronomical and plasma physical studies alone and 
in conjunction with other Arecibo and visitor-supplied instruments. Observations 
performed as the upgrade nears completion have already provided a first look at 
what lies ahead in areas as diverse and fundamental as the structure and dynamics 
of the turbopause, the properties of upper atmospheric tides, the electrodynamics 
of the E and F regions, the dynamics of light ions in the topside, and the physics 
of plasma turbulence. Examples of these and other observations are presented, and 
the opportunities for future investigations are discussed. 

1. Introduction 

Incoherent scatter radar (ISR) observations have been 
carried out at Arecibo since the initial construction of 

the observatory was completed in 1963 [Gordon, 1964]. 
The principle radar frequency was then and is still 430 
MHz, although during the 1960s ISR and other radar 
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measurements were also performed at 40 MHz [ Watkins, 
1967; Parrish, 1968]. Optical observations at Arecibo 
began in 1967 using a 6300-• photometer and, in 1968, 
a Fabry-Perot interferometer [Wickwar, 1971]. 

A first major upgrade in the early 1970s was primar- 
ily aimed at improving the surface of the 305-m dish in 
order to extend the frequency range for radio astronomy 
use [LaLonde, 1974]. At that time a 2380-MHz radar 
was added to allow for improved planetary radar obser- 

, 

vations [Ostro, 1993]; this radar has also been used for 
stratospheric observations [Woodman, 1980; Ierkic et 
al., 1990]. In addition, the first high-frequency (HF) ra- 
dio wave ionospheric interaction experiments at Arecibo 
were carried out in 1971 using an HF feed mounted 
above the dish [Gordon et al., 1971]. These experi- 
ments led to the construction in the late 1970s of a 
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dedicated high-power HF transmitting facility, located 
17 km NNE of the radar [Fejer et al., 1985]. 

In 1985 a 46.8-MHz coherent scatter radar was added 

to the instrument cluster at the focus of the dish [RSttger 
et al., 1986], and in 1986 the feed was redesigned to al- 
low colinear 46.8- and 430-MHz observations (R. W. 
Sisk, private communication, 1997). This radar is used 
for mesosphere-stratosphere-troposphere (MST), HF in- 
teraction, meteor, and thunderstorm observations. In 
1989, Arecibo acquired a 1.95-MHz medium-frequency 
(MF) radar for performing partial reflection spaced an- 
tenna drift observations of winds, tides, and planetary 
waves between 60 and 100 km altitude [Reid, 1988]. The 
MF radar is located 40 km WNW of the observatory 
and is maintained and operated in collaboration with 
the University of Puerto Rico at Mayaõfiez. In 1995 
a cooperative project between scientists from Arecibo 
and the universities of Nebraska, Clemson, and Cornell 
resulted in the installation of a 430-MHz three-element 

Yagi interferometric receiving array near the main dish 
for use in observing the three-dimensional structure of 
winds and turbulence between 3 and 10 km altitude 

[Palmer et al., 1997]. 
Since 1994 the Arecibo Observatory has been in the 

midst of a second major upgrade aimed at improving 
the feed system for the main 305-m antenna [Kildal et 
al., 1991, 1994]. In addition, a ground screen has been 
added to reduce receiver noise caused by spillover, and a 
new 2380-MHz transmitter has been installed with over 

twice the power (1 MW CW) of the previous system 
[Goldsmith, 1996]. The ground screen has reduced the 
system temperature of the 430-MHz receiver by 20 K, 
to •075 K. Beginning in 2000, the new Gregorian feed 
will allow two-beam 430-MHz ISR ionospheric measure- 
ments, will improve the F region plasma line measure- 
ment bandwidth from 4-7.5 to 4-15 MHz, and will al- 
low focusing of the radar beam in the near field, which 
for the Arecibo 430-MHz radar is below 144 km [Kil- 
dal and Davis, 1996]. A parallel upgrade of the trans- 
mission lines at the Arecibo HF facility was also per- 
formed which resulted in a doubling of the transmitted 
HF power, and the MF radar data taking and control 
system has been enhanced, allowing a greater dynamic 
range in the sampled data and for remote operation 
via the Internet. In addition, construction of a sec- 
ond optical building to house two new resonance fluo- 
rescence lidar systems and the Doppler Rayleigh lidar 
has recently been completed. The resonance lidars are 
used primarily to study the dynamics and chemistry of 
the mesosphere by making high spatial and temporal 
resolution density measurements of the atomic metals 
found in a layer extending between roughly 80 and 105 
km [Beatty et al., 1989; Uastleberg, 1997]; a soon-to-be- 
online Doppler capability will permit wind and temper- 
ature measurements in the same region. The Doppler 
Rayleigh system is capable of measurements of neutral 
wind, absolute temperature, and relative density from 
the middle stratosphere through the lower mesosphere 

(-•25 to 60 km in altitude) [Tepley, 1994; Castleberg, 
1997; Friedman et al., 1997]. These systems have also 
been used for a multiwavelength study of aerosols in 
the upper troposphere and lower stratosphere [Castle- 
berg, 1997]. Equipment for passive airglow observations, 
including interferometers, spectrometers, and photome- 
ters, will continue to be housed in the original optical 
facility. 

As the current upgrade nears completion, Arecibo is 
hoping to attract old and new users to take full advan- 
tage of the new observational capabilities. We are now 
well along the way toward the next solar maximum, and 
the observatory is ready to provide the user community 
with the tools needed for high-resolution observations 
of ionospheric structure, dynamics, and electrodynam- 
ics, including topics as diverse as turbulence, waves, and 
tides; variations in structure and composition driven by 
the seasons and the solar cycle; and the microscopic 
physics of the ionospheric plasma. Specific examples 
include, among others, studies of vertical ion velocities, 
planetary waves, ion rain, collisional damping of Lang- 
muir waves, meteor physics, traveling ionospheric dis- 
turbances, and the dynamics of the sodium layer. These 
examples are intended to provide a thought-provoking 
glimpse of the potential of the upgraded facilities as 
well as a stimulus for the development of improved and 
entirely new investigations. 

This report focuses on Arecibo capabilities and ob- 
servations in the upper atmosphere, primarily between 
60 and 2000 kin. Descriptions and examples of the use 
of the facilities have been divided into sections covering 
the radars (the 430-MHz incoherent scatter radar, the 
46.8-MHz coherent scatter radar, the 1.95-MHz partial 
reflection radar, and the digital ionosonde), airglow and 
lidar observations, and aeronomical and plasma physi- 
cal studies using the high-frequency, high-power trans- 
mitting facility. 

2. Radar Instrumentation and 
Observations 

2.1. The 430-MHz Incoherent Scatter Rada• 

The Arecibo incoherent scatter radar combines the 

world's largest dish antenna, 305 m in diameter, with 
a powerful transmitter having 2.5 MW peak power and 
6% duty cycle. In combination with the reduced re- 
ceiver noise temperature of-•75 K made possible by 
the new ground screen, this results in an overall sys- 
tem sensitivity more than 100 times greater than that 
of most other ISR facilities. At full power the band- 
width of the transmitter allows a 1-/rs minimum pulse, 
which translates into a potential 150-m range resolu- 
tion. The minimum pulse repetition period is 700 ys; 
the maximum pulse length is 2000 ys. The transmitter 
is housed on the ground next to the control room, and 
power is delivered to the feed system via a 450-m-long 
waveguide. 
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Figure 1. A schematic representation of the major features of the incoherent scatter radar spec- 
trum and its relationship to the ionospheric plasma frequency profile. The ion and plasma lines 
arise from Bragg backscatter off thermal density fluctuations, the power of which is concentrated 
in the ion acoustic and electron Langmuir plasma wave modes, respectively. 

In 2000, 430 MHz transmissions through the new Gre- 
gorian feed system, shown in Plate 1, will be possible. 
This will increase the bandwidth for incoherent scatter 

plasma line observations from 15 to 30 MHz and, with 
the concurrent use of the original 430-MHz line feed via 
splitting of the transmitted power, add a significant new 
capability for dual beam ISR observations. The Grego- 
rian feed system will also allow near-field focusing of 
the 430-MHz radar beam via adjustment of the height 
of the Gregorian tertiary subreflector and of the reflec- 
tor platform itself [Kildal and Davis, 1996]. Although 
the Gregorian has the advantage of larger bandwidth 
and focusing, the line feed makes more efficient use of 
the main dish when pointed vertically, as its radiation 
pattern fills the available aperture, while the Gregorian 
has an imprint diameter -•70% that of the 305-m reflec- 
tor. Owing to the special design of the large Arecibo 
antenna and feed system, the pointing for both the line 
feed and the new Gregorian feed is restricted to a max- 
imum of 200 from vertical [Gordon, 1964; Davis, 1997]. 

As shown in Figure 1, the principal features of the 
incoherent scatter spectrum are the ion line and the up- 
shifted and downshifted plasma lines. These lines are 
due to Bragg scatter from thermal fluctuations in the 
ionospheric electron density. The ion line is due to scat- 
ter from fluctuations associated with ion acoustic waves 

and is routinely used to directly measure electron den- 
sity, electron and ion temperatures, ion composition, 
and ion drift velocity [Evans, 1969]. The plasma line is 
due to scatter from fluctuations associated with electron 

plasma or Langmuir waves. During the day the plasma 

line spectrum is intensified by inverse Landau damp- 
ing from photoelectrons and can be used to measure 
the electron density and the electron energy spectrum, 
and in the future we hope to be able to measure the 
thermal electron temperature and bulk electron drift 
velocity [Yngvesson and Perkins, 1968]. The nighttime 
plasma line is present at or slightly above the purely 
thermal level, which is ,-•1% that of the ion line inten- 
sity [Carlson et al., 1982]; the weakness of the line along 
with the rapid change in plasma line frequency with al- 
titude makes detection difficult. Although ionospheric 
incoherent scatter is associated with thermally excited 
plasma wave modes, the fundamental mechanism is that 
of Thomson scatter from individual electrons [Thom- 
son, 1906; Gordon, 1958]. It should be noted that other 
types of scattering may also be detected with this radar, 
for example, those associated with stratospheric clear 
air turblence [Sato and Woodman, 1982] and meteors, 
the latter of which is discussed in detail in section 2.9. 

Since 1994 the incoherent scatter radar control and 

data taking system has also been upgraded. The trans- 
mitter waveform is now programmable in amplitude, 
frequency, and phase, and the transmitter pulse may 
be sampled and recorded. As in the past, 12-bit A/D 
conversion is the standard and is normally used, but 8-, 
4-, 2-, and i-bit conversion may also be chosen. In ad- 
dition, the maximum complex sampling frequency has 
been increased from 1 to 10 MHz. The maximum aver- 

age recorded data rate per tape drive is slightly greater 
than before at •0400 kbytes/s, and the overall recorded 
data rate may now be increased to several times the sin- 
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gle tape value via data striping to several tape drives 
simultaneously. Finally, the radar data-taking modes, 
discussed in section 2.2, may be interleaved in multiples 
of either the integration period (timescales of seconds) 
or the pulse repetition period (timescales of millisec- 
onds); this is taken advantage of in many experiments, 
a particular example being the world day observations 
discussed in section 2.6. 

2.2. Incoherent Scatter Data Taking Modes 

There are six incoherent scatter data-taking modes 
currently in use at Arecibo. All modes are optimized to 
take full advantage of Arecibo ISR sensitivity. Because 
of this, many of the capabilities of each of these modes 
are unique to the Arecibo radar. The parameters given 
for each mode are either standard or typical values, all 
of which can be adjusted at any time before or during 
an experiment. 

