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Synopsis:

Each year, society becomes ever more reliant on spacecraft in low Earth orbit, and on systems
that transmit radio signals through Earth’s ionosphere. However, both spacecraft orbits and radio
propagation are strongly affected by natural variations or “weather” occurring in the height range
from ~80 km to several hundred kilometers altitude — the so-called “Space Atmosphere Interac-
tion Region” (SAIR). Weather in this region is described by a coupled system of three-dimen-
sional time-dependent partial differential equations that can only be evaluated using numerical
models, which are limited because: (1) available computational resources only allow coarse grid
resolutions, (2) solutions require specifications of drivers and boundary conditions that are not
adequately described by observations, and (3) accurate evaluation of some terms may not be
computationally feasible. These limitations create an urgent need for comprehensive real-time
observations of the actual state of the SAIR, and the drivers of its weather — to constrain the
models, to validate their physics, and to provide timely, actionable data to end-users of techno-
logical systems. Unfortunately, however, existing infrastructure for observing SAIR weather is
astonishingly inadequate. For example, even as early as the mid-1800s, routine meteorological
observations of the troposphere had already exceeded today’s typical resolution for the corre-
sponding measurements in the SAIR. The proposed solution is to establish a large array of
roughly thirty relocatable ground-based flagship observatories, and a similar number of simpler
and lower-cost instrument outposts. These would be deployed from the Canadian arctic down
through the Americas to southern Argentina, with observational coverage spanning SAIR alti-
tudes. Observatory instruments would characterize winds, temperatures and electrodynamics
within the SAIR, as well as the drivers that force these fields — both from above, due to solar ra-
diation and geomagnetic activity, and from below, due to upward propagating waves and tides.
Cyber infrastructure would be developed to host and freely distribute observational data, assimi-
late observations contributed by others, and provide higher-level data products derived from as-
similation and modeling. The array of observatories proposed here is essentially an exact reali-
zation of one of the major recommendations of the previous (2013) Heliophysics Decadal Sur-
vey, that has yet to be implemented.



1. Science Problem

1.1 Background Physics

Over altitudes in Earth’s atmosphere between about 90 and several hundred km the governing
physics transitions from neutral fluid dynamics in the lower atmosphere to plasma electrodynam-
ics in the geospace region above. This Space-Atmosphere Interaction Region (SAIR) strongly
impacts modern technological systems [National Space Weather Plan, 2015]. Its ionized compo-
nent controls radio wave propagation, and so affects communication, navigation, and long-range
radar. Density, pressure, and winds of its neutral component affect spacecraft orbits, with high
dollar-value consequences for predictions of orbital reentries and for collision avoidance maneu-
vers. Mitigating these effects requires that the SAIR can be observed in real-time, and forecast
into the near-term future.

The SAIR’s neutral and ionized components are subject to external forcing via solar ultraviolet
radiation, electrodynamic drivers from the solar wind interacting with Earth’s magnetosphere
(i.e. electric fields and auroral precipitation), and by waves and tides propagating up from the
middle and lower atmosphere, to drive winds that in turn force plasma motion and can trigger in-
ternal instabilities [Chau et al. 2012; Pautet et al., 2016.] The balance among these various driv-
ers depends on meteorological activity in the lower atmosphere, and conditions in the space envi-
ronment due to solar and magnetospheric activity. The response to these drivers is governed by a
coupled system of three-dimensional time-dependent partial differential equations [e.g. see Rid-
ley et al., 2006]. Dominant terms in these equations involve partial derivatives with respect to the
all three spatial coordinates, and time. To take one very simple example, there is an absolute re-
quirement for conservation of mass, which is expressed via the equation of mass continuity as

op
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mass density
flow velocity

where
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source/sink term for mass — usually zero

This equation is strongly dependent on derivatives of mass flux with respect to each spatial coor-
dinate variable, and on the time derivative of mass density. Other relevant equations include
those for conservation of energy and momentum, and rates of change of chemical composition,
for both neutral and ionized species — all of which also include strong dependencies on spatial
and temporal derivatives. Complete understanding of the dynamical state of the SAIR would
thus require observations of all relevant parameter fields over an extended region in space and
time, and with sufficient spatial, temporal, and measurement resolution to allow all derivative
terms to be evaluated, down to the shortest significant spatial and temporal scales.

1.2 Observational Shortcomings

Unfortunately, currently deployed observational assets fall (very) far short of providing such a
full observational characterization of the SAIR, and achieving this goal is far beyond any practi-
cal upgrades that could be implemented over the next decade, or beyond. Instead, the purpose of
this White Paper is to consider whether it would be feasible to upgrade the network of SAIR ob-
servatories enough to detect new regimes of behavior, as a result of improved resolution of spa-
tial and temporal structure.



