
way, where adenosine diphosphate and adenosine
triphosphate play the role of an activator and an
inhibitor, respectively. Recent model studies (12)
have shown that the presence of low-mobility
enzymes such as phosphofructokinase can in-
duce a short-range activation process suitable for
the development of Turing patterns even when
the complex is not inert.
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An Observation Linking the
Origin of Plasmaspheric Hiss to
Discrete Chorus Emissions
J. Bortnik,1* W. Li,1 R. M. Thorne,1 V. Angelopoulos,2 C. Cully,3 J. Bonnell,4
O. Le Contel,5 A. Roux5

A long-standing problem in the field of space physics has been the origin of plasmaspheric hiss,
a naturally occurring electromagnetic wave in the high-density plasmasphere (roughly within
20,000 kilometers of Earth) that is known to remove the high-energy Van Allen Belt electrons
that pose a threat to satellites and astronauts. A recent theory tied the origin of plasmaspheric hiss
to a seemingly different wave in the outer magnetosphere, but this theory was difficult to test
because of a challenging set of observational requirements. Here we report on the experimental
verification of the theory, made with a five-satellite NASA mission. This confirmation will allow
modeling of plasmaspheric hiss and its effects on the high-energy radiation environment.

Naturally occurring electromagnetic waves
are known to play a dominant role in the
dynamics of Earth’s radiation belts, a

zone of high-energy electrons that are trapped by
Earth’s magnetic field (1–5). One important class
of such waves is plasmaspheric hiss (6, 7), which
is responsible for creating a relatively empty zone,
called the slot region, between the inner and outer
belts, thus shaping the large-scale structure of the

radiation belts (3, 4). This incoherent band of
waves was discovered in the late 1960s (8–11),
spans from ~200 Hz to 2 kHz, and was named
plasmaspheric hiss because of its confinement
within the high-density plasmasphere, and its
unstructured “hissy” nature. Despite the recog-
nized importance of plasmaspheric hiss, its ori-
gin has proven remarkably difficult to identify.
Here we describe an experimental observation
that unambiguously links plasmaspheric hiss to
a different and seemingly unrelated wave type,
called chorus, occurring in distant regions of the
magnetosphere.

Unlike plasmaspheric hiss, chorus occurs outside
the plasmasphere as short (~0.1-s) coherent pulses in
the frequency range from 0.1 fce to 0.6 fce (where fce
is the frequency with which electrons gyrate
about Earth’s magnetic field line and is pro-
portional to the magnetic field intensity) (12–15).

Recent modeling shows that a fraction of chorus
energy can propagate from its equatorial source
region to high latitudes, avoid Landau damping,
and refract into the plasmasphere, where it
merges into the incoherent band of hiss (7). To
do so, the chorus waves must originate from a
spatial region between L ~ 4 and 7 (where the L
value roughly tags a certain magnetic field line
by the radial distance in Earth radii of its equa-
torial crossing), in the lower range of frequencies
(~0.1 fce to 0.3 fce), with wave normals pointed
toward lower L (y0 ~ –30° to –60°, where y0 is
the angle formed between the wave vector k,
normal to the plane of the wave, and Earth’s
magnetic field). The predictions of this model are
consistent with previously reported statistical
observations of hiss, but a direct experimental
test is challenging, because it requires simulta-
neous observations with at least two satellites
equipped with high-resolution wave instruments
capable of unambiguously detecting chorus and
hiss: one located near the equatorial source
region of chorus and the other in the plas-
masphere, at approximately the same local time
(which should coincide with the local time in
which chorus and hiss both occur) and in the
same frequency band, during geomagnetically
active conditions. Such an experimental situa-
tion was serendipitously achieved with NASA’s
five-satellite THEMIS (Time History of Events
and Macroscale Interactions during Substorms)
mission (16).

