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Abstract Whistler mode chorus waves are one of the most intense and important electromagnetic emissions
in the Earth's radiation belt, where these waves are responsible for electron acceleration to relativistic energies
and for energetic electron precipitation into the Earth's atmosphere. This study reports a unique multi-spacecraft
observation event that allowed for the first time to verify theoretical models of chorus wave generation. The
growth rates derived from the multi-spacecraft observations of chorus waves Cluster WBD electric field
waveforms collected during the crossing of the equatorial source region were compared to the theoretical linear
and nonlinear growth rates calculated using simultaneous PEACE electron measurements. We have revealed
that the growth rate estimated from wave measurements is substantially higher than the estimated linear growth
rate but is quite close to the estimated nonlinear growth rate. A notable wave amplification is found up to 5
degrees of magnetic latitude and higher.

Plain Language Summary Chorus waves are intense electromagnetic whistler mode emissions in
the frequency range of 0.1-0.9 times the equatorial electron gyrofrequency. They are known to play a key role in
the dynamics of Earth's outer radiation belt, controlling local electron acceleration and electron loss into the
atmosphere. The generation of chorus waves occurs outside the plasmasphere, near the geomagnetic equator,
and from there, waves propagate to higher latitudes approximately along background magnetic field lines. The
emissions are observed as structured rising (or falling) tone bursts, indicating their nonlinear generation.
Additionally, non-structured wide band (hiss-like) emissions are observed. Here, we present growth rate
estimations for the structured and non-structured chorus waves, derived from electric field waveforms (Cluster
WBD measurements) multi-point measurements by the four Cluster spacecraft, collected during a crossing of
the geomagnetic equator. Chorus waves, both structured and nonstructured, show significant amplification
along propagation from the equator to 10-12 degrees of geomagnetic latitude. These results are in good
agreement with the growth rates inferred from the corresponding electron distribution function (Cluster PEACE
measurements). In particular, the nonlinear growth rates correctly describe the amplification of structured rising
tone chorus elements.

1. Introduction

Whistler mode chorus waves are intense electromagnetic waves that play an important role in controlling electron
flux dynamics in Earth's inner magnetosphere, since they can accelerate and scatter into the atmosphere radiation
belt electrons over a wide energy range, from ~1 keV up to relativistic energies (Agapitov et al., 2019; Al-
bert, 2000; Chen, Gao, et al., 2023; Demekhov et al., 2006; Hsieh & Omura, 2023; Kasahara et al., 2009;
Mourenas et al., 2023; Omura et al., 2007; Summers & Stone, 2022; Summers et al., 2007; Tang & Sum-
mers, 2019; Thorne et al., 2013). Lower-band chorus waves are observed in the frequency range f € [f,./10 — f.../
2], with f,, the equatorial gyrofrequency, in the 0—16 MLT sector (Agapitov et al., 2013; Agapitov, Mourenas,
Artemyev, Mozer, Hospodarsky, et al., 2018; Li et al., 2009; Santolik, 2008; Tsurutani & Smith, 1974) during
periods of substorm plasma sheet injections of anisotropic 10 — 300 keV electrons, which provide the free energy
for wave growth through cyclotron resonance (Fu et al., 2014; Tao et al., 2011).

The strongly nonlinear nature of chorus waves, characterized by frequency chirping, implies that wave generation
cannot be fully described by linear models (Kennel, 1966), and nonlinear wave generation and amplification
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should be taken into account (Nunn, 1974; Omura et al., 1991; Vomvoridis et al., 1982). However, such nonlinear
generation occurs only above a certain wave amplitude threshold and is associated with significantly perturbed
electron velocity distributions (see reviews by (Hanzelka & Santolik, 2023; Omura, 2021; Omura et al., 2013;
Shklyar & Matsumoto, 2009; Tao et al., 2020) and references therein). Nonlinear effects significantly complicate
observational investigations of chorus wave generation, which is mostly studied through numerical simulations
(Katoh & Omura, 2007, 2011; Nunn et al., 2009, 2021; Tao et al., 2017; Wang et al., 2024) and theoretical models
(Omura et al., 2008; Summers et al., 2012; Tao et al., 2021).