Of course, existing instrumenta-
tion spans an enormous diversity
of measurement techniques, target
parameters, instrument locations
(including ground versus space-
based), and measurement dimen-
sionality. Many parameters are al-
ready measured frequently from
numerous ground and space-based
platforms. While some (such as
ionospheric total electron content)
are routinely mapped in two di-
mensions, many quantities are
only observed through single-point
measurements taken as a function
of time. For ground-based
instruments this gives the
measurement parameter’s time
history, but only at the instrument
location. For spacecraft sensors,
single-point measurements define
the parameter values along the or-
bit, but not elsewhere, and they do
not allow construction of the time
history at a fixed location. In ei-
ther case, single-point measure-
ments only capture variations
along one dimension. The result is
a sparse “cut” through the SAIR,
whose parameter fields actually
vary across four dimensions: lon-
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Figure 1: Vertical wind as a function of time and geo-
graphic latitude, at altitudes of 240 km (red) and 120 km
(green), derived from line-of-sight wind components
measured using four all-sky imaging Fabry-Perot spec-
trometers deployed across Alaska. Multiple traces appear
at each latitude because winds were also measured at mul-
tiple longitudes. (Adapted from Elliott & Conde, 2022.)

gitude, latitude, altitude, and time. A further problem is that almost all SAIR parameters vary far
more rapidly with height than they do in either horizontal direction, yet height is the SAIR di-

mension that is least well sampled.

1.3 Phenomena Not Captured by Current Instrumentation
There are innumerable and urgent problems in SAIR physics for which a modest improvement
over existing sampling resolution would greatly improve current understanding. These include,

but are not limited to:

1. The spatial distribution of SAIR vertical winds. The limited number of existing studies
of the geographic distribution of vertical winds in Earth’s thermosphere suggests these
winds vary strongly over horizontal scales as short as a few hundred kilometers or less
[McLeod, 1968; Ishii et al., 2004; Anderson et al., 2011; Anderson et al., 2012; Larsen &




Meriwether, 2012; Conde et al., 2018; 0.8
Elliott & Conde, 2022.] Figure 1 illus-
trates this variability, at least across a
small region corresponding to the main
body of Alaska. Vertical wind
transport is known to modify thermo-
spheric [O]/N2], whereas horizontal
winds transport these perturbations
globally [e.g. Prolss [1997.] Under-
standing and modeling of this im-
portant process must account for the 0 3000 6000 9000 12000 15000

geographic variability of vertical wind. Site separation [km]
2. The scale size of thermospheric
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sizes of thermospheric wind systems.
The figure shows the correlation between winds measured at pairs of locations, as a func-
tion of separation distance between the two measurements. White markers show Harding et
al. [2019] results using one year of data from an existing array of instruments deployed at
seven sites in North and South America. Existing instruments can only show that nearby
sites (< 1000 km) exhibit correlated weather, while distant sites (>6000 km) do not. Red
markers predict the far greater resolution that would be possible using the network of ob-
servatories proposed here, based on an assumed wind model sampled at the locations
shown in Figure 4.

3. Transport of SAIR air masses by horizontal winds. Trajectories of air masses trans-
ported by winds can be extremely complicated, even in the thermosphere, where the wind
field is far smoother than its tropospheric counterpart. This complexity is illustrated in Fig-
ure 3, adapted from Dhadly & Conde [2017.] The colored traces show trajectories of air
parcels traced backward in time through the F-region wind field observed above Alaska
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Figure 3: The left panel depicts, using green dots, a compact array of 13 locations. Each panel
shows the prior trajectories of air parcels that arrived over these locations at 17:41 UT. The three
panels show trajectories traced back to 16:03 UT (left), 12:13 UT (middle), and 08:54 UT (right).




over many hours. They show P e EIN N
the past trajectories of air L ( Lo Multistatid
masses that passed over a com- ' '
pact grid of 13 locations

(~90 km grid spacing) at 17:41
UT. The three panels show the
prior trajectories of these air
parcels beginning at three ear-
lier times. While these air par-
cels were very close to each
other at 17:41 UT, the 08:53:55
UT panel shows that they had
very different prior histories
and originated from very dif-
ferent source regions.
Local-scale ion-neutral mo-

. ) Figure 4: F-region ionospheric drifts measured by the
mentum coupling. Analysis of | g,e:DARN (yellow arrows) and PFISR (green ar-

neutral winds and ion drifts
measured by the DE-2 satellite
in the 1980s suggested that the
time-constant for ion-neutral
momentum coupling in Earth’s
thermosphere is typically one to several hours [e.g. Killeen et al., 1984,1985; Ponthieu et
al., 1988.] This, in turn, led to an expectation that ion motion could only influence the neu-
tral wind at synoptic scales or larger. However, Kosch et al. [2001] showed that this time
constant could, at times, be much less than an hour, whereas Conde et al. [2018] showed
that the F-region neutral wind field could respond to ion drifts on much shorter length &
time scales: 100 to 200 km spatially, and ~15 minutes temporally. Figure 4 presents one ex-
ample of this. However, the morphology of this small-scale ion-neutral coupling is cur-
rently not well explored. The extended array of instruments proposed here would greatly
improve understanding of this coupling regime, by providing high resolution measurements
of flows and background properties for both the thermosphere and ionosphere.