2.2.1. Topside. The topside mode uses the ion 
line to measure properties of the ionospheric plasma 
up to 4000 km in altitude. In the standard configura- 
tion, a 500-/•s pulse is transmitted every 20 ms, and 
parameters are measured between 255 and 2600 km. 
Although range gates are computed every 38 km, the 
true range resolution, 75 km, is determined by the 500- 
/•s pulse length. Because of this, at altitudes near 255 
km, accurate parameters often cannot be measured as 
the pulse is too long to resolve the short scale heights 
found at those altitudes and below. However, the lower 
heights are included in the program for those instances 
when conditions are favorable; equally or more impor- 
tant, they provide a measure of the electron density at 
the F region peak which can then be used to calibrate 
the data by comparison with simultaneous ionosonde 
measurements. At higher altitudes where scale heights 
are long, range resolution can be sacrificed to improve 
the signal-to-noise ratio, and the data can be averaged 
over height to improve the accuracy of the calculated 
parameters. 

The data are sampled at 4 /•s in quadrature, pro- 
viding a 250-kHz bandwidth which is divided into two 
halves of 125 kHz each. This is because the transmit- 

ter center frequency alternates between plus and minus 
62.5 kHz from band center during alternate pulse repeti- 
tion periods, in effect making two receiver channels each 
having twice the nominal 20-ms pulse repetition period. 
The signal data come from the channel in which the 
transmitter is pulsed, while the noise data come from 
samples taken near 40 ms (6000 km) gate delay in the 
unpulsed channel. In this way the need to take long- 
gate-delay noise samples in the data channel is avoided, 
and the transmitter duty cycle can be kept at the rea- 
sonably high level of 2.5%. The 125-kHz bandwidth is 
enough to span even the widest spectrum due to H +. 

In order to limit the errors in the parameter calcu- 
lations to reasonable values the topside data are typ- 
ically averaged for 10 min and often 30 min at the 

higher heights where the signal-to-noise ratio is poor. 
On occasion, when the electron and ion temperatures 
are especially low, the spectra will be narrow, resulting 
in more power in each frequency bin, which increases 
the signal-to-noise ratio and allows shorter integration 
times. Typical electron, O +, and H + temperature er- 
rors in the lower topside are around 30 K; the longer 
time and altitude averages commonly used at the higher 
altitudes can give error bars of about 100 K at 2000 km. 
Electron density and O +, He +, and H + composition er- 
rors of a few percent are common. Topside data are 
normally taken with the radar pointing vertically, and 
the vertical velocities of O + and H + can be measured 

separately at altitudes up to 1000 km wherever suffi- 
cient concentrations of the respective ions are present. 
The typical error in the lower topside is 10 m/s. Tem- 
perature and velocity for He + are not computed due to 
generally low He + concentrations and the difficulty of 
separating its spectral component from those due to H + 
and O + . 

2.2.2. Multiple radar autocorrelation func- 
tion. The multiple radar autocorrelation function 
(MRACF) mode derives its name from the multiple fre- 
quencies (currently 7) which, in the standard operating 
configuration, are transmitted simultaneously within a 
250 kHz bandwidth. This is done in order to fully ex- 
ploit the large signal-to-noise ratio, significantly >1, 
available in Arecibo middle F region observations. This 
is in contrast to the data taken in the topside mode, 
which normally has a low signal-to-noise ratio, signif- 
icantly <1. It can be shown that once the signal-to- 
noise ratio surpasses 1, further increases provide very 
little improvement in parameters derived from model 
fits to the observed spectra. By dividing the transmit- 
ter power among several radar channels, however, the 
excess signal can in effect be used to obtain additional 
statistically independent data samples, which can be 
averaged to improve the signal-to-noise ratio by a fac- 
tor equal to the square root of the relative increase in 
the number of independent samples. This is opposite 
to the low signal-to-noise case (<1), where a benefit is 
obtained when independent samples can be traded for 
an increase in the signal-to-noise ratio [Sulzev, 1986a]. 

The altitude range in which the MRACF mode is 
normally used extends from 140 to 680 km. As altitude 
increases, the signal-to-noise becomes comparable to 1 
and the advantage of multiple frequencies is lost. At 
low altitudes the short scale heights make single pulse 
measurements impractical. 

The MRACF mode makes measurements similar to 

the topside mode, gathering ion line data for use in 
computing ionospheric plasma parameters. A 308-/•s 
pulse is transmitted every 10 ms, and the backscatter is 
sampled in quadrature every 4/•s, producing a 250-kHz 
bandwidth, which matches that used by the multiple 
frequencies sent out by the transmitter. Because the 
bandwidth is shared by several data channels, the band- 
width of each channel is normally too narrow to measure 
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the broad spectrum of H+; this is another fundamental 
difference in the topside and MRACF modes. The H + 
density can, however, be computed from MRACF data 
by accounting for the increase in base level and alias- 
ing of the spectra which occur when H + is present. As 
in the topside mode, range gates are calculated every 
38 km, but the fundamental range resolution as deter- 
mined by the transmitted pulse length is 46 km. Noise 
samples are taken at the end of the 10-ms pulse repe- 
tition period. The transmitter duty cycle is just under 
3.1%. 

MRACF data are typically averaged for 20 s, which 
yields errors in the computed O + temperature of 20 
to 30 K. However, usable results can often be achieved 
with integration times of only a few seconds; this can be 
useful at times when the ionosphere is rapidly chang- 
ing, such as sunrise or sunset. Electron densities and 
ion compositions can normally be obtained with accu- 
racies of I or 2%. Oxygen ion vector velocities are ob- 
tained via azimuth scans. With the line feed alone, a 
full, 16-min, 3600 azimuth scan is required to compute 
the three velocity components. With the two-beam ca- 
pability that will be available when the Gregorian feed 
comes on line, this time will be reduced by half. The 
line-of-sight velocity error is 10 m/s at lower heights, 
assuming 20-s averaging. 

2.2.3. Coded long pulse. Coded long pulse is a 
technique developed at Arecibo to obtain high-resolution 
ion and plasma line spectra [Sulzer, 1986b]. The code 
is used to randomize unwanted spectra from neighbor- 
ing gates, l,hus allowing range resolution limited only by 
the bandwidth of the radar. The setup is easily config- 
urable based on experimental requirements, and baud 
lengths as short as I/is, corresponding to 150 m range 
resolution, are often used. 

For ion line measurements a pulse of length 400 /is 
with 8-/is bauds is typically transmitted every 10 ms, 
yielding a, 4.0% duty cycle. The frequency resolution 
of the directly digitized data is tl•en 2.5 kHz, height 
resolution is 1.2 km, and the time resolution for usable 
processed data can be as low as 10 s. Ion line spectra 
can be measured beginning at 90 km or below, where 
they may be used to estimate the ion-neutral collision 
frequency [Doughertl/ and Farley, 1963; Haglots and 
Brockelman, 1971; Zhou et al., 1997c]. Electron temper- 
atures and oxygen ion temperatures and velocities are 
routinely obtained with this technique up to >200 km. 
In between these limits a 1-min integration can yield 
results accurate to 20 K for the temperatures, 5Above 
200 km, signal-to-noise begins to drop, the scale height 
increases, and MRACF becomes the favored mode for 
ion line observations. 

For plasma line observations a pulse length of i ms 
with 1-/is bauds is typically transmitted every 25 ms, 
yielding a 4.0% duty cycle. The frequency resolution of 
the directly digitized data is then I kHz, height resolu- 
tion is 150 m, and time resolution is 2 s. Useful plasma 
line data may be taken throughout the bulk of the E 

and F regions, limited by low plasma densities at •150 
krn and below and by 1/r 2 losses at ranges beyond 400 
km. 

2.2.4. Pulse-to-pulse technique. In the pulse- 
to-pulse technique, one short pulse is transmitted each 
pulse repetition period (PRP). That pulse is then used 
to obtain one sample from each desired range during 
each PRP; the pulse repetition period thus becomes the 
effective sampling rate. For example, given a 4-/is pulse 
and a 1-ms P RP, a 100-pulse-long fast Fourier trans- 
form (FFT) will produce spectra of 1-kHz bandwidth, 
10-Hz frequency resolution and 600-m height resolution. 
Although the duty cycle is low (0.4% in the example), 
this capability is of particular interest for D region ex- 
periments up to 95 or 100 km, after which the spectra 
become too wide [Harper, 1978]. 

2.2.5. Power. The power, or power profile, mode 
is used for measurements of backscattered power versus 
height throughout the ionosphere, with an emphasis on 
high range resolution. The standard configuration takes 
measurements from 60 to 575 km in range using a 13-bit 
Barker code with 4-/is bauds to make up a 52-/is pulse 
having 600 m range resolution, although the parame- 
ters are user-configurable to produce a minimum 150-m 
range resolution. The default pulse repetition period is 
10 ms, resulting in a 0.52% duty cycle. A 10-s aver- 
age can produce an electron density profile accurate to 
within a few percent. An 88-baud code is also available 
[Kerdock et al., 1986] and has been used with a baud 
length of I/is also with a 10-ms P RP and 10-s averaging 
[Mathews et al., 1997b]. 

A coherent interference detection technique, in which 
pulse-to-pulse spectra are computed in real time for 
the lowest 77 km of range coverage, can be used dur- 
ing power profile measurements [Zhou and Mathews, 
1994]. A variety of additional techniques for removing 
unwanted clutter and interference from power profile 
and other data taking modes are also being developed 
[Zhou et al., 1999b]. Sources of unwanted signals include 
transmissions from radar and communications systems 
and scatter from meteors, buildings, planes, ships, and 
even ocean waves. Many of these signals are received 
in the antenna sidelobes and, owing to the geographic 
distance of the sources from the observatory, are promi- 
nent in lower ionospheric measurements. 

2.2.6. Raw data. The preceding five modes incor- 
porate real-time data processing programs to integrate 
the data and transform it to a useful form before writ- 

ing on tape. Besides the convenience of data reduced 
at least in part online, this has the advantage of reduc- 
ing the output data rates from hundreds to just a few 
kilobytes per second. 

However, some experiments require capabilities or 
configurations not incorporated into the five modes dis- 
cussed above, and the raw data mode is intended for 
use in these situations. The only limitations on this 
mode are the physical capabilities of the radar and 
data-taking systems. Significant limitations due to the 
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transmitter include a minimum 1-/•s full power pulse or 
phase-coded baud, a minimum 700-/•s pulse repetition 
period, and a 6% maximum RF duty cycle; those due to 
the receiving system include the 4-7.5 MHz bandwidth 
of the line feed and 4-15 MHz bandwidth of the Gre- 

gorian feed mentioned earlier, a maximum 12-bit A/D 
conversion, a maximum complex sampling rate of 10 
MHz, and a maximum data rate per tape drive of 400 
kbytes/s. 

The features of any of the previous five modes, as well 
as of many other conceivable modes, can be reproduced 
using the raw data mode. This is true, for example, for 
the multipulse technique [Farlay, 1972], the chirp tech- 
nique [Haglots, 1982], the alternating code technique 
[Lahtinan and HdggstrSm, 1987], and the aliased mul- 
tipulse technique [Kohl and Riatvald, 1996]. However, 
custom plotting routines must be used for real-time dis- 
play of raw data mode results. 

In some cases an existing mode can be modified to 
perform a slightly different function; the MRACF mode, 
for example, can be used to transmit and process stan- 
dard long pulses for measuring ion or plasma line spec- 
tra. Note that the multiple transmitted frequencies nor- 
mally used by MRACF cannot be "dialed in" but are 
achieved through the use of special transmitter phase 
codes [$ulzar, 1986a]. 

2.3. The 46.8-MHz Coherent Scatter Radar 

The Arecibo 46.8-MHz coherent scatter radar was 

installed on the platform inside the 430-MHz carriage 
house in 1985 [RSttgar at al., 1986]. The original feed 
was mounted 2.160 offset from that of the 430 MHz 

radar but was replaced in 1986 by one allowing colin- 
ear observations (R. W. Sisk, private communication, 
1997). This radar was designed for use in the MST re- 
gion [RSttgar at al., 1981, 1986; Rastogi at al., 1988] and 
during HF ionospheric interaction experiments [Fajar at 
al., 1983]. It has been used for observations of thunder- 
storms [Itoldan at al., 1986; Chilson at al., 1993], and 
although the peak power is only 35 kW, when com- 
bined with the 305 m dish it is one of the most sen- 

sitive systems in the world for meteor observations at 
VHF frequencies [Zhou at al., 1998]. The minimum and 
maximum full power pulse lengths are 2 and 200 ps, 
respectively, and the maximum RF duty cycle is 2%. 