Neglecting to first order the observed subpacket fine structure of a rising tone chorus element (e.g., Chen, Wang,
et al., 2023; Mourenas et al., 2022; Santolik et al., 2003; Zhang et al., 2021, and references therein), let us discuss
the theoretical model of nonlinear chorus wave growth derived by Omura et al. (2009). This model shows that to
obtain a self-sustained optimal nonlinear wave growth at a fixed location downstream from the equator, the wave
amplitude must exceed a threshold proportional to the squared background magnetic field gradient. This model
provides estimates of the frequency sweep rate and growth rate of rising tone chorus elements. Although fre-
quency sweep rate estimates have been verified in numerical simulations and spacecraft observations (e.g., Cully
et al., 2011; Katoh & Omura, 2011; Kurita et al., 2012; Omura et al., 2009; Tao et al., 2012), the theoretical
nonlinear growth rate has not yet been experimentally verified. Such verification cannot be performed using local
(single-spacecraft) measurements, because both temporal and spatial nonlinear wave amplifications contribute to
the total wave amplitude variation along its propagation. Note that although the original model from Omura
et al. (2009) has been significantly generalized in further simulations and theories (e.g., see Hanzelka & San-
tolik, 2023; Omura, 2021; Omura et al., 2013; Tao et al., 2020, 2021, and references therein), the basic elements of
this model, such as optimum wave growth estimates and frequency sweep rate estimates at the equator and
downstream from the equator, are still present in all modern chorus wave models.

In this study, we examine lower band chorus wave packets captured by the Wide Band Data receiver (WBD)
onboard the Cluster spacecraft (Gurnett et al., 1997) near the magnetic equator. We focus on a very particular time
interval when the same chorus elements are simultaneously detected by multiple spacecraft. Such multispacecraft
waveform observations, performed simultaneously at different nearby locations along the same geomagnetic field
line within the source region, allow us for the first time to estimate the growth rate of rising tone chorus elements.
We compare the growth rate estimated from such wave measurements with the theoretical nonlinear growth rates
calculated based on simultaneous measurements of the electron velocity distribution by the PEACE instrument
(Johnstone et al., 1997) onboard the Cluster spacecraft. The growth rate is also estimated using spectral data
collected during the same interval by the Spatio-Temporal Analysis of Field Fluctuation (STAFF) experiment
(Cornilleau-Wehrlin et al., 2003).

2. Analysis of Selected Events
2.1. Data Description

In the present study, we examine a 40-min interval between 17:35 UT and 18:15 UT on 16 September 2003, when
the four Cluster spacecraft (C1, C2, C3, and C4) are close to the magnetic equator. During this interval, WBD
instruments recorded intense chorus emissions on multiple occasions. The sampling rate of the WBD during the
interval was 27 kHz. Examples of electric field components of chorus waves are displayed in Figure 1a—1d. The
magnetic latitude and spacecraft configuration during the interval are shown in Figures le-1g. We visually
selected roughly ~200 events of simultaneous detection of a same chorus element by all four spacecraft during
this interval, and we will focus on these particular events below.

The method used to estimate the growth rate from wave measurements (described below) requires that the same
chorus element be observed by at least two spacecraft. In the subsequent analysis, we therefore only use spacecraft
pairs such that the distance between spacecraft transverse to the background magnetic field is less than 50 km, that
is, less than the transverse size of a chorus element (Agapitov et al., 2017; Agapitov, Mourenas, Artemyev,
Mozer, Bonnell, et al., 2018; Trakhtengerts, 1999) and less than the typical transverse size ~60 km of plasma
density fluctuations/ducts that can modulate chorus wave power (Agapitov et al., 2011; Hosseini et al., 2021). We
further require that the separation between the two spacecraft parallel to the background magnetic field be less
than ~500-1,000 km and that their magnetic latitude be less than 6° away from the equator, corresponding to
spacecraft located inside the chorus source region with a parallel separation shorter than both the source region
length ~5,000 km (Demekhov et al., 2017; Lauben et al., 2002; Santolik et al., 2003; Taubenschuss et al., 2016)
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Figure 1. (a—d) Electric field dynamic spectra captured by WBD onboard Cluster on 16-09-2003; (e) magnetic latitude; (f, g) transverse and parallel distances between

different pairs of spacecraft.

and the typical length ~1,000 — 1,500 km of density fluctuations associated with chorus waves (Agapitov
et al., 2011). Plasma parameters needed to calculate growth rates, such as electron density &, plasma frequency
w,,., background magnetic field B, and electron gyrofrequency £2 = 2xf,,, are obtained using data from Waves of
High frequency and Sounder for Probing of Electron Density by Relaxation (WHISPER) and FluxGate
Magnetometer (FGM) instruments onboard the four Cluster spacecraft (Balogh et al., 2001; Décréau et al., 2001).