Gravity waves in the SAIR. Gravity waves are commonly observed in the Earth’s thermo-
sphere [e.g., Hocke et al., 1996; Oliver et al., 1997; Djuth et al., 1997, 2004; Yigit &
Medvedev, 2012; England et al., 2020.] Thermospheric GWs can either be generated in-situ
by geomagnetic activity [e.g. Oyama et al., 2001], or can result from dissipation and break-
ing of waves propagating upward from lower atmospheric layers [Fritts & Alexander,
2003; Vadas & Fritts, 2006.] With horizontal wavelengths of a few hundred kilometers or
more, and intrinsic periods ranging from ~15 minutes to several hours, the underlying wind
and temperature perturbations associated with such waves could be resolved far better than
is currently possible using instrument array proposed here.

rows) radars, overlaid onto F-region neutral winds
(white & orange arrows) measured using Fabry-Perot
spectrometers. Note how the neutral flow pattern mim-
ics that of the ions.




2. Recommendation for Mitigating the Science Problem

We propose that the science topics described above (and many others) could be addressed by an
ambitious set of new SAIR observatories deployed throughout North and South America. The
concept presented here was actually proposed to NSF in 2019 in response to their “Mid-Scale

Figure 5: Fields of view (FoV) of the proposed
observatories & instruments. Pink and green cir-
cles (projection distorted) indicate ground-based
cameras imaging at 630 nm and 558 nm; four red
dots indicate narrow-field FPI sampling; lilac cir-
cles denote SDI FoV; blue wedges show Super-
DARN FoV; orange/green shadings denote the
multistatic meteor radars FoV; and dashed con-
tours show magnetic latitude.

Research Infrastructure” solicitation. It
was not selected — which is unsurprising
given that only a small number of pro-
jects were funded across all the disci-
plines supported by NSF. Nevertheless,
it was clear from the enthusiastic reviews
that the heliophysics community would
be well served by continuing to push for
a capability similar to this.

As shown in Figure 5, the proposed ob-
servatory network would consist of ap-
proximately 30 flagship observatory
sites, supported by a similar number of
simpler instrument outposts. The array
would extend from Thule, Greenland,
running down through Canada and the
Americas to southern Argentina, with ob-
servational coverage spanning altitudes
from ~80 to several hundred kilometers.
It would span most geomagnetically rele-
vant latitudes.

Observatory instruments would charac-
terize winds, temperatures and electrody-
namics within the thermosphere and ion-
osphere, as well as the drivers from
above and below. A baseline suite of in-
struments to be deployed is shown in Ta-
ble 1, along with their corresponding
measurement characteristics. We empha-
size, however, that the observatories
would be established as general purpose
facilities. Many other instruments could
be accommodated either in addition to, or
in place of, the baseline suite. The obser-
vatory buildings and instruments within
would use existing, proven designs and
providers with field experience, allowing
for a low-risk, “shovel ready” project.



Instrument/Parameter Field-of-View Typical Resolution Uncertainty
SDI/wind & temp @ h=120 km Circular, 750 km H:60 km, t:2-20 min +5m/s;+10K
SDI/wind & temp @ h=240 km Circular, 1400 km H:115 km, t:2-20 min +5m/s; 220K
FPI/wind & temp @ h=240 km NESW @ 45° H:500 km, t:2-30 min +5m/s;+15K
All-Sky Imager/840 nm intensity Circular, 520 km H:2km, t:10 sec +1% relative
All-Sky Imager/558 nm intensity Circular, 600 km H:2km, t:10-240 sec +1% relative
All-Sky Imager/630 nm intensity Circular, 1400 km H:2-4km, t:10-240 sec +1% relative
All-Sky Imager/589 nm intensity Circular, 600 km H:2km, t:10-240 sec +1% relative
AMTM/Temperature @ h=87 km Rectangular,180x144km H:600 m, t:30 sec +2K
SuperDARN/Plasma velocity Fan, 54°x3599 km H:45 km, t:2 min +45
SIMO/Winds @ h=80-100 km Circular, 400 km V:2km, t:1 hour +2km
MIMO/Winds @ h=80-100 km Elongated, 400x2400km H:15km,V:1km,t:30min  +15k
GNSS RX/TEC, Scintillations Circular, 150° full-angle t:1Hz TEC; 50Hz Scint +1%
Magnetometer, B-field variations Local t:1 sec +1nT
lonosonde/Elec Den @80-400km Vertical Profile t:15 min Varies
Table 1: Baseline instruments and measurement characteristics. SDI: Scanning (all sky)
Doppler Imager [Dhadly & Conde, 2016; Conde et al., 2018]; FPI: Fabry-Perot Interferom-
eter [Makela et al., 2009, 2011, 2012; Zhang et al., 2013, Harding et al., 2014, 2015; Chart-
ier et al., 2015]; AMTM: Advanced Mesospheric Temperature Mapper [Fritts et al., 2014;
Pendelton et al., 2014; Negale et al., 2018]; SIMO: monostatic mesospheric meteor radar;
MIMO: Multistatic meteor radar [Chau et al., 2017, 2018; Vierinen et al., 2016, 2019];
GNSS: Global Navigation Satellite System; TEC: ionospheric Total Electron Content [Zou
etal., 2013].