At ~04:00 UTon 4October 2008, THEMIS E
was located on the day side, in the low-density
region outside the plasmasphere (Fig. 1C), and
was observing waves with both electric and mag-
netic components (Fig. 1, A and B), which were
in the range from ~0.1 fce to 0.6 fce and thus con-
sistent with chorus. Simultaneously, THEMIS D
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was located on the day side in the high-density
plasmasphere andwas observing electromagnetic
waves (Fig. 1, D and E) in the frequency range
from ~100 Hz to 1 kHz, which were not scaled to
the gyrofrequency and are consistent with hiss.

Using low-resolution data, it is not possible to
determine whether there exists a correlation be-
tween chorus and hiss (Fig. 1). However, in the
time interval from 03:54 to 04:00 UT (gray block
in Fig. 1, C and F), both satellites switched into a
high-resolution burst-collection mode (16), re-
vealing that the waves recorded on THEMIS E
(Fig. 2A) are discrete chorus elements, in the fre-
quency range from ~700 Hz to 2 kHz (~0.17 to
0.5 fce), with predominantly obliquewave normal
angles (Fig. 2B). THEMISDwas simultaneously
observingwaves between a few100Hz and~2kHz,
exhibiting the typical structureless f-t (frequency-
time) signature indicative of plasmaspheric hiss
(Fig. 2C).

In the most intense portion of the chorus spec-
trum (~0.3 fce), there is a clear correspondence be-
tween the chorus (THEMIS E) and hiss (THEMIS
D) wave power (Fig. 2D), even though the two
satellites are separated radially by ~3.2RE (RE, Earth
radius) (~20,400 km) and by ~2.9 hours in local
time. Almost every chorus element (Fig. 2D, red
trace) results in an increase in hiss power (blue
trace), which decays away with a time constant of
~10 s. The correspondence is most evident near the
beginning of the period (03:54 UT), possibly be-
cause the longitudinal separation is at a minimum
[magnetic local time (MLT) difference, ~2.78 hours]
and diminishes toward the end of the period, when
the longitudinal separation increases (MLT differ-
ence, ~3.05). It is possible that the ~3-hour MLT
longitudinal separation between spacecraft is the
maximum separation at which a correspondence be-
tween chorus and hiss can be observed, and as such
this coincidental measurement is even more fortu-
itous.Alternatively, it is possible that the high chorus
wave normals (y ~ –60° to –40°) near the begin-
ning of the period (Fig. 2B) are more conducive
to producing hiss than are the lower wave normals
(y ~ –50° to –10°) in the later part. The average
power levels of chorus and hiss are comparable
(especially in the earlier part of the observation),
but the hiss intensity is weaker than that of the
individual chorus elements by a factor of ~100. The
results of a frequency-resolved cross-covariance
analysis (Fig. 3) indicate that the correlation is
strongest [correlation coefficient (r) ~ 0.7] in the
most intense spectral portion of the chorus (~1200
to 1650 Hz) and occurs when the hiss waveform
lags behind the chorus waveform by ~1 to 7 s. The
intense hiss spectrum at ~100 to 700Hz (Fig. 2C) is
expected to be generated by chorus at L > 6 (that is,
regions of lower fce), as suggested in Fig. 1.

Theoretical analysis similar to that of (7)
showed that a group of rays representing chorus,
initiated near the location of THEMIS E (L = 6),
was able to propagate into the plasmasphere and
be observed near the location of THEMIS D (L =
2.8) (Fig. 4). The key angular range of rays that
entered the plasmasphere and evolved into plasma-

spheric hiss was y0 ~ –49.5° to –46.5° (similar to
the measured angles in Fig. 2B), with waves at
y0 < –50° becoming Landau-damped before
reaching the plasmasphere, and waves with y0

>–46° being unable to refract into the plasma-
sphere and instead propagating to the ground
(Fig. 4A, green and yellow rays) or refracting

toward higher L shells (red rays) and possibly
forming a different emission called extremely
low-frequency (ELF) hiss (17).