2.2. Estimation of Chorus Wave Growth Rates

We use 3 different methods to estimate the wave amplitude growth rates. First, we derive the wave growth rate y,,
from the electric field waveforms captured by WBD. Previous theoretical works have shown that the observed
rising tone chorus elements necessarily grow nonlinearly and that their total (spatio-temporal) nonlinear wave
growth should be exponential (Omura et al., 2009; Summers et al., 2012). Accordingly, we can use the following
simple equation for the total wave growth rate (Summers et al., 2009):

E? 1((1’)) Vv
» = log[ =~ £ )
! g<E3v,2(w) 2dp

were Efv,l (w) and Efvyz(w) are the wave intensities obtained from dynamic spectra measured on the two separate
spacecraft. Panels (a) and (b) in Figure 2 show examples of dynamic spectra measured by spacecraft C1 and C3
and wave intensities are shown in panel (c), near 17:56 UT on 16 September 2003. At that time, the small
transverse and parallel separations between these two particular spacecraft (see Figure 1) satisfy the requirements
of our method, discussed in Section 2.1. The ratio V, /d, ,, where V, is wave parallel group velocity and d, , is the
parallel distance between spacecraft, represents the time required for a chorus rising tone element to travel
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Figure 2. (a, b) Dynamic spectra of a rising tone chorus element observed on Cluster 1 and 3 (delimited by dashed red lines) and of hiss-like waves (delimited by dashed
magenta lines); (c) spectra of chorus waves (red) and hiss-like waves (magenta), and wave intensity theoretical thresholds B,, ; and B,, , for self-sustained nonlinear
growth (solid and dashed black); (d, €) measured and normalized two-dimensional electron velocity distributions at C1; (f) electron phase space density (PSD) measured
at C1 (circles) and corresponding fits (solid lines); (g) growth rates y,, for chorus waves (red) and hiss-like waves (magenta), estimated from the dynamic spectra.
Nonlinear growth rates estimated from the electron PSD are shown: 'y, (solid black), y ;; (dashed blue), yy ,; (dotted blue), yy , (dashed green), and yy ,, (dotted green).

between the two spacecraft. Consequently, the estimate of ,, given by Equation 1 represents the total growth rate
of the wave. Examples of total growth rates y,, estimated for a single chorus element are shown by the red curve in
Figure 2g.

Second, we estimate the total nonlinear growth rate I'y, of rising tone chorus elements near the equator, using the
classical theoretical formula (Omura et al., 2008, 2009; Summers et al., 2012):

F_Nzﬁgf/zﬂ(%f $BQ v Vio 5/2£ Lexp _yf_Vf )
Q 72 N\ Q y,wa c c VHVJ- 2V|| ’

where B,, is the wave magnetic field amplitude. Here, we use the wave electric field amplitude £, instead of B,,
through the substitution B,, = E,/V,,, with V,, the phase velocity, valid for quasi-parallel waves. B is background
magnetic field strength, w,,, the plasma frequency, O a dimensionless factor representing the electron hole depth
(following Summers et al. (2012), we hereafter use Q = 0.5), E = w(Q-w)/ a)ze and y = 1/(1 + £%). The wave
group velocity, V,, and the parallel electron velocity in the cyclotron resonance, V,, are defined as:

Vo &, Q \'v, _Q
7g‘;?<§ +2(9—w)) ’?""f(l y_w) @

where y, is the Lorentz factor at resonance, and we use V,, ~ 1.5V, V,/V| for resonant electrons providing the
main contribution to wave growth (in agreement with simulation results from Tao et al., 2017). The total nonlinear
growth rate I'yy can be used to estimate the purely “temporal” nonlinear growth rate yy,;:
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where a = 4.5(¢/Q)*/(LRy)* is the usual dipole magnetic field parameter (Omura et al., 2008), s, = (W/E)(V .o/

c) and
1 w(V) 1 —7,0/Q1 V,V,
sz—@((ng( ) 2ot V), )

where the phase velocity is V,, = cy&. The second term on the right-hand-side of the equation for y,,, corresponds

to a “spatial” nonlinear growth rate, yy , giving I'y = vy, + 7n.41- For self-sustained nonlinear wave growth to
occur, the wave amplitude should exceed a threshold B,, given by (Omura et al., 2009; Summers et al., 2012):