Flagship observatories would be based on customized 8'%20' shipping containers, as shown in
Figure 6. Outposts will be simpler 8'<8' enclosures. Both are available from US vendors. They
would be fitted for human occupancy, with insulation and climate control for both arctic and
tropical conditions, and configured for easy transport by sea, road, or rail. Specific instruments
deployed at each site will be determined by (1) the relative importance of the various drivers af-
fecting the SAIR at that geographic location, and (2) avoiding duplication of existing nearby in-
struments with similar capabilities. The observatories are designed to be easily relocatable

should the need arise during the life of this project. Monte-Carlo simulations indicate that 50% of
the time, 72% of the proposed sites will either be clear or at most partly cloudy.

These observatories would build on the prior success of smaller ionospheric sensor arrays, such
as SuperDARN, GNSS, and regional optical networks in North and South America [Bust et al.,
2007; Zou et al., 2013; Martinis et al., 2018, and Lyons et al., 2019.] However, it would vastly
extend both the geographic coverage and physical domain of the measurements, and address the
full gamut of fundamental research spanning the middle atmosphere, through the SAIR, and up
into the magnetosphere. It would determine the roles of and balance between upward and down-
ward energy and momentum forcing of weather in the SAIR region. The multitude of parameters



measured simultaneously at so many locations would impose far tighter constraints on the state
of the SAIR than would arise if “system knowledge” simply scaled linearly with the number of
measurements. It would revolutionize our instrumental view of the SAIR and, for the first time,
enable characterization of the multi-scale SAIR state evolving across longitude, latitude, alti-
tude, and time.

3. Urgency of Need for the Proposed Infrastructure

The pressing need for this capability has been identified in a series of Geospace Science commu-
nity planning documents, including the previous Decadal Survey for Solar and Space Physics

[2013], the National Space Weather Action Plan [2015], and
the NSF Portfolio Review of the Geospace Section of the Di-
vision of Atmospheric and Geospace Science [NSF, 2016]. In
particular, the previous 2013 Decadal Survey noted that: “Pro-
cesses central to AIM [Atmosphere-lonosphere-Magneto-
sphere] science are multiscale in nature, with global features
that extend from the equator to the poles together with local
features such as embedded small-scale irregularities that in-
termittently affect communications.” To characterize these
processes, the 2013 Decadal Survey recommended that the
Heliophysics community should:

“Develop, deploy, and operate a network of 40 or more au-
tonomous observing stations extending from pole to pole
through the (North and South) American longitudinal sec-
tor. The network nodes should be populated with heteroge-
neous instrumentation capable of measurements including

winds, temperatures, emissions, scintillations, and plasma Figure 6: A container lab un-
parameters, for study of a variety of local and regional ion- | der construction in July 2022.
osphere-thermosphere phenomena over extended latitudi-

nal ranges.”

Given this strong prior recommendation, together with the Heliophysics community’s need to
support the forthcoming GDC and DYNAMIC missions, it is expected that other white papers
may be submitted suggesting comparable efforts. If so, this would strongly demonstrate the wide
community support for an extended network of ground-based SAIR monitoring observatories.

4. Implementation

The deployment proposed here would involve numerous technical, logistic, and regulatory tasks
that would require a dedicated Science Support contractor. NSF has worked previously with vari-
ous contractors to create similar large networks — such as EarthScope or NEON. Lessons learned
from these projects would be available to guide this project. Also, the previous NSF proposal did
develop plans for implementation, including the observatory design and fabrication, scalability
of base units, site permitting, environmental & cultural impacts, logistics to ship, install, & com-
mission the observatories and instruments, maintenance & management of spares, required
cyber-infrastructure, collaboration with partners and end-users, and overall project management.
Numerous beneficial broader impacts were also identified. Once established, operation and
maintenance of the network would be supported similarly to other NSF large-scale facilities.
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