The radar is controlled by the same system used for 
the 430-MHz ISR, and the same data-taking modes may 
be used. Most commonly used are the power and raw 
data modes; topside and MRACF are not appropriate 
for this radar as the transmitted power is too low for 
detection of incoherent backscatter. 

2.4. The 1.95-MHz Partial Reflection Radar 

In 1989 the observatory acquired a 1.95-MHz medium 
frequency (MF) radar from the University of Adelaide, 
Australia, for performing partial reflection spaced an- 
tenna drift observations of winds, tides, and planetary 

waves between 60 and 100 km altitude [Raid, 1988; Vin- 
cant and Lasicar, 1991; Hinas at al., 1993; S•ir•ic5 at al., 
1995; Palo at al., 1997]. It is located 40 km WNW of 
the main observatory site where it is maintained and 
operated in collaboration with the University of Puerto 
Rico at Mayagfiez. 

The MF radar was overhauled in 1995, and in Septem- 
ber 1998 the data aquisition system was upgraded from 
8- to 12-bit sampling and the capability was added for 
remotely controlled operation via the Internet. The 
transmitter typically operates at 25 kW peak power, 
using 27-ys uncoded pulses for a range resolution of 
-•4 km. During daylight hours the radar is operated 
with a 12.5-ms pulse repetition period transmitting in 
O mode and recording data from 60 to 100 km. During 
the nighttime, the pulse repetition period is changed to 
25 ms, X mode is used, and data are recorded from 70 
to 100 km. The transmitting antenna consists of four 
half-wave dipoles arranged in a square array, on three 
sides of which are located three smaller crossed-dipole 
receiving antennas. 

The MF system is currently being used to study 
the long-term dynamics of the mesosphere, specifically 
the effects of seasonal and other geophysical changes 
on mesospheric tides. The results will be compared 
with the incoherent scatter data taken by the 430-MHz 
radar and with satellite experiments such as the Up- 
per Atmospheric Research Satellite (UARS) and the 
Thermosphere-Ionosphere-Mesosphere Energetics and 
Dynamics satellite (TIMED). The work complements 
observations performed at other MF sites worldwide 
and thus helps to provide wide geographic coverage of 
tidal and planetary wave activity [Zhou at al., 2000]. 

2.5. The Digital Ionosonde 

In 1997 the observatory installed a new digital iono- 
sonde of the type known as the Canadian Advanced Dig- 
ital Ionosonde (CADI) [MacDougall at al., 1997]. This 
instrument operates from i to 20 MHz at vertical in- 
cidence and covers the altitude range between 90 and 
500 km. Transmitter power is 600 W, 40 pulses per sec- 
ond are normally transmitted (20 is also possible), and 
either an unmodulated 40-ys pulse or a 40-ys baud, 13- 
bit Barker coded pulse may be used; the Barker code 
gives an 11-dB improvement in the signal-to-noise ratio 
but limits the lowest height from which echoes maybe 
obtained. 

The ionosonde antenna is a dual orthogonal log peri- 
odic dipole array supported by a 30-m tower and pro- 
viding 6 dB of vertical gain. One of the dual antennas 
is used for transmitting and the other for receiving. Al- 
though the Arecibo system currently has one receiver, 
up to four independent receivers may be used. The 
sampling rate is 20 /•s and the altitude resolution is 6 
km. Received pulses may be coherently averaged to give 
an additional increase in the signal-to-noise ratio pro- 
portional to the number of pulses averaged, and FFT 
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processing may be used to remove the linear portion of 
the phase drift when the ionosphere is sufficiently non- 
stationary that phase coherence would otherwise be lost 
during averaging. 

The Arecibo ionosonde is primarily a middle iono- 
sphere instrument used to calibrate the incoherent scat- 
ter radar and to observe natural and artificial spread F. 
Other possible uses include long-term studies of elec- 
tron density variations, measurement of electron-to-ion 
temperature ratios, and Faraday rotation estimates in 
support of radio astronomy observations. 

2.6. World Day 

World day is the commonly used generic name for 
those observations which are jointly performed at up- 
per atmospheric observatories, and in particular at in- 
coherent scatter radar facilities, around the world. The 
radars include the four facilities of the American latitu- 

dinal chain, SondrestrOm in Greenland, Millstone Hill in 
Massachusetts, Arecibo in Puerto Rico, and Jicamarca 
in Peru; the European Incoherent Scatter (EISCAT) 
Svalbard Radar in the Arctic Ocean and the two main- 

land EISCAT radars in northern Scandinavia; Kharkov 
in Ukraine; Irkutsk in Russia; and MU in Japan. In 
addition, it is hoped that a new American radar will be 
constructed in the near future. 

World day incoherent scatter observations focus ex- 
clusively on ion line data due to the strong signal, pre- 
dictable frequency, and well-developed and tested the- 
oretical underpinning. At Arecibo the objectives of the 
various world day observations have in the past been 
met through the use of different combinations of ion line 
topside, MRACF, coded long pulse, and power profile 
measurements, all of which, as noted above, can be used 
to derive a wealth of geophysical parameters. For fu- 
ture observations it has been decided to standardize on 
the concurrent use of all four of these modes in a config- 
uration which takes maximum advantage of Arecibo's 
ability not only to measure the E region and middle 
F region but also the D region and topside F region 
[Zhou • al., 1997c]. Barker-coded power profiles will 
cover ranges between 60 and 575 km at 600-m resolu- 
tion, coded long pulse will provide ion line spectra every 
1.2 km between 90 and 220 km, MRACF will cover 140 
to 680 km at 38-km resolution, and topside will cover 
255 to 2600 km at 38-km or coarser height resolution. 
When using the standard 10-s run interval per program, 
the time resolution of the interleaved data is then just 
40 s. Although including more measurements than in 
the past, this time resolution matches or betters that 
of preupgrade measurements due to improvements in 
the speed of the control and on-line processing comput- 
ers. Other combinations of these modes may be used 
for specialized world day observing programs. 

The importance of world day coordinated radar chain 
observations to the Arecibo atmospheric sciences pro- 
gram can be seen via an examination of the 1997 In- 
ternational Geophysical Calendar, which details the 

international schedule of coordinated atmospheric ob- 
servations [International Space Environment Service, 
1996]. At Arecibo, such coordinated observations take 
up •500 observing hours per year, or about one third of 
the total observing time normally used by atmospheric 
science. Significant publications based on Arecibo MR- 
ACF world day data include Burnside et al. [1991a, b] 
and the many references cited therein. More recently, 
work has focused on data taken during the January 
1993 ten-day world day campaign (see special sections 
"Aeronomy of the Solstice Thermosphere/Ionosphere 
System, Part 1" in Journal of Geophysical Research, 
102(A4), 7249-7397, 1997 and sections "Aeronomy of 
the Solstice Thermosphere/Ionosphere System, Part 2" 
in Journal of Geophysical Research, 102(A6), 11,475- 
11,555, 1997). 

In order to obtain vector ion drift and thermospheric 
neutral wind velocities, world day observations at Are- 
cibo often involve scanning, in which the zenith angle 
is fixed at 15 o and the azimuth is varied in a predeter- 
mined pattern [Burnside et al., 1987]. In the past, the 
16 min required to complete a 360-degree scan in az- 
imuth set the maximum time resolution for single beam 
observations of three-dimensional (3-D) vector veloci- 
ties, with 8 min required for a 2-D coplanar observation. 
When two-beam ISR capability becomes available, 3-D 
velocities will be measured in 8 min, and a single 10- 
or 20-s integration will provide a coplanar 2-D vector 
measurement. Thus dual-beam operation will allow for 
simultaneous measurements of north-south drifts paral- 
lel and perpendicular to the geomagnetic field, although 
scanning will still be required to measure the east-west 
velocity component. The availability of instantaneous 
information concerning the presence and development 
of spatial inhomogeneities in the plane of the beams 
will be a qualitatively new capability of dual-beam ob- 
servations. 

As discussed in section 2.2.2, the high signal-to-noise 
ratio available from Arecibo middle F region observa- 
tions means that the division of transmitted power into 
two beams will provide the advantage of an additional 
channel of information with essentially no degradation 
in quality of the resulting signals. It should also be 
noted that owing to the great sensitivity of the Arecibo 
dish, accurate horizontal drift velocity measurements 
are possible in spite of the small horizontal component 
seen when using a 150 zenith angle. (The maximum 
possible angle of 200 is not used for the vector measure- 
ments because of the decline in signal-to-noise which oc- 
curs due to spillover of the feed pattern past the edge of 
the main dish at the largest zenith angles.) The net ef- 
fect produces an advantage for Arecibo horizontal drift 
observations since the volume from which orthogonal 
samples are obtained is much less than when larger an- 
gles are used. A recent view of the Arecibo feed plat- 
form with the llne feed and the new Gregorian feed is 
shown in Plate 1. 
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2.7. Ion Line Observations 

In this section we present recent results from Arecibo 
430-MHz ion line observations. 

2.7.1. Vertical ion velocities. One result of the 

1993 ten-day world day campaign is illustrated by Zhou 
and Sulzer [1997, Figure 4a], who show vertical ion 
velocities during quiet winter conditions possessing a 
large downward component throughout the entire day 
and averaging 20 m/s near the F region peak. The 
downward ion drift can be seen to be due mainly to the 
northward drift along the downgoing geomagnetic field 
line. Plate 2 presents average vertical drift versus time 
of day, altitude, and season, clearly showing the winter 
daytime effect and underscoring the time and seasonal 
dependence of the ion velocities. The data were taken 
using the MRACF mode. 

2.7.2. Ion composition and temperatures. Ow- 
ing to the additional time made available for analysis, 
the upgrade has yielded improvements not only in hard- 
ware but also in Arecibo data processing capabilities. 
It is now possible to determine the concentrations of 
oxygen, helium, and hydrogen ions in the topside iono- 
sphere between the F region peak and 2000 km with 
10-min time resolution. Observations show that a layer 
of He + can exist at altitudes as low as 500 km with con- 

centrations >10% during solar minimum equinox con- 
ditions [Gonzdlez and Sulzer, 1996] and at concentra- 
tions of 30-40% and as high as 60% near 800 km dur- 
ing the very early morning at solar maximum [Erickson 
and Swartz, 1994; S. A. Gonzdlez et al., Variations in 
the topside helium ion concentrations over Arecibo be- 
tween October 1988 and October 1995, manuscript in 
preparation, 2000]. 

These same data processing improvements have al- 
lowed the simultaneous measurement of oxygen ion, 
proton, and electron temperatures (To+, TH+, and Te). 
Sulzer and Gonzdlez [1996] show the dramatic varia- 
tion in these temperatures over the course of a day; the 
data for these observations were taken using the topside 
mode described above, which, as noted above, has now 
been incorporated into the standard Arecibo world day 
program. 

2.7.3. The impulse response of the ionosphere. 
The total solar eclipse of February 1998 presented a 
unique opportunity for studying the ionospheric im- 
pulse response to the lunar shadow. At ground level 
the umbra was 92 km in diameter and passed just 400 
km south of Puerto Rico, producing a brief local night- 
fall simultaneously at all altitudes. The Sun as seen 
from Arecibo was 90% and 87% eclipsed on the ground 
and at 300 km altitude, respectively, and the radar was 
pointed vertically. Incoherent scatter ion line observa- 
tions were performed using the topside mode with a 
10-ms pulse repetition period and with range gates ex- 
tending from below 200 km to over 2000 in altitude. A 
300-/•s pulse was transmitted, shorter than that used 
in the standard world day mode in order to improve 

height resolution in the F region. Ion line power pro- 
file and coded long pulse plasma line data were also 
recorded. As can be seen in Plate 3, which contains the 
hydrogen ion fraction derived from the topside data, 
eclipse-driven recombination and transport effects oc- 
curred as expected (B. MacPherson et al., The effects 
of the February 26, 1998 solar eclipse on the O + - H + 
transition altitude over Arecibo, manuscript in prepa- 
ration, 2000). The strong gradients produced by the 
passing shadow are expected to have launched gravity 
waves in the thermosphere. Data from simultaneously 
recorded ion line power profiles and coded long pulse 
plasma line spectral measurements, similar to those de- 
scribed in more detail in section 2.8 below, will be used 
to test this hypothesis. 