By, 25 £Q( ¢ \'(NQV\Vias,\" (V2
= — 2 —— | —= exp . 6)
BO 277,'4 ){5 w VJ_() Nh Cl)% C2 Q V”

Third, we consider the alternative Trap-Release-Amplify (TaRA) model of nonlinear wave growth (Tao
et al., 2021), which shares various key elements with the original model (Omura et al., 2008, 2009). The most
notable difference is that the TaRA model assumes that chorus waves start to be generated upstream from the
equator, where phase-locking of trapped electrons released from earlier trapping by waves corresponds to a
dominant contribution of magnetic field inhomogeneity in the upstream frequency sweep rate, whereas the
original model (Omura et al., 2008) only examined generation very close to, and downstream from, the equator.
As shown below, our observations concern chorus waves propagating downstream and away from the equator,
where nonlinear wave growth is expected to be essentially the same in both models, except that Tao et al. (2021)
assume an inhomogeneity factor S ~ — 0.5 instead of S = —0.4 for optimum nonlinear wave growth. The
nonlinear resonant current J parallel to the wave electric field, providing nonlinear wave growth, remains nearly
identical for § € [-0.5, —0.4] (Omura et al., 2008). Therefore, the TaRA model should lead to a similar I'y, but
lower nonlinear spatial growth rate yy, ,», = 4y, /5 and threshold amplitude B,, , = (4/5)23,&1 and higher nonlinear
temporal growth rate yy o = Iy — ¥n.0-

Examples of estimated nonlinear growth rates I"y; are shown by the solid black line in Figure 2g, using N, V,, and
V), obtained from PEACE (with average values V, ~ 0.13¢, V| ~ 0.11c and N, /N = 1072), E, () and o/Q
obtained from WBD, and (upe/Q = 4.24 obtained from WHISPER and FGM, onboard Cluster 1. The PEACE
instrument provides measurements of the electron velocity distribution within the energy range 0.7 eV-26 keV
with a time resolution of 4 s. It is assumed that I'y, = 0 when E, (w) is near the instrument noise level.

Figure 2 provides a comparison between chorus wave growth rates estimated using the three above-discussed
approaches. This event near 17:56 UT on 16 September 2003, takes place at L = 4.8 and 11:30 MLT during
the recovery phase of a moderate geomagnetic storm (with a minimum Dst = —48 nT at 11 UT). The 1-min AE
index reaches a maximum of 1,700 nT at 14 UT and remains at ~600-900 nT until 18 UT, corresponding to strong
and prolonged electron injections from the plasma sheet. During this event, both spacecraft C1 and C3 are within
the chorus source region: C1 at a magnetic latitude MLat ~ —4° and C3 slightly farther from the equator at
MLat ~ —5°. The transverse and parallel distances between C1 and C3 are only ~20 km and ~400 km,
respectively (see Figure 1), much shorter than typical transverse and parallel scales of chorus power variations
(Agapitov et al., 2017; Agapitov, Mourenas, Artemyev, Mozer, Bonnell, et al., 2018) and associated plasma
density variations (Agapitov et al., 2011), justifying to focus on observations from these two particular spacecraft
for our analysis.

STAFF data indicate that the observed chorus waves are quasi-parallel waves, consistent with the weak wave
power gap at 0.5 f,, at C3 in Figure 2c since this gap is due to strong Landau damping of non-strictly-parallel
waves (Omura et al., 2009; Tsurutani & Smith, 1974). The rising tone chorus element delimited by dashed red
lines in Figure 2a was likely generated closer to the equator, as it already exhibits frequency chirping at C1. Using
the methods described above, we estimate its growth as it travels from C1 to C3. Comparison of wave intensities
at C1 and C3 reveal a maximum wave growth at f/f,, ~ 0.4-0.5. Figure 2g shows that the chorus growth rate y,,
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estimated from wave measurements (red) is very close to the total nonlinear growth rate I'y, (solid black). The
whistler-mode wave growth is probably due to the population of 8—20 keV electrons shown in Figures 2d-2f. This
hot electron population exhibits a significant temperature anisotropy at C1, which is absent at C2 and C4 (C3 data
is not available), due to an adiabatic anisotropy reduction at higher latitudes (Summers et al., 2012) and additional
anisotropy reduction along wave propagation as this free energy is converted to wave growth (Fu et al., 2014). The
dominant contribution to the observed nonlinear wave growth is from temporal growth, especially in the TaRA
model (Tao et al., 2021).