To further quantify the approximate time scale
of chorus entry into the plasmasphere, we traced
a single ray for its entire lifetime (Fig. 4B), from
initiation at t = 0 s to termination at t= 20 s. Using

Fig. 1. A 6-hour overview plot of simultaneous data recorded by THEMIS E [(A) to (C)] and THEMIS D [(D)
to (F)] on 4 October 2008. (A and D) The wave electric field intensity and (B and E) the wave magnetic
field intensity in six frequency bins from 2 Hz to 4 kHz. (C and F) The spacecraft electric potential, which
acts as a proxy for the electron density. The x axis labels indicate each satellite’s universal time (UT) local L
value; the magnetic latitude (MLAT), which is the latitude of each spacecraft relative to the geomagnetic
equator; and MLT, which is the local time of the equatorial crossing of the magnetic field line passing
through the satellite and can be slightly different from the actual local time. The white lines in (A) and (B)
and (D) and (E) represent fractions of the equatorial gyrofrequency ( fce) corresponding to 1, 0.5, and 0.1,
represented by solid, dash-dotted, and dashed lines, respectively. The inferred plasmapause crossing
based on spacecraft potential is shown in (C) and (F). The magnetic signal <20 Hz [(B) and (E)] at low L is
due to contamination from Earth’s geomagnetic field.
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this representative ray, we found that the ray en-
tered the plasmasphere at approximately t = 1 s
and crossed the geomagnetic equator at t = 2 s,
near L= 3. This is in agreement with observations
by THEMIS D (Fig. 2), which was located at L ~
2.8 during the period of hiss observation and ac-
cording to our model would have recorded the first
entry of the chorus wave power at roughly t ~ 2 s
after chorus was excited. The ray then continued to
propagate and filled the entire plasmasphere (Fig.
4B, solid gray oval). It experienced a magneto-
spheric reflection at t ~ 3 s, reflected off the plas-
mapause at t ~ 4.5 s, and recirculated back to lower
L. At t ~ 7.5 s, the ray returned again to the geo-
magnetic equator, at L ~ 2.5, and would have been
sensed again by a satellite at that location. There-
after, the ray continued to propagate and was com-
pletely damped at t = 20 s. The relevant time scales
for observing chorus wave power appearing inside

the plasmasphere and propagating multiple times
across the equator in the vicinity of L ~ 2.8 is t ~ 2
to 7 s for the entire group of rays shown in Fig. 4A.
Comparing Fig. 4B to Fig. 3, the peak correla-
tion between the hiss and chorus waveforms

occurs with a ~2- to 7-s lag, in direct agreement
with the theory.

The high-resolution observation made by the
THEMIS satellites directly supports the theory of
the origin of plasmaspheric hiss, which involves

Fig. 2. High-resolution data from the two THEMIS
spacecraft from 03:54 to 04:00 UT, corresponding
to Fig. 1. (A) Wave magnetic field data recorded
by THEMIS E, in the range from 20 Hz to 4 kHz. (B)
Corresponding wave normal angle estimates of the
intense chorus elements in the range from 300 Hz
to 3 kHz, calculated using (19). (C) THEMIS D data
shown as in (A). (D) Frequency-averaged magnetic
field intensity in the frequency band from 1200 to
1650 Hz, for THEMIS E (red trace) and D (blue
trace). The ephemeris of each spacecraft is shown
on the x axes of (A) and (C) in the same format as
Fig. 1. The white dashed line in (A) and (C) corre-
sponds to the local lower hybrid resonance fre-
quency ( fLHR); the white solid and dotted lines in
(A) are 0.1 and 0.5 fce, respectively; and signals
below ~200 Hz suffer from instrumental noise.
High-resolution wave electric field data correspond-
ing to (A) and (B) were also recorded by THEMIS E
and D and look similar to the magnetic field data
(not shown in the figure).