2.7.4. Planetary waves. Quasi 2-day planetary 
waves have been studied using data from ISR 4-/•s baud 
ion line power profiles obtained during the January 1993 
ten-day run. Planetary waves are particularly promi- 
nant at tropical latitudes, and this, along with the fact 
that the Arecibo ISR can observe these waves between 

100 and 170 km where other ground-based instruments 
such as MF and meteor radars and ionosondes cannot, 
makes Arecibo ideal for studying planetary wave activ- 
ity in the lower thermosphere [CEDAR Science Steer- 
ing Committee, 1997; Altadill and Apostolov, 1998]. For 
example, the January 1993 data show quasi 2-day plan- 
etary wave penetration to an altitude of at least 145 
km along with a large effect on the ionosphere below 
95 km [Zhou et al., 1997b]. Figure 2 shows a con- 
sistent 2-day modulation in the electron density dur- 
ing the period of January 21-28, 1993, consistent with 
the 2-day components in the neutral wind. Zhou et 
al. [1997b] have also used wind and temperature delta 
derived from coded long pulse ion line observations per- 
formed during January 1997 to study tidal structure in 
the lower thermosphere between 95 and 145 km. They 
found that planetary waves and 6- or 8-hour tides can 
compete with the diurnal and semidiurnal tides, which 
were expected to dominate the data. Similar data have 

been compared with results from the Thermosphere- 
Ionosphere-Mesosphere Electrodynamcs General Circu- 
lation Model (TIME-GCM) [CEDAR Science Steering 
Committee, 1997; Zhou et al., 1997b]. 

2.7.5. Ion rain. High-resolution (150 m, 10 s) ion 
line power profile data can be used to study layering 
phenomena in the E region and their connection to the 
F region [Mathews, 1998]. Perhaps the most intrigu- 
ing new result of this work is the discovery of the phe- 
nomenon known as ion rain [Mathews et al., 1997b], an 
example of which is given in Figure 3. Ion rain has been 
observed to occur in the evening before midnight local 
time in the height range spanning the lower E region 
to the lower F region. It is known to be is associated 
with intermediate layers [Fujitaka and Tohmatsu, 1973]. 
While descending from the F region, these layers may 
be modified by large oscillations having •10 km vertical 
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Figure 2. A quasi 2-day planetary wave observed via its modulation of the electron density 
between 89.8 and 92.2 km altitude during January 21-28, 1993; the data are overlaid in 48- 
hour blocks in order to more clearly show the 2-day period. Arecibo is well suited for studying 
planetary wave penetration into the thermosphere due to its location at tropical latitudes, where 
such waves are prevalent, combined with the ability of the 430-MHz ISR to observe these waves 
between 100 km and 170 km, where other ground-based instruments cannot. Adapted from Zhou 
[19981 . 
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Figure 3. A height versus time plot showing the variation in the electron density between 
60 and 270 km on September 2, 1994. An intermediate layer is seen descending from the base 
of the F region at 1830 LT, and ion rain is clearly visible between 1900 and 2200 LT merging 
with the downgoing oscillations of the intermediate layer. The layer descending from 110 to 85 
km is sporadic E; the light vertical steaks occurring mainly between 80 and 110 km altitude are 
meteor echoes broadened by unsuccessful decoding to twice the length of the radar code. The 
structure and dynamics of the ion rain and of the layers varies greatly from day to day; the 
detailed explanation of the variability is another topic of current interest. The data were taken 
using an 88-baud code with 1-ps baud length and 10-ms pulse repetition period [Mathews et al., 
1•*]. 
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amplitude and an apparent duration of-•12 min, and 
ion rai.n may then appear as rapidly downward moving 
streaks of ionization which converge with the interme- 
diate layer exclusively on the downward side of the os- 
cillations. Mathews e! at. [1997b] suggest that ion rain 
may be related to short horizontal-scale electric fields 
possibly originating from Perkins-like instabilities in the 
base of the F region. 

2.8. Plasma Line Observations 

At Arecibo, coded long pulse plasma line measure- 
ments can be ,reed to determine the plasma frequency 
and electron density to 1 part in 1000 in -•2 s; this 
is orders of magnitude more accurate and rapid than 
is possible when using ion line measurements. At this 
accuracy, density perturbations due to gravity waves 
propagating upward into the ionosphere from the meso- 
sphere (with downward phase velocity) can be easily 
observed [Djuth et at., 1997b]. The narrow bandwidth 
of the 430-MHz line feed currently makes plasma line 

observations difficult at the F region peak itself, but 
the upgraded radar will no longer suffer this limitation. 

2.8.1. Langmuir equation and field aligned 
currents. Coded long pulse data are being used to 
investigate corrections to the standard Langmuir wave 
dispersion equation which, when finalized, will allow 
calculation of the bulk electron drift velocity from the 
plasma line Doppler shift (up versus down), thus giv- 
ing, along with ion drift, a measurement of field-aligned 
current. Such currents are thought to occur during dis- 
turbed conditions at Arecibo [Behnke and Harper, 1973; 
Mutdrew, 1980; Zhou and $utzer, 1997]. Figure 4 shows 
two profiles of the difference between the upshifted and 
downshifted plasma line frequencies versus height, along 
with a calculation of the difference frequency computed 
from a modified version of the Langmuir wave disper- 
sion equation which includes a nonisotropic heat flow 
term [Kofman et at., 1993]. The electron temperatures 
and temperature gradients required for the calculation 
were obtained from simultaneously measured MRACF 
ion line data. Although preliminary, the results appear 
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Figure 4. The frequency difference between the upshifted and downshifted plasma line frequen- 
cies on July 1, 1993, as measured using the coded long pulse technique (jagged shaded curve) 
and as computed from the isotropic Langmuir dispersion equation (open circles) and from a 
nonisotropic Langmuir equation incorporating a heat flow correction formulated by Kofman et 
al. [1993] (solid circles). The circles give the altitudes at which the electron temperature and 
temperature gradient required for the calculation were computed from incoherent scatter ion line 
data measured using the MRACF radar mode. The gap in the plasma line data between about 
250 and 430 km occurred when the plasma line frequencies around the F region peak exceeded 
the relatively narrow bandwidth of the 430-MHz line feed. Note that the nonisotropic (heat flow) 
dispersion relation appears to bridge the gap from the bottom to topside F region much better 
than the traditional isotropic theory. The theory cannot be compared with the measurements 
below 250 km due to the relatively rapid change in parameter values in that region as compared 
with the resolution of the MRACF data, and above -•450 km the assumptions necessary for the 
validity of the heat flow correction are no longer valid. The measurements were made during 
quiet conditions, and field-aligned drifts and currents have been assumed to be negligible. When 
this technique has been perfected, measurements performed during disturbed conditions may be 
used to measure field-aligned currents of 10/•A/m 2 from incoherent scatter measurements alone. 
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Figure 5. Plasma line intensity versus Langmuir wave phase energy derived from coded long 
pulse observations of the plasma line spectrum versus altitude in the bottomside F region, May 15, 
1991, 1324:00-1326:48 LT. The lowest and highest energies shown (•6 and •22 eV) correspond 
to data taken at altitudes of 125 and 275 km, respectively. Three representative l•r error bars 
are also shown. Plasma line intensity is directly related to the intensity of the photoelectron flux, 
and the dips in the energy spectrum (marked by the arrowheads) are believed to be caused by 
inelastic collisions between photoelectrons and neutrals. Adapted from Djuth et al. [1994]. 

promising. When the method is perfected, it will be 
possible to measure currents of 10/•A/m 2 with a time 
resolution of 15 seconds [Showen, 1979; Djuth et al., 
1997b]. 

2.8.2. Collisional damping of the photoelec- 
tron intensity spectrum. The coded long pulse tech- 
nique can also be used to observe the plasma line inten- 
sity with fine altitude resolution. As shown in Eigure 
$, since the plasma line frequency varies with height, 
a plot can be made of the plasma line amplitude spec- 
trum versus frequency or, equivalently, the photoelec- 
tron intensity spectrum versus energy [Djuth et al., 
1994]. The dips in the energy spectrum are believed to 
be caused by inelastic electron-neutral collisions. These 
measurements take full advantage of the sensitivity of 
the Arecibo radar, and the data have 100 times better 
energy resolution and 10 times better temporal resolu- 
tion than previous measurements of this kind. 

2.9. Meteor observations 

Incoherent scatter radars have been used for observa- 

tions of meteors since the initial observations by Evans 
[1965, 1966] at Millstone Hill. Recently, work has been 
carried out at Jicamarca [Chapin and Kudeki, 1994], 
EISCAT [Pellinen- Warmberg and Warmberg, 1994], and 
Arecibo [Zhou et al., 1995]. Meteor observations at 
Arecibo have typically used 1- to 8-/•s uncoded trans- 
mitter pulses in the raw data mode discussed above. 
Pulse repetition periods have typically been between 5 

and 1 ms, decreasing as the maximum rate for data 
recording has increased. A pulse repetition period of 1 
ms is sufficient for recording data free from height alias- 
ing effects out to 150 km in range, thus including all of 
the meteor ablation zone. Figure 6 gives an example 
in which the 430- and 46.8-MHz radars are used simul- 

taneously and shows the power versus time and height 
format in which the data are typically viewed. 

The meteor echoes seen with the 430-MHz system 
have measured radar cross sections as low as 3 x 10 -s m 2 

and in some cases even less. Depending on the partic- 
ular assumptions made regarding the meteor scattering 
mechanism, the corresponding electron line density is of 
the order of 4 x 109 m-x. The visual magnitude of these 
meteors may be estimated by comparing the detection 
rates with rates from optical observations. The result 
is a calculated magnitude of approximately + 16, which 
in turn corresponds to an estimated meteorold mass of 
about 10 -6 g [Mathews et al., 1997a]. The meteors 
seen by the Arecibo 430-MHz radar are thus among the 
faintest observed by any type of ground-based instru- 
ment. 

The example of Figure 6 is typical of many of the 
meteors observed by both the 430-MHz and 46.8-MHz 
radars in that the long lifetime of the backscattered 
signal indicates that the primary echoes originate from 
objects traveling in the radial direction of the narrow 
antenna beam [Zhou et al., 1998]. These echoes cannot 
be explained by theories which assume perpendicular 
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Figure 6. A power versus time and height plot of a meteor observed simultaneously with the 
Arecibo 430- and 46.8-MHz radars on September 30, 1994, near 0600 LT using a 2-ps uncoded 
pulse and 5-ms pulse repetition period on each system with no integration. The upper range 
limit at 120 km was determined by the capacity of the data-taking system to record raw data 
samples. This example is typical of many of the meteors observed by the Arecibo radars in that 
the long lifetime of the backscattered signal indicates that the primary echoes originate from 
objects traveling in the radial direction of the narrow antenna beam and that their orbits may 
thus be determined using these data alone. The meteors seen by the Arecibo 430-MHz radar are 
among the faintest observed by any type of ground-based instrument. Adapted from Zhou et al. 
[1998]. 

scatter from the trail. Explaining the scattering mech- 
anism is the most important theoretical question posed 
by these observations. 

The fact that many of the meteors observed at Arecibo 
fall directly into the radar beam means that their orbits 
may be determined using these data alone. On the basis 
of the orbital information thus derived, Mathews et al. 
[1997a] suggest that micrometeors pervade the inner so- 
lar system and may be primordial in origin. These data 
are also being used to determine the flux of extrasolar 
system dust particles. 