The lower-intensity broadband hiss-like waves present nearby (delimited in Figure 2a by a dashed magenta
rectangle) experience a ~2.5 times smaller total rate y,, (magenta) above 0.35 ., than the total nonlinear growth
rate I'y, due to their insufficient wave power, which is indeed slightly lower than theoretical thresholds B, ; and
B, , for self-sustained nonlinear wave growth in Figure 2c, contrary to rising tone chorus elements.

3. Chorus Source Mapping From Multi-Spacecraft Cluster Measurements

Making use of the methods described in the previous section, we perform a mapping of the wave growth rates in
the vicinity of the magnetic equator in Figure 3, again using data from the C1-C3 pair, with a transverse sepa-
ration less than 50 km and a parallel separation of ~400 km. As before, we focus on discrete (hand-picked) chorus
elements simultaneously detected by C1 and C3. The corresponding total growth rate y,, inferred from waveform
spectra and from 1-s averaged wave spectra are displayed in Figures 3a and 3b, respectively. Both methods give
similar results, indicating a notable amplification of chorus waves relatively far from the magnetic equator, at
MLat ~ —2° to —5.5°.

Figure 3c shows that the total nonlinear growth rate Iy is generally in good agreement with the total growth rate
7,» inferred from wave measurements. Interestingly, the measured growth rate y,, decreases less rapidly than the
nonlinear growth rate I'y, with increasing distance from the equator (where maximum wave growth is usually
expected, see Lauben et al., 2002; Omura et al., 2008, 2009; Tao et al., 2021).

Figure 4a displays the Poynting flux direction of chorus waves obtained from STAFF onboard Cluster 1 from
average MLat = —6° to 4+-2° during the same event as in Figures 2 and 3, showing that the Poynting flux is directed
away from the equator at MLat < —2° and MLat >1°, in agreement with previous statistics of chorus Poynting flux
(Lietal.,2013; Taubenschuss et al., 2016). Figure 4b shows the direction of chorus wave growth inferred, during
the same event, from the chorus wave power variation from C3 to C1 given by WBD, (EEV(C - EX(C 3))/ E2(C),
for the same chorus elements as in Figures 2 and 3. These results demonstrate that the direction of chorus wave
growth inferred from WBD data is consistent with the Poynting flux direction in Figure 4a, confirming that the
inferred growth rates in Figures 2 and 3 correspond to an actual increase of chorus wave power along wave
propagation away from the equator. Besides, the presence in Figure 4a of two clear instances, signaled by red
patches at average MLat ~ —1.9° and —0.8°, of Poynting flux directed toward the equator, and the increasingly
stronger Poynting flux at the same and higher frequencies as latitude increases on the other side of the equator,
suggests that chorus wave growth toward positive latitudes starts here slightly upstream from the equator, in
agreement with recent numerical simulations (Chen, Wang, et al., 2023; Nogi & Omura, 2023; Tao et al., 2021).

Incidentally, let us caution that we checked that for a parallel separation longer than 1,000 km between two
Cluster spacecraft, the direction of wave growth inferred from WBD can sometimes be inconsistent with the
Poynting flux direction (probably due to spatial fluctuations of wave power during wave propagation through pre-
existing plasma density fluctuations), which led us to focus in Figures 2 and 3 on events with a parallel separation
less than 500 km.