Fig. 3. Cross-covariance analysis between THEMIS E
and D data. A frequency-resolved cross-covariance
analysis in 16 frequency channels between 700 Hz
and 2.2 kHz is shown as a function of time lag,
positive values indicating that THEMIS D data (hiss)
lags behind THEMIS E data (chorus). The time-series
data are taken from the first 3 min (03:54 to 03:57
UT) of the wave magnetic intensity in Fig. 2, A and B,
because this gives slightly more resolved time lags
than would using the entire 6-min interval. The
time series in each frequency band is normalized
so that the autocovariance is 1 at zero lag.
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the propagation and evolution of discrete chorus
elements from their source region outside the
plasmasphere into the incoherent noise band that

characterizes plasmaspheric hiss, inside the plasma-
sphere.Understanding the origin of hisswill enable
space physicists to calculate spatial maps of hiss

characteristics and in turn predict the effect of hiss
on the radiation belt electrons that are a known
hazard to astronauts and to a variety of techno-
logical systems in space (18).
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The Role of Aerosols in the
Evolution of Tropical North Atlantic
Ocean Temperature Anomalies
Amato T. Evan,1,2* Daniel J. Vimont,2 Andrew K. Heidinger,3 James P. Kossin,4 Ralf Bennartz2

Observations and models show that northern tropical Atlantic surface temperatures are sensitive
to regional changes in stratospheric volcanic and tropospheric mineral aerosols. However, it is
unknown whether the temporal variability of these aerosols is a key factor in the evolution of
ocean temperature anomalies. We used a simple physical model, incorporating 26 years of satellite
data, to estimate the temperature response of the ocean mixed layer to changes in aerosol
loadings. Our results suggest that the mixed layer’s response to regional variability in aerosols
accounts for 69% of the recent upward trend, and 67% of the detrended and 5-year low
pass–filtered variance, in northern tropical Atlantic Ocean temperatures.

Since 1980, tropical North Atlantic Ocean
temperatures have been rising at a rate
of nearly 0.25°C per decade (1). Studies

have attributed this increase, explicitly and im-
plicitly, to global warming (2, 3), mean Northern
Hemisphere temperature variations (4), changes
in the thermohaline circulation (5, 6), or some
combination of these factors (7). However, many

of these studies fail to provide either a mechanism
for or direct evidence of how these variables con-
trol tropical North Atlantic Ocean temperatures.
At the same time, models (8) and observations
(1, 9) demonstrate that local changes in aerosol
cover should have a non-negligible impact on
Atlantic Ocean temperature via the scattering of
sunlight and reduction in surface solar insolation.

The tropical North Atlantic is unique among
tropical ocean basins because of its oftentimes ex-
tensive and heavy aerosol cover (10), a consequence
of being downwind of West Africa, the world’s
largest dust source (11). Annual North African dust
emission and deposition to the North Atlantic have
been estimated to be 240 to 1600 Tg and 140 to
259 Tg, respectively (12), with the peak in West
African dust production occurring during the boreal
summer months (13). A smoothed time series of
northern tropical Atlantic dust cover (Fig. 1) shows
a maximum and minimum in dust activity that oc-
curred in 1985 and 2005, respectively, and a down-
ward trend in dust optical depth over the record. It
has been shown that during both the summer (14)
and winter seasons (15) these year-to-year changes

Fig. 4. Ray-tracing model of chorus and hiss. (A)
Ray paths representing chorus are initiated at the
equator, at L = 6, f = 0.21 fce (~855 Hz), in the
range y0 = –50° to 0° (gray ray paths), plotted at
every 0.1°, with the key wave normal range y0 =
–50° to –45° that enters the plasmasphere shown in
color. The corresponding color scale indicates the
initial wave normal angle of each ray in degrees. (B)
A single ray from the group shown in (A) is dis-
played, with y0 = –48°. The red circles indicate
group time in seconds, from the time of ray initiation
t = 0 s. The day-side cold plasma density is modeled
according to (20), with the plasmapause located at
L = 4.5, for consistency with the THEMIS observa-
tions; and the L-dependent suprathermal flux model
was used as in (7, 21) for active conditions. Each ray
in (A) and (B) is plotted only while its power is above
1% of its initial value, so that in the case of (B), the
ray duration is ~20 s.
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