Simultaneous radar, lidar, and passive optical obser- 
vations, such as those made at Arecibo during the 1997 
and 1998 Leonid meteor showers, may shed light on a 
number of aeronomy problems, such as meteoric effects 
on mesopause chemistry and on the formation of spo- 
radic E and sporadic metal layers [Zhou et al., 1999a]. 

3. Optical Instrumentation and 
Observations 

The Arecibo optical program includes both passive 
airglow and active lidar observational capabilities, both 
of which can be used for observations of the iono- 

sphere. The passive instruments include two modular 
Fabry-Perot interferometers, an Ebert-Fastie spectrom- 

eter, and four dual-channel tilting filter photometers. 
The detectors, which are GaAs photocathode photo- 
multiplier tubes with 10% or greater quantum efficiency 
and gains of 10 e, permit observations between 3000 
and 9000 ]i. These instruments are housed in the orig- 
inal Arecibo optics building, where six plexiglas domes 
and four dual-axis 0.10 per step programmable mirror 
systems are available for use. The active instruments, 
housed in the new optics laboratory, include a Doppler 
Rayleigh lidar and two resonance fluorescence lidars, all 
using photomultiplier detectors similar to those used by 
the passive Arecibo instruments. The passive instru- 
ments are capable of automatic operation. Visiting in- 
struments are also common at Arecibo, and one or two 
are typically installed on site at any given time. Arecibo 
optical observations are currently limited to nighttime 
and twilight measurements [Tepley, 1989]. The instru- 
ments and some of the ionospheric observations made 
with them are described in more detail in sections 3.1- 

3.6. 

3.1. Airglow instruments 

3.1.1. Fabry-Perot interferometers. Arecibo's 
two Fabry-Perot interferometers are used to measure 
the nighttime neutral wind and temperature from the 
Doppler shift and broadening of F region O( • D) 6300 
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A red line emissions from around 300 km and E re- 
gion O(1S) 5577 • green line emissions, respectively, 
originating near 100 km altitude lingham, 1972]. Ther- 
mospheric and exospheric 6563 J• Ha emissions are also 
observed. The wind velocity and first-order velocity 
gradient are obtained by alternating observations be- 
tween zenith and eight equally spaced azimuth angles 
at a elevation angle of 300 The interferometers are 
designed for narrow bandwidth observations; the band- 
width used for 6300 • observations is 0.02 • with a 
0.2 J• free spectral range; at 6563 • the bandwidth is 
normally 0.08 J•. The instruments have 0.15-m clear 
apertures and 1.2-m focal lengths. The field of view is 
typically 0.250 in diameter, and the spectral line sensi- 
tivity is two counts per second per rayleigh. Integration 
times are typically 20 s per point; with seven points per 
spectrum and nine spatial positions, so that one ob- 
servation takes •20 min. Temperature can typically 
be measured at 6300 • to within 50 K and velocity to 
within 20 m/s; at 5577 • the corresponding values are 
5 K and 20 m/s. The two etalons may be combined for 
very high resolution measurements. 

3.1.2. Ebert-Fastie spectrometer. The spec- 
trometer used at Arecibo is of the Ebert-Fastie config- 
uration with 0.15-m-long entrance and exit slits and a 
focal length of i m. This instrument can be used to 
scan rapidly over a broad frequency range and is most 
often used to measure line intensities within molecular 

rotational spectral bands in order to compute nighttime 
neutral temperatures. The most commonly observed 
species are OH and O2, both of which have rotational 
bands throughout the 3000-9500 • range. Of these, the 
most commonly ob'•erved lines are those in the 8400 • 
OH (6-2) and 8645 J• O2 (0-1) bands. The source re- 
gion of the former is found near 85 km altitude, while 
the latter orginates near 95 km in the mesopause region, 
where the lowest atmospheric temperatures occur. The 
7320 • O + line has also been observed with this instru- 

ment during thermospheric twilight [Meriwether et al., 
1978]. A typical observation might take 6 min, incor- 
porating a 240-point scan, a 0.5-s integration at each 
point, and a sum over three scans; the temperature ob- 
tained during such a measurement is typically accurate 
to within •10 K and the intensity error is about 10%. 
The bandwidth is adjustable between 0.2 and 10 •, with 
a maximum scanning range of 1000 • anywhere between 
3500 and 8700 •. The Arecibo spectrometer has a rect- 
angular field of view which is variable from 8.50 by 0. 
degree to 8.50 by 8.50 and a typical sensitivity at 6300 
• of 25 counts per second per rayleigh per angstrom. 

3.1.3. Photometers. The four Arecibo photome- 
ters [Eather and Reasoner, 1969; Herrero and Meri- 
wether, 1980] are used to monitor the airglow intensity 
using either a two-point on-line/off-line measurement or 
by scanning in frequency over the emission region; they 
may also be used in pairs to measure rotational tem- 
perature. About 10 s is required per data point, or 20 s 
for a complete measurement, providing neutral temper- 

atures accurate to •3-5 K and with an intensity error 
of•5% [Tepley et al., 1981]. Spectral information is ob- 
tained by varying the tilt of a narrowband interference 
filter; several filters are available for airglow emissions 
throughout the visible portion of the spectrum. The 
tilt range is 10 ø, resulting in a •25 A scan. The reso- 
lution of these instruments ranges between 3 and 10 A, 
depending on the filter used; the field of view diameters 
are adjustable between 0.250 and 5.00 , and their sensi- 
tivity is typically •300 coun[s per second per rayleigh 
per angstrom. The relatively high sensitivity of pho- 
tometers allows them to be used for observing rapid 
changes in airglow intensity on a timescale, depend- 
ing on the observed intensities, of i s to several sec- 
onds. As a result, they are often used to provide back- 
ground intensity calibration measurements in support 
of Fabry-Perot interferometer observations. The pho- 
tometers themselves are calibrated using a 14C source. 

3.2. Lidars 

Optical instrumentation for active observations in the 
ionosphere currently consists of pulsed dye and Alexan- 
drite ring laser systems intended for resonance fluores- 
cence lidar observations of naturally occurring atomic 
metal layers between roughly 80 and 105 km [Measures, 
1984; Beatty et al., 1989; Castleberg, 1997] and of a 
frequency-doubled Nd:YAG laser for Doppler Rayleigh 
lidar measurements of neutral wind, absolute tempera- 
ture, and relative density from 20 to 60, 25 to 60, and 
25 to 70 km in altitude, respectively [Measures, 1984; 
Tepley, 1993, 1994; Castleberg, 1997; Friedman et al., 
1997]. 

The Nd:YAG system was acquired by the observa- 
tory in February 1990 and has been used for 5320 
• Doppler Rayleigh observations of upward coupling 
from the stratosphere/lower mesosphere to the meso- 
sphere/lower thermosphere/ionosphere system; outputs 
at 3547 A and 10640 A are also available. The Alexan- 
drite ring laser system [yon Zahn and HSffner, 1996] 
arrived in late 1995 and saw first light in May 1996 
[Uastleberg, 1997]. It has its fundamental frequency 
band between 7200 and 8000 • and is currently used 
for observations of neutral potassium layers at 7699 •. 
The system has a sufficiently narrow emission band- 
width that these observations can be used to measure 

mesospheric wind and temperature; this capability is 
expected to become available for use in the summer of 
1999. In the future, neutral iron and calcium ion layers 
will be observed at 3719 and 3934 •, respectively, using 
the 3600-4000 • second harmonic frequency band. A 
frequency source, in the form of a low-power seed laser, 
is required for each operational frequency. The Alexan- 
drite system has also been used to measure the neutral 
temperature from 7699 • Rayleigh scattering between 
25 and 70 km and, after two levels of frequency conver- 
sion, to measure neutral sodium at 5890 • between 80 
and 105 km (although this is not practical for routine 
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measurements); along with the Nd:YAG system it has 
been used to observe Mie scattering from aerosols in 
the upper troposphere and lower stratosphere at 3850, 
5320, and 7699 • [Castleberg, 1997]. The pulsed dye 
laser system was acquired for the Coqui II campaign 
of early 1998 (described in section 5.1). It arrived in 
December 1996 and saw first light in May 1997. The 
dye laser must be pumped in order to operate, a job for 
which the Nd:YAG laser is used; it is intended primarily 
for 5890-• neutral sodium layer density measurements 
[She and Yu, 1994] and in the future will also be used 
for 4227-• neutral calcium observations. 

Transmissions occur through open ports in the labo- 
ratory ceiling. The dye system transmits a 10-ns pulse 
every 25 ms at 7.5 MW peak (3-W average) power, 
the Alexandrite system transmits a 200-ns pulse ev- 
ery 50 ms at i MW pe,•k (4-W average) power, and 
the Nd:YAG system transmits a 6-ns pulse every 25 
ms at 66 MW peak (16-W average) power. All three li- 
dars use 0.80-m-diameter Cassagrain telescopes, located 
on the roof of the lidar laboratory, for receiving; the 
power-aperture products are 1.4, 1.9, and 7.5 W m 2, re- 
spectively. Although the telescopes are fully steerable, 
the current biaxial transmit/receive geometry requires 
fixed pointing during observations. Coaxial transmis- 
sions, which will allow the full pointing capability to 
be used, will be implemented in the near future. The 
receiver fields of view are each 0.5 mrad, and each tele- 
scope is coupled via optical fiber to a photomultiplier 
tube detector. A 0.70-m focal length Fabry-Perot in- 
terferometer is available for high-frequency resolution 
measurements. Data may be collected with sampling 
as fine as 5 ns, but coarser sampling is generally used. 

The resonance lidars may be used to measure metal 
densities with typical time and range resolutions of 30 
s and 37.5 m, respectively. The minimum detectable 
density is determined by the power-aperture product 
of the lidar and the sensitivity of the photomultiplier 
tubes, which can respond to as few as one or two pho- 
tons. For an integration period of 30 s this corresponds 
to a density of <10 atoms/cm a, and with appropriate 
data processing <1 atom/cm a may be detected. Mea- 
surements of mesospheric wind and temperature with 
the Alexandrite system will have a time resolution of 10 
min, and it is possible that the range resolution will be 
as good as 150 m. Velocities and temperatures will be 
accurate to about 10 m/s and 10 K, respectively. Mea- 
surements with the Doppler Rayleigh system typically 
have a time resolution of 10 min and a range resolution 
of 1.5 km. Wind velocities are accurate to within 10 

m/s at 45 km altitude [Friedman et al., 1997]; in the 
future this altitude will be increased to 60 km or more. 

Measured temperatures have a typical accuracy of 10 K 
at altitudes above 60 km. 

3.3. Visiting Instruments 

The Arecibo optical program regularly hosts visit- 
ing instruments, which generally provide observations 

complimentary to Arecibo's own capabilities. Recent 
visiting instruments have included a Fabry-Perot inter- 
ferometer from Scientific Solutions of Massachusetts, a 
spectrometer from Arizona State, a photometer from 
Clemson University, and several imagers. Since imagers 
have not yet been discussed, a few details will be given 
here. 

Imagers may be used to study the spatial structure 
of relatively slowly changing airglow emission intensi- 
ties over large regions of the sky. Visiting all-sky im- 
agers, fielded by Utah State and Boston Universities, 
have been used to produce images of 5577-• oxygen 
and broadband OH emissions [Taylor and Garcia, 1995] 
and 6300-• atomic oxygen emissions [Baumgardner et 
al., 1993], respectively. A third all-sky imager has since 
been installed by the space plasma physics group at 
Cornell University and used to measure 6300-• emis- 
sions from the F region, 5577-• emissions from the E 
region, and broadband OH emissions from the meso- 
sphere between 7150 and 9300 •. The Cornell imager 
produces signal-to-noise ratios ranging from •20 to •50 
using a 14-bit pixel depth, 1024 by 1024 pixel silicon 
CCD cooled to -40øC [Garcia et al., 1997]; the CCD is 
80% quantum efficient at visible wavelengths. Typical 
exposure times are 90 s for the narrowband atomic oxy- 
gen observations and 15 s for OH. This instrument has 
proven to be significantly more sensitive than image- 
intensified systems. Imagers fielded by the Air Force 
Research Laboratory and the Naval Research Labo- 
ratory [Bernhardt et al., 1989b] have also been used 
to study HF-enhanced airglow, as discussed in section 
4.1.3. Observations obtained with the Cornell device 

are included in the examples presented in section 3.4.3. 