Next, we assess the feasibility of using STAFF data for estimating chorus wave growth rates, focusing on the
domain MLat = 1.1°-1.8° where waves propagate away from the equator in Figure 4a. Figures 4c—4f show
comparisons of wave magnetic field spectra captured by STAFF onboard C1 and C4 and 1-s averaged electric
field spectra obtained from WBD during a 90 s interval (STAFF data from C2 and C3 is not available at that time).
To increase resolution, linear interpolation is applied to STAFF data. During this interval, the transverse distance
between C1 and C4 remains less than 50 km, while their parallel distance is roughly 1,000 km (see Figures le—
1g). STAFF and WBD dynamic spectra are very similar in Figures 4c—4f, showing multiple intense wave
structures simultaneously detected by both instruments. As in Figures 4a and 4b, this wave growth takes place in
the direction of wave propagation. Figures 4g and 4h display the total growth rates y,, estimated based on STAFF
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Figure 3. (a) Growth rate y,, inferred from measured dynamic spectra of the same chorus elements observed on Cluster 1 and 3 (colors) and transverse distance AL
between spacecraft (dashed black line), as a function of the average latitude MLat = (MLat(C1) 4+ Mlat(C3))/2; (b) growth rate y,, obtained from 1 s averaged WBD
spectra at the same times as in panel (a); (¢, d, e) corresponding nonlinear growth rates I'y, y 1, and 7,4, respectively. Parameters required to estimate nonlinear growth
rate are shown in Figure S1 in Supporting Information S1. The extended map of the growth rates is shown in Figure S2 in Supporting Information S1.

and WBD data, respectively. There is a remarkable similarity between growth rates inferred from measurements
of these two different instruments, both as concerns the peak growth rate levels and the corresponding wave
frequencies.

4. Conclusion

Multi-spacecraft observations from the Cluster mission have been used to estimate the total growth rate of
whistler-mode chorus waves in the source region. We focused on rare events when the same rising tone chorus
elements were detected by all four spacecraft, and spacecraft separation was minimal, less than 50 and 500 km
transverse and parallel to the geomagnetic field, respectively. Such separations are sensibly shorter than the
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Figure 4. (a) Poynting flux direction of chorus waves obtained from Spatio-Temporal Analysis of Field Fluctuation (STAFF) aboard C1 as a function of magnetic
latitude near the equator, during the same event as in Figures 2 and 3. The blue (red) color shows Poynting flux toward negative (positive) latitudes. (b) The direction of
chorus wave growth inferred from the chorus wave power variation from C3 to C1 from WBD, (EEV(C 1) - Eﬁ(CS))/ Ei(C 1), for the same chorus elements as in
Figure 3. (c, e) Chorus wave dynamic spectra measured by STAFF on board C1 and C4 as a function of time during the same period as in (d, f, g, h). (d, f) Dynamic spectra
produced from WBD data on board C1 and C4. (g, h) Total chorus wave growth rates y,, estimated from STAFF data and WBD data, respectively, as a function of the
average latitude MLat = (MLat(C1) + Mlat(C4))/2 during the same period as in panels (c)—(f). The extended map of the growth rates is shown in Figure S3 in Supporting
Information S1.
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typical spatial scales of chorus elements and of their wave power fluctuations, allowing us to provide reliable
estimates of wave growth rates. We showed that the nonlinear growth rates estimated from waveform mea-
surements in the source region are consistent with the theoretically predicted nonlinear growth rates (Omura
et al., 2009; Summers et al., 2012) estimated based on simultaneous electron distribution measurements.

In addition, significant chorus wave amplification was found above 5 degrees of magnetic latitude, in agreement
with previous spacecraft statistics showing a chorus wave power peak near 10° of latitude at 04-13 MLT
(Agapitov, Mourenas, Artemyev, Mozer, Hospodarsky, et al., 2018). The direction of chorus wave growth
inferred during the same events from the same WBD wave power measurements was shown to be consistent with
simultaneous Poynting flux vector measurements from the STAFF instrument, confirming wave growth in the
direction of wave propagation away from the equator.

Finally, we estimated chorus wave growth rates using 4-s spectral data collected by the STAFF instrument during
the same time interval close to the magnetic equator. Using spacecraft similarly close transverse to the
geomagnetic field, although slightly farther apart (1,000 km) parallel to the geomagnetic field, we show that 4-s
estimates for growth rates are consistent with growth rates estimated using 1-s averaged data from the WBD
instrument, suggesting that STAFF data could be useable to study chorus wave growth.

Data Availability Statement

Cluster FGM magnetic field data, Cluster WBD electric field waveform data, Cluster STAFF-SA spectral data for
magnetic and electric field, and Cluster PEACE electron distribution data used in this study are publicly available
at Coordinated Data Analysis Web (CDAWeb): https://cdaweb.gsfc.nasa.gov/.
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