3.4. Observations of Atomic Oxygen in the F 
Region 

Most 6300-• emissions originate just below the F 
region peak, where maximum O• + densities are found. 
The 6300-• red line is produced when O• + recombines 
with an electron, producing one or two excited atoms 
of atomic oxygen; a 2-eV photon is then emitted during 
relaxation to the ground state. 

3.4.1. Postmidnight collapse. An example of 
Fabry-Perot interferometer and photometer data show- 
ing the postmidnight collapse of the F2 layer is given in 
Figure 7. At about 0300 LT the meridional wind, which 
had been blowing southward, begins to abate and shift 
to the north. While a southward wind tends to hold 

the plasma to higher altitudes, the effect of the wind 
reversal to the north forces the plasma down the geo- 
magnetic field lines into regions of greater O• + density. 
The outcome is an increase in the recombination of O• +, 
dissociating the molecule into the atomic oxygen O( • D) 
excited state and resulting in the large increase in 6300- 
• airglow intensity observed at about 0330 LT [Nelson 
and Cogget, 1971]. 

3.4.2. F region gravity waves. Mendillo et al. 
[1997] gives an example of image data taken with the 
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Arecibo 6300-A intensity and derived neu- 
tral wind measurements showing the postmidnight shift 
from southward to northward thermospheric winds dur- 
ing the night of March 1-2,1998. This causes a decrease 
in the height of the F region known as the postmid- 
night collapse and a corresponding increase in airglow 
intensity due to increased recombination of O• +. The 
velocity error bars are +1 standard deviation; note the 
dramatic decrease in the magnitude errors at times of 
strong airglow intensity. The error bars on the inten- 
sity data behave similarly; these indicate the variations 
of the signal within an average of 15 points, each inte- 
grated for 10 s and with a standard deviation of a few 
percent. The airglow intensity and spectral line Doppler 
shifts, from which the wind velocity data are derived, 
were measured with an Arecibo photometer and Fabry- 
Perot interferometer, respectively. Due to the overhead 
incurred when running several instruments simultane- 
ously, the time resolutions are somewhat less than what 
is possible for each instrument alone. 

Boston University instrument in which gravity wave, or 
buoyancy wave, signatures are seen in the hours pre- 
ceding local midnight during the January 1993 ten-day 
world day period described in section 2.6. The wave- 
length was •500 km and propagation velocity was •100 
m/s, yielding a period at zenith of •90 min; these pa- 
rameters are typical of long-period F region gravity 
waves. Simultaneous 430-MHz radar data show that 

these neutral atmospheric waves have associated elec- 
tric potentials which reduce the ion drag damping ex- 
perienced by the waves [Kelley and Miller, 1997]. 

3.4.3. Traveling ionospheric disturbances. Fig- 
ure 8 shows a westward propagating traveling iono- 
spheric disturbance (TID) wave packet observed at 6300 
• on January 6, 1997, using the Cornell imager. Al- 
though these structures usually travel to the southwest, 
westward is emphasized here since classic TIDs from 
the auroral oval generally track southward. This par- 
ticula.r packet had a 30-min period, a 105-km horizon- 
tal wavelength, and a 58 m/s phase velocity. Kelley 
and Miller [1997] hypothesize that these features are 
related to the turbulent upwellings observed by the MU 
radar [Fukao et al., 1991; Kelley and Fukao, 1991] since 
they have similar periodicities, phas e velocities, and ori- 
entations; Behnke [1979] and Miller et al. [1997] note 
that the maximum growth rate for the Perkins insta- 
bility [Perkins, 1973] is in the same direction. An ex- 
citing recent result, in which coherent echoes were de- 
tected from Puerto Rico by two 50-MHz radars (fielded 
by the universities of Illinois and Cornell) while the 
imager observed banded southwest propagating struc- 
tures, appears to confirm this hypothesis (E. Kudeki 
et al., personal communication, 1998). The observed 
Doppler shift at times exceeded 300 m/s. 

Perhaps even more spectacular is the image in Fig- 
ure 9 from the evening of 22-23 November 1997, during 
which Kp reached 7 and a remarkable surge of alternat- 
ing bright and dark 6300-• airglow bands coursed pole- 
ward from the southern sky, bifurcating en route along 
the northern edge. One of the dark portions is seen in 
the left-hand side of Figure 9. The overplot, from GPS 
satellite 31, shows the trajectory corresponding to the 
plot of relative total electron content (TEC) below, also 
viewed from Puerto Rico. Note that the darkest airglow 
regions are colocated with deep TEC depressions, while 
the bright bands have very large TEC values. The ex- 
cursion is 20 TEC units. Such a behavior is the oppo- 
site one expected from purely chemical arguments since 
bright airglow should come from rapidly recombining 
regions. Remarkably, this and subsequent structures 
became oriented in the same direction as those in Fig- 
ure 8 and traveled in the same general direction. Such 
westward tracking, along with the early evening devel- 
opment over Arecibo, rules out an origin associated with 
equatorial spread F. 
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Figure 8. (top) A traveling ionospheric disturbance (TID) observed in the F region over 
Arecibo by a 6300-A imager on January 6, 1997. (bottom) The percentage change in airglow 
luminosity along the horizontal white line located near the center of the image. Although TIDs 
from the auroral oval generally track southward, this structure, which had a 30-rain period, 105- 
km horizontal wavelength, and 58 m/s phase velocity, moved westward and is hypothesized to be 
related to turbulent upwellings observed by the MU radar [Fukao et al., 1991; Kelley and Fukao, 
1991; Kelley and Miller, 1997]. 

3.5. Observations of H• and Metastable He 
in the Thermosphere and Exosphere 

The possibility now exists at Arecibo to perform joint 
radar and optical observations of the middle and upper 
ionosphere/thermosphere system. As previously dis- 
cussed, the 430-MHz radar can be used to measure O +, 
He +, and H + between 250 and 2500 kin. Complimen- 
tary to this, optical observations may be made of O, He, 
and H over a comparable range of heights. The 6563-• 
H• intensity measurements from neutral atomic hydro- 
gen have been measured at Arecibo for over a solar cycle 
[Meriwether et al., 1980; Kerr et al., 1986] and can be 
used to deduce neutral atomic hydrogen effective tem- 
perature and density profiles [Kerr and Tepley, 1988; He 
et al., 1993]. Exospheric neutral helium can be observed 
using the 10830-• triplet emission from roetastable He 
[Kerr et al., 1996], and exospheric neutral atomic oxy- 

gen can be observed via the 8446-• triplet emission 
[Lancaster et al., 1994, 2000], thus forming a complete 
picture of high-altitude neutral species. 

Exospheric emission intensity is measured using the 
Earth's shadow to define the altitude of the base of 

the observed column emission [Meriwether et al., 1980; 
Kerr and Tepley, 1988; Nossal et al., 1993]. Observa- 
tions are made throughout the night, during shadow 
rise between sunset and midnight and during shadow 
fall between midnight and dawn. The technique works 
best during winter, when twilight periods are long; 
at Arecibo the heights from which data are obtained 
can reach 25,000 km during this time period. High- 
resolution H, line profiles have been used to measure 
effective temperatures, line asymmetry due to non- 
M•xwelli•n dynamics, •nd fine structure [Meriwether et 
al., 1980; Kerr et al., 1986; Nossal et al., 1997, 1998]. 
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Figure 9. A set of 6300-A all sky images showing a series of airglow bands moving northward 
over Arecibo during the evening of November 22-23,1997, during which Kp reached 7. The white 
overplots show the trajectory of GPS satellite 31 as viewed from Puerto Rico, with the solid 
circles indicating the points corresponding to image times and to the times marked in the total 
electron content (TEC) plot in the bottom panel. The darkest airglow regions are colocated with 
deep TEC depressions, while the bright bands have very large TEC values; this is opposite to 
the behavior expected from chemical arguments. 

To date, observations of Ha and metastable He have 
been carried out at Arecibo. Ha observations from 400 
to over 10,000 km have been performed using the in- 
house interferometers and photometers described above. 
Observations of metastable He between 100 and 1000 
km have been carried out with a Scientific Solutions 

double etaIon Fabry-Perot interferometer using a liq- 
uid nitrogen cooled germanium detector specifically de- 
signed for that purpose [Kerr et al., 1996; Noto et al., 
1992]. Ha emissions have now been observed at Arecibo 
over a period spanning more than a solar cycle. 

In addition to providing evidence of modulation and 
enhancement of exospheric Ha emissions by the solar 
cycle and following geomagnetic storms, respectively, 
the measurements described above are being used to 
study the escape of hydrogen and helium from the at- 
mosphere [Kerr ½t al., 1999a]. Helium has the lower 
rate of escape but is inert, and there is no known con- 
temporary source able to replenish helium lost to space. 
Hydrogen, on the other hand, is replenished by sources 
in the lower atmosphere at a rate which depends on 
chemistry in both the lower and upper atmospheres as 
well as on transport and charge exchange in the upper 
atmosphere. 

An understanding of both of these exoshperic pro- 
cesses, natural variability and escape of light atoms, is 
important for isolating possible long-term trends due 

to anthropogenic influences on climate [CEDAR Sci- 
ence Steering Committee, 1997]. For example, tropo- 
spheric methane is both one of the primary greenhouse 
gases and a particularly important source of topside 
and exospheric hydrogen, and its abundance is grow- 
ing at a rate of-,•1% per year. Furthermore, predic- 
tions by Ehhalt [1986] and the National Center for At- 
mospheric Research (NCAR) upper atmospheric global 
mean model [Roble and Dickinson, 1989] suggest that 
a doubling in the concentration of lower atmospheric 
methane may result in increases of 30-50% in exo- 
spheric hydrogen. Arecibo Ha data show an upward 
trend in emissions which appears to support the NCAR 
model results [Kerr et al., 1999b]. Fabry-Perot obser- 
vations from the University of Wisconsin, the other site 
of long-term ground-based exospheric Ha observations, 
also suggest an upward trend, though of lesser magni- 
tude than that seen at Arecibo [Nossal et al., 1993]. 

3.6. Observations of Na in the Lower E Region 

Since coming on line in May 1997, the pulsed dye laser 
system has provided reliable resonance fluorescence li- 
dar observations of the background neutral sodium layer. 
Coordinated radar/lidar meteor observations were be- 
gun during the Leonid meteor shower in November 1997 
with observations of meteoric sodium at 5 s time reso- 

lution and 37.5 m range resolution and were continued 
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in November 1998. Future experiments will also in- 
clude observations of neutral potassium, which should 
be particularly interesting since the nominal peak den- 
sity of atmospheric potassium is about 60 atoms/cm 3, 
just over 1% that of sodium, whereas the meteoric con- 
tributions of the two should both be of the order of 

50 atoms/cm 3, resulting in a more prominent mete- 
oric potassium signal [Castleberg, 1997; yon Zahn and 
HSffner, 1996]. 

In the past, neutral sodium lidar data taken at Arecibo 
have been used in conjunction with high-resolution radar 
data to study the relation between the occurrence of 
sporadic sodium layers and sporadic E [Beatty et al., 
1989; Mathews et al., 1993; Kane et al., 1993]. These 
studies continued when the pulsed dye lidar provided 
key support for several NASA sounding rockets launched 
from Puerto Rico in early 1998 dedicated to the study 
of wave and layer dynamics in the lower E region. 
The rockets performed in situ measurements of neu- 
tral sodium, neutral potassium, ion mass, charged dust, 
electric fields, and temperature. Plate 4 shows an ex- 
ample of the Arecibo data taken during that campaign. 

4. HF Ionospheric Interaction 
Experiments 

The Arecibo high frequency transmitter or HF facil- 
ity is currently located near the Atlantic coast -.•17 km 
NNE of the radar site [Gordon et al., 1979; Fejer et al., 
1985; Arecibo Observatory, 1989; Isham, 1991]. Unfor- 
tunately, in September 1998, Hurricane Georges caused 
major damage to the antenna array; in addition, in Jan- 
uary 1999 the government of Puerto Rico designated 
the surrounding area as a wetlands preserve. Taken to- 
gether, these events effectively preclude continued HF 
operations at the current location. The future of iono- 
spheric interaction experiments at the Arecibo Obser- 
vatory is currently under study. We report here on how 
the facility was configured until the recent damage. 

The Arecibo HF facility has frequency allocations 
from 2.5 to 18 MHz, although for technical reasons it 
has normally been used at a set of specific frequencies 
between 3.1 and 8.2 MHz. It can be used at 400 kW 

CW power and in the past has occasionally been used at 
600 kW. Operations above 400 kW have been limited by 
the capacity of the diesel generators and the condition 
of the aging antenna array, which consists of two iden- 
tical, adjacent, and electrically independent 4 by 4 ar- 
rays of log periodic antennas, each with a gain of 20 dB, 
aligned on an east-west axis. The 1994 upgrade of the 
HF transmission lines greatly improved the efficiency of 
delivering power to the antennas, with the result that 
the power transmitted from the array roughly doubled. 
The HF facility is unique among Arecibo instruments in 
that it is designed to actively influence the ionospheric 
plasma, and this powerful capability has been used to 
perform experiments important both for understanding 
the natural atmosphere and for exploring basic plasma 

physical processes. About one third of the roughly 1500 
hours of annual atmospheric science observing time at 
Arecibo is normally devoted to HF interaction experi- 
ments. Selected examples of recent results are given in 
the remainder of this section. 

4.1. Active Aeronomical Experiments 

4.1.1. Artificial periodic irregularities. A me- 
thod of considerable recent interest has been the ar- 

tificial periodic irregularity (API) technique, in which 
the standing wave fortned from an upgoing HF pump 
wave and its reflection creates qua.siperiodic density and 
temperature irregularities having potential use as a di- 
agnostic for vertical winds, gravity waves, and the am- 
bient electron density profile in the F, E, and possibly 
D regions [Rietveld et al., 1996; Djuth et al., 1997a]. 
Ionospheric API observations have been performed in 
the past at Arecibo by Fejer et al. [1984] and, more re- 
cently, in June 1997. Further work is needed in order to 
carefully evaluate the capabilities of this new technique. 

4.1.2. Ionospheric thermal balance. The abil- 
ity of the Arecibo ISR to independently measure To+, 
T•+, and Te [$ulzer and Gonzdlez, 1996] can be used 
to determine the increase in these temperatures caused 
by HF transmissions and the rates of heat conduction 
between species as the temperatures relax after the 
HF is turned off. This is important for understanding 
the ionospheric thermal balance problem, and ties into 
the work on the ionospheric Langmuir wave equation 
mentioned in section 2.8.1. An initial experiment on 
this topic performed in January 1998 included Arecibo 
Fabry-Perot interferometer observations of exospheric 
Ha in an attempt to detect an increase in the neutral 
hydrogen temperature due to charge exchange with en- 
ergetic H + . 

4.1.3. Accelerated electrons. HF transmissions 

can provide a controlled source of F region energetic 
electrons which the radar can then study, via their ef- 
fect on the natural plasma line, as they propagate along 
geomagnetic field lines [Carlson et al., 1982]. The im- 
proved bandwidth capabilities of the radar will signif- 
icantly enhance Arecibo's capabilities for performing 
these measurements. In addition, electrons energized 
by HF transmissions excite airglow, which can be used 
to perform experiments in conjunction with the imagers 
discussed in section 3.3 [Bernhardt et al., 1989b]. A re- 
markable result from an ionospheric interaction experi- 
ment performed during January 1998 indicates that the 
improved power output of the Arecibo HF array pro- 
duced electrons of significantly higher average energy 
than was possible in the past [Djuth et al., 1999]. 

4.2. Fundamental Plasma Physics: Langmuir 
Turbulence 

The first successful F region HF interaction experi- 
ments were performed at Platteville, Colorado, in 1970. 
Results from these experiments led to the prediction 
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that plasma instabilities were excited by the electric 
field of the powerful HF wave [Perkins and Kaw, 1971] 
and prompted the initiation of similar experiments at 
Arecibo later that same year. The first HF instability 
enhanced plasma line spectrum was observed in 1971 
by Carlson et al. [1972], and the first enhanced ion line 
spectrum was observed in 1972 by Haglots and Zamlutti 
[1973], thus confirming the predictions. It was initially 
thought that parametric instabilities, a description of 
which can be derived from the Zakharov equations via 
the weak plasma turbulence approximation, would be 
adequate to explain the fundamental physical interac- 
tion, but it gradually became clear that the approxima- 
tion was not adequate and that a full Zakharov model, 
which includes small-scale cavitation processes, was re- 
quired [Zakharov, 1972; Petviashvili, 1976; Fejer, 1979; 
Payne et al., 1984; DuBois et al., 1991]. The Arecibo re- 
sults of $ulzer and Fejer [1994] dramatically confirmed 
many of the features of the new model. 

Plate 5, obtained using the technique of $ulzer and 
Fejer [1994], is an example of what is possible using the 
increased power level of the upgraded HF facility. The 
HF pump begins to come on at i ms, and a broad cavi- 
tation spectrum is seen near the top of the 1- and 2-ms 
subplots just below the HF reflection height, with spec- 
tral power weighted to the downshifted side of the HF 
pump frequency but also including upshifted enhance- 
ments. At the same time the free mode or enhanced 

natural Langmuir wave spectrum is seen upshifted by 
about 65 kHz. At 3 and 4 ms the cascading spectrum 
of the parametric decay mode can be at and generally 
downshifted from the HF pump frequency at a location 
known as the matching height •1 km below the reflec- 
tion height. A significant new result is the extension of 
the enhancements of the natural Langmuir wave spec- 
trum downward to an altitude over i km below that of 

the cascade spectrum, seen in the negative frequency 
portion of the 10- and 11-ms subplots just before turn- 
off of the HF pump. 

The variations in spectral intensity and morphology 
among the subplots are of particular interest, as they 
signal the extension of Langmuir turbulence research 
from the creation and development of instabilities to the 
microphysics of the generation and evolution of small- 
scale plasma irregularities. The variations are due to 
local focusing and defocusing of pump power in to and 
out of the 700 m diameter radar field of view, caused 
by changes in HF induced 10 m to 100 m scale size 
irregularities over the 10 s of real time which lapses be- 
tween each subplot. As the HF wavelength is 58.8 m, 
the irregularities must be of this size scale in order to 
locally focus the HF beam. Yet the detailed height or- 
dering of the Langmuir spectra remains undisturbed, so 
that the irregularities must be smaller than the 150-m 
range resolution of the observations. Typical F region 
plasma drift velocities are of the order of tens of meters 
per second [Bernhardt et al., 1989a], so that an irregu- 
larity would require tens of seconds to drift through a 

distance comparable to the size of the radar beam. This 
compares well with the distance between the peaks in 
backscatter power seen in Plate 5, which occur at 4 and 
10 ms, corresponding to a difference in real time of 60 
S. 

Neither enhanced Langmuir waves below the match- 
ing height nor excitation and evolution of irregularities 
can be fully explained by current Langmuir turbulence 
models; both require the incorporation of additional 
processes for the transfer of energy within the plasma 
and further work at higher modeled power densities and 
longer timescales. It is significant to note that in the 
example of Plate 5 the HF pump is exciting irregular- 
ity growth at a duty cycle of only 0.5%. Data such 
as these are important for shedding light on the mi- 
crophysics of plasma irregularity generation. Potential 
applications include improving our understanding of ir- 
regularity growth in the high-latitude ionosphere due to 
bursts of precipitating energetic electrons as well as in 
other astrophysical and laboratory plasmas where rapid 
high-energy events are known to occur [Robinson, 1997]. 

Discussion 

We now consider what lies ahead. Arecibo's new ca- 

pabilities will contribute substantially to future scien- 
tific progress, and this is considered first, followed by 
comments on possibilities for future technical progress. 

5.1. Future Scientific Directions 

It is certain that exciting and dramatic results lay 
in store for future Arecibo investigations, and to best 
achieve those results, Arecibo will take advantage of 
three fundamental capabilities: first, the unsurpassed 
sensitivity of the incoherent scatter radar, which allows 
investigations of atmospheric regions and fundamental 
phenomena not possible at other facilities; second, the 
instrument cluster, which has been carefully assembled 
over the years by the observatory in collaboration with 
the national and international atmospheric, space, and 
plasma physics communities and which gives Arecibo 
significant abilities to conduct investigations that would 
be impossible using the radar alone; third, participation 
(1) as a link in the American chain of upper atmospheric 
observatories, (2) as a member of the international in- 
coherent scatter radar network, and (3) as a collab- 
orator in observational programs such as the upcom- 
ing joint National Science Foundation CEDAR (Cou- 
pling, Energetics, and Dynamics of Atmospheric Re- 
gions) and NASA TIMED (Thermosphere-Ionosphere- 
Mesosphere Energetics and Dynamics) satellite pro- 
gram, all of which enhance Arecibo's capabilities over 
those possible with single point investigations alone. 

The potential of the Arecibo instrument cluster was 
dramatically demonstrated during the Coqui II rocket 
campaign of February, March, and April 1998, during 
which eight NASA sounding rockets were launched into 
the E region off the north coast of Puerto Rico. The 
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rocket experiments included several chemical releases 
and a fight through plasma turbulence created by the 
Arecibo HF facility. Arecibo's ability to perform com- 
mon volume simultaneous radar and optical measure- 
ments of sudden atom layers near the turbopause tran- 
sition region (see Plate 4) was the key factor in the de- 
cision of where to hold the launches. In turn, the rare 
combination of rocket, radar, and optical observations 
attracted other instruments, including one HF radar, 
two VHF radars, and additional imagers and cameras, 
which were deployed on the island during the campaign 
to further enhance the capabilities of the instrument 
cluster. Measurements made during the Coqui II cam- 
paign will contribute substantially to our understanding 
of the structure and dynamics of the turbopause region. 
We conclude the discussion of future scientific directions 

with a review of five key research areas in which signif- 
icant progress is likely to be made. 

5.1.1. Tides, waves, and turbulence. Arecibo 
is particularly well-suited to studies of planetary waves, 
tides, gravity waves, and turbulence in the mesosphere 
and lower thermosphere. As a CEDAR participant, as 
a member of the American upper atmospheric obser- 
vatory chain, and with other atmospheric observato- 
ries worldwide, Arecibo is able to participate in both 
distributed studies of latitudinal and longitudinal cou- 
pling and cluster studies of vertical coupling vital to 
the understanding of the origin and evolution of these 
phenomena. In addition, collaborations between the 
TIMED satellite program and investigators using Are- 
cibo will add longitudinal coverage to these programs. 

An important example within this research area, and 
a topic which is likely to be the subject of focused in- 
terest for many years to come, is the study of gravity 
waves. How do they interact with and penetrate the 
wind field in the mesosphere? How do they affect ion- 
ization in the D and lower E regions? Where do they 

deposit their energy and momentum? The search for 
answers requires measurements of structure in greater 
detail than that which is available from observations 

of the mean wind field. Modern imaging technology 
will have a central role in the visualization of horizontal 

wave structure, and the plasma line technique will be 
used to assess vertical wave motion in the upper E re- 
gion and on into the F region. Finally, dual-beam 430- 
MHz radar observations, scheduled to become available 
in 2000, will be an important part of these studies as 
they will re,.luce the time resolution of vector measure- 
ments of the t, hermospheric wind field from the current 
16 to 8 min. Coplanar inhomogeneity measurements 
will be possible with a time resolution as low as 10 s 
(longer for difficult measurements and for observations 
using multiple radar programs). 

Future experiments will build on the results of both 
special campaigns such as Coqui II and ongoing com- 
munity campaigns such as the Mesosphere Lower Ther- 
mosphere Coupling Study (MLTCS). Anticipated topics 
include the processes by which tides and gravity waves 
couple the mesosphere to the lower thermosphere, the 
dynamics of the variability in turbopause location, and 
the role of dust in the formation and evolution of phe- 
nomena such as sudden atom layers, beginning with the 
basic question of how much dust is present in the re- 
gion. Mesospheric winds, waves, and tides will be mea- 
sured via sodium (dye) and potassium (Alexandrite)li- 
dar observations, as well as with the medium-frequency 
(MF) radar facility. An example of upcoming collabo- 
rations includes a proposed latitudinal study of meso- 
spheric temperatures involving Colorado State Univer- 
sity, Arecibo, and the Institute for Atmospheric Physics 
in Kiihlungsborn, Germany. 

5.1.2. Ionospheric structure. Overlaping with 
the goals of and observations required for future stud- 
ies of tides, waves, and turbulence are those impor- 

Plate 5. Langmuir turbulence results produced on July lt•, 1997, at 1958:05 LT using the recently doubled 
transmission power of the Arecibo HF ionospheric interaction facility. For this example the HF transmitter was 
on at a power level of 400 kW (80 MW effective isotropic radiated power) for 10 ms every 2 s. The radar pulse 
repetition period was 25.0025 ms, so that one data sample was taken during each HF pulse, with the time of the 
sample drifting 0.2 ms every 2 s. Each 1-ms subplot thus corresponds to an integration over five raw data samples 
spaced over 10.001 s of observing time; each subplot displays 26 range gates at 150-m range resolution for a total 
of 3.900 km of displayed range coverage. The upshifted plasma line was observed. The data show the principle 
features of Langmuir turbulence, including, just below the HF reflection height near the top of the 1- and 2-ms 
subplots, the broad cavitation spectrum straddling the HF pump frequency with the free mode upshifted 65 kHz 
and, about i km below the reflection height at 3 and 4 ms, the cascading spectrum of the parametric decay mode. 
New results include the appearance of enhancements to the natural Langmuir frequency profile at altitudes below 
that of the cascade spectrum, seen in the 10- and 11-ms subplots just before turnoff of the HF pump, and the 
significant variation in spectral intensity and morphology between the millisecond subplots, which is due to local 
focusing and defocusing of pump power caused by variations in HF induced 10 m to 100 m scale size irregularities 
over the 10 s of real time which lapses between the subplots. The variation in the background power level is due to 
clutter produced by the coded long pulse technique as, within each 150-m range gate, it randomizes the unwanted 
spectral power from adjacent gates. Thus the clutter level tracks the variation in the desired backscattered power 
from the Langmuir turbulence. Since the HF facility is located 17 km from the main observatory site, the radar 
was pointed 3.50 from zenith at an azimuth angle of 330 east of north in order to intersect the HF beam in the 
bottomside F region. 
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rant for advances in the study of ionospheric structures. 
The structures referred to here include those which are 

smaller than the characteristic scale sizes of the iono- 

spheric medium, that is, less than the scale height ver- 
tically and less than an Earth radius horizontally. At 
Arecibo such studies are similar to those done by other 
atmospheric facilities, but because of Arecibo's midlat- 
itude location they tend to focus on different specific 
phenomena. 

Encompassing many phenomena in the field of iono- 
spheric structure is the study of electrodynamics and in 
particular of the coupling between electric fields in the 
plasma and the motion of the background neutral gas. 
Specific topics benefiting from the instrument cluster 
include the fine structure of descending plasma layers 
and ion rain in the lower thermosphere, which could 
be a sign of electric coupling to other heights or may 
instead be due to the local actions of gravity waves. 
Related investigations also benefiting from coordinated 
distributed observations include the study of the mid- 
latitude ionospheric response to magnetic storms and 
substorms and the search for processes responsible for 
the amplification of ionospheric disturbances, which 
could lead to the creation of traveling ionospheric dis- 
turbances ('riDs) and midlatitude plumes. Studies such 
as these are an important contribution to the worldwide 
effort to better understand and predict space weather. 

Future dual-beam incoherent scatter radar observa- 

tions will allow extremely rapid measurements of drift 
vectors and electric fields in two dimensions; in com- 
bination with modern airglow imaging, lidar measure- 
ments, and other optical and radio techniques, this will 
provide an invaluable asset for studies of ionospheric dy- 
namics, electrodynamics, and structure. Finally, the ca- 
pability of the high-frequency transmitter facility to cre- 
ate irregularities and cavities within the ambient plasma 
gives a unique degree of control over the ionospheric 
medium which can be used to develop a deeper under- 
standing of the dynamics of both large- and small-scale 
structures. 

5.1.3. Light atoms and ions. The composition 
and dynamics of the topside F region has become an 
area of considerable scientific interest, in large part due 
to recent studies of light ions performed at Arecibo. The 
sensitivity of the 430-MHz incoherent scatter radar al- 
lows routine observations to 2000 km altitude and, at 
times, thousands of kilometers beyond. As with the 
topics discussed above, the information available from 
the radar is magnified by the capabilities of the local in- 
strument cluster as well as by the latitudinal coverage 
provided by the NSF upper atmospheric observatory 
chain. In addition, for topside work, longitudinal cov- 
erage is provided by other incoherent scatter radars and 
atmospheric observatories worldwide, and the combined 
data may then be used as inputs into models designed 
to explain and predict topside dynamics. 

This combination of instrumental and modeling ca- 
pabilities promises to provide fundamental advances in 

our understanding of neutral and ion dynamics in the 
topside. Important topics include topside composition, 
response to magnetic storms, and variations with so- 
lar cycle, as well as the classic subject of the escape 
of light gases and the modern field of anthropogenic 
global change. 'These topics encompass the evolution 
of the atmosphere on nearly all timescales and include 
issues of coupling from the lowest to the highest atmo- 
spheric regions as well across the full range of latitude 
and longitude. 

Topside subject areas are clearly interrelated. For 
example, to understand the contributions of anthro- 
pogenic global change to topside composition and dy- 
namics, we must first remove the variation in topside 
ion and neutral species with respect to season and solar 
flux. While we now have a basic understanding of global 
topside phenomena, there remains much work to do in 
the area of finding detailed agreement between models 
and observations and in understanding the origins and 
development of the smaller-scale processes. 

5.1.4. Variability and model validation. The 
application of models to the understanding of atmo- 
spheric processes is not limited to the topside but is also 
an important area of research in middle ionospheric, 
thermospheric, and mesospheric physics, which in turn 
is tied to the topics of atmospheric dynamics and struc- 
ture discussed in section 5.1.1 and 5.1.2. The validity 
of current models encompasses seasonal and solar cycle 
timescales rather than the short-term, day-to-day vari- 
ation of thermospheric and F region parameters and 
phenomena such as temperatures, densities, drift veloc- 
ities, waves, and tides. Yet it is an understanding of 
the nature and cause of short-term variations that is 

required for accurate forecasts of the effects on GPS 
and other satellite systems, which in turn is one of the 
primary goals of both phase three of the CEDAR pro- 
gram and of the National Space Weather Program. As 
we approach and pass through the new solar maximum, 
Arecibo will continue to contribute information needed 

to further advance our ability to understand and predict 
upper atmospheric variability. 

5.1.5. HF ionospheric interactions. High-fre- 
quency radio wave ionospheric interaction experiments 
complement all of the areas discussed above through 
the development of new techniques to study aeronomy 
and plasma physics throughout the ionosphere. These 
topics range from the origin, structure, and variabil- 
ity of plasma irregularities of all scale sizes from the 
D region to the F region, to the thermal balance be- 
tween charged species, to the coupling between iono- 
spheric turbulence and magnetospheric Alfvdn waves, 
to the detailed study of the response of the ionospheric 
plasma to incident electromagnetic radiation on mil- 
lisecond timescales. Although Arecibo does not operate 
the only such high-frequency transmitter facility, nor 
the only one located near an incoherent scatter radar, 
it is uniquely situated under the relatively smooth mid- 
latitude bottomside F region. This, in conjunction with 
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the sensitivity of the 430-MHz incoherent scatter radar 
and the extensive instrument cluster, allows studies to 
be performed at Arecibo that are not possible elsewhere. 

5.2. Future Technical Directions 

The Gregorian upgrade has provided Arecibo with 
improvements in radar time resolution, frequency band- 
width, system temperature, and near-field power. Sig- 
nificant improvements have also been made to Arecibo's 
optical facilities in the form of a new laboratory housing 
two new resonance lidar systems, to the high-frequency 
ionospheric interaction facility through a doubling of 
the transmitted power, to the medium-frequency par- 
tial reflection facility via a recent refurbishment, and 
to the experimental support in the form of a new dig- 
ital ionosonde. In spite of these advances, in none of 
the three basic areas listed earlier (the sensitivity of the 
incoherent scatter radar, the synergistic capabilities of 
the local instrument cluster, and participation in the 
national and international observatory networks) has 
Arecibo reached its full potential. First, longstanding 
dreams of an order of magnitude increase in 430-MHz 
incoherent scatter radar height resolution via a trans- 
mitter bandwidth expanded from i to 10 MHz, as well 
as the ability to study the exosphere out to the plasma- 
pause using radar power increased from 2 to 10 MW, 
remain to be fulfilled. Second, the international inco- 
herent scatter radar network has expanded through the 
recent addition of the ElSCAT Svalbard Radar, and in 
the next few years it is possible that a new, relocatable 
American incoherent scatter radar will be constructed, 
to be initially located in Alaska. Third, the instrument 
cluster continues to grow. Plans for the near future in- 
clude installation of a publicly available dedicated real- 
time spectral processor, constructed by Geospace Re- 
search Inc. of California, to complement the wideband 
capability of the Gregorian feed by providing real-time 
data processing of coded long pulse natural plasma line 
data. Although a setback, the damage caused to the 
HF facility by Hurricane Georges also provides an op- 
portunity for relocating to a better site and for devel- 
oping an improved antenna design, which may allow 
for increased transmitted power density and perhaps 
improved frequency agility. Future possibilities for the 
optical program include extending lidar measurements 
into the daytime [Chen et al., 1996] and hosting a visit- 
ing 10,830-/• resonance lidar for observations of neutral 
helium in the F region. More distant possibilities in- 
clude upgrading the lidar receiving system to include an 
array of seven 0.80-•n-diameter telescopes, which would 
extend Doppler Rayleigh lidar observations to 80 km 
thus overlaping with winds measured using the potas- 
sium resonance lidar, and the extension of airglow mea- 
surments to include the dayglow [Cocks et al., 1980]. 

Finally, entirely new fields of research remain to be 
exploited. Solar physics, for example, would greatly 
benefit from the study of hitherto unobservable regions 

and waves in the middle corona through the construc- 
tion in the western hemisphere of a large HF/VHF aper- 
ture synthesis receiving array, in conjunction with the 
installation of a new VHF transmitter at Arecibo, where 
it could take advantage of the unique gain of the 305-m 
dish [James, 1968; Parrish, 1968; Isham and Rodriguez, 
1997; Kassim and Erickson, 1998]. Such a transmitter, 
with 1.5 MW or more of CW power, could also provide 
a second frequency, and therefore a new scale length, 
for incoherent scatter observations [Watkins, 1967; Ha- 
gen and Behnke, 1976] and would have potential uses for 
underdense ionospheric interaction experiments [Farley, 
1963]. 

6. Conclusion 

A review has been given of Arecibo capabilities for 
upper atmospheric observations. The Arecibo incoher- 
ent scatter radar and instrument cluster make a signif- 
icant contribution to the American upper atmospheric 
observatory chain and to many other collaborative re- 
search programs while providing unmatched capabilities 
for local studies of microscopic and macroscopic atmo- 
spheric phenomena. Examples have been given of the 
observational capabilities of Arecibo radar, radio, and 
optical instrumentation. The current upgrading period 
is drawing to a close, and we look forward to new and in- 
novative proposals for taking advantage of the national 
facilities available here. 
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