
Dayside Plasma Flows and Ion Heating in
the Polar Cap

Leslie Lamarche1, Roger Varney1, Ashton Reimer1

(1) SRI International, Menlo Park, CA, USA

2022 CEDAR Workshop
Austin, Texas

June 19 – June 24, 2022



Introduction

▶ Frictional or Joule heating is an important factor in energy
deposition in the polar cap ionosphere (Richmond and Thayer, 2013)

▶ Heating can cause ion outflow, which contributes to
magnetosphere-ionosphere coupling dynamics (Howarth and Yau,
2008)

▶ The Resolute Bay Incoherent Scatter Radar (RISR) is located deep
in the polar cap at 82◦ MLAT and ideally located for observing
Joule heating and ion outflow polewards of the cusp (Bahcivan
et al., 2010)

▶ We examine ion heating events observed by RISR in the polar cap
and if they can be fully explained by models driven by regional
convection and precipitation



Resolute Bay Incoherent Scatter Radar North (RISR-N)

▶ RISR-N is a ground-based electronically steerable incoherent scatter
radar in Resolute Bay, Canada

▶ Measures plasma density, velocity, and temperatures in 3D volume
▶ Ideal for imaging large-scale (50–500 km) polar cap dynamics



Ion Heating at RISR

(Clauer et al., 2016)



Convection Climatology in the Polar Cap
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Figure 6. Statistical convection patterns for 3.0 ! Esw < 20.0 mV/m and neutral tilt, in the same format as Figure 5.
MLT = magnetic local time.

the dawn convection cell increases in strength and rotates toward earlier MLTs with increasing dipole tilt
angle (particularly for IMF By!). Conversely, the dusk cell strengthens with decreasing dipole tilt angle
(particularly for IMF By+). These By/tilt dependencies become less apparent for the larger Esw magnitude bins
(> 2.1 mV/m). Under northward IMF Bz conditions the reverse convection cells increase in strength as dipole
tilt progresses from negative (winter-like) to positive (summer-like) angles. The sunward flows are aligned
with the noon-midnight meridian for neutral and positive tilt angles, while for negative tilt they are oriented
toward earlier MLTs.

Table 2 lists the "PC values associated with each discrete convection pattern across all model Esw, clock angle,
and dipole tilt bins. Here we can see the trend of increasing "PC from negative to positive dipole tilt for north-
ward IMF Bz components. For southward IMF Bz orientations, the greatest "PC values are associated with
neutral dipole tilt conditions. The By dominant patterns also indicate larger "PC values for neutral tilt, except
for the largest Esw magnitude bin where they are instead found for positive dipole tilt.

So far, we have presented our statistical model in terms of discrete patterns of ionospheric convection.
One may also apply the trilinear interpolation technique described by Cousins and Shepherd (2010) to achieve
more dynamical results. Using this technique, intermediate patterns and/or values of "PC are obtained by
linearly interpolating between model coe!cients for adjacent Esw, !clk, and dipole tilt bins. Map Potential
can use this trilinear interpolation to avoid discontinuities as solar wind conditions vary from one model
pattern to the next. Cousins and Shepherd (2010) were unable to derive Bz!patterns for their strongest Esw bin
(" 4.1 mV/m) due to insu!cient data coverage, limiting the ability to interpolate between CS10 model bins
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(Thomas and Sheperd, 2018)
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Figure 12. Polar wind vector plots for various UTs (0, 8 and 16) and Kp (2 and 5) for northern (top two rows) and
southern (bottom two rows) high latitudes as function of MLAT and MLT.
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(Dhadly et al., 2019)



Statistical Convection for Northwards IMF
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Fig. 1. Potential patterns of the Northern Hemisphere for a series of clock angle positions close to northward IMF. The running clock angle
sector is indicated in the upper right corner of each panel with the orange sector in the Byz-plane. The individual panels within magnetic
latitude/MLT circles with an outer border at 60� show the development of the 4-cell-potential pattern for purely northward IMF in panel (e),
continuing with increasing (decreasing) clock angles in the positions ±10� (f, d), ±20� (g, c), ±30� (h, b) to the 2-cell-potential patterns
in the panels (i) and (a), respectively, with IMFBy+ (IMFBy�) orientations (±90� clock angle). The potentials are color-coded according
to the scales below the panels; they range all from �10 kV to +10 kV except for panel (a) and (i) with their �15 kV to +15 kV ranges. The
spacing between the isolines is 1 kV for panels (b) to (h) and 2 kV for panels (a) and (i).
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Fig. 1. Continued.

these intervals as well. The data coverage of ACE observa-
tions is about 80%.

3 Data processing

We are investigating the IMF dependence of the high-latitude
plasma convection, in particular for northward IMF, by sort-
ing the data with respect to the IMF clock angle ✓ . It is
defined as the angle between the GSM z-axis and the IMF
magnetic field vector in the GSM y-z-plane with positive
clock angle values for positive IMFBy+. For our statisti-
cal analysis, we are using clock angle sector intervals that
are 45� wide. The central angle of the sector interval defines
the IMF clock angle for the detailed analysis in the subse-
quent sections. The sector width is the same as used in the
studies of Haaland et al. (2007) and Förster et al. (2007).
Instead of their 8 discrete IMF clock angle sectors, we will

look at varying clock angle dependencies by scanning a cer-
tain range continuously with the 45�-wide opening.

Using the phase front technique and propagating the ob-
servations of the ACE monitor with the carefully determined
delay times to the magnetopause, we have a properly defined
solar wind and IMF data set at our disposal, which serves in
a two-fold manner in the further processing.

First, the EDI observations are sorted according to the IMF
orientation, while filtering them at the same time for peri-
ods of sufficiently stable IMF orientations. To obtain this,
we applied a so-called “bias filter technique” (see Haaland
et al., 2007, illustrated there in Fig. 3) to the time-shifted
ACE IMF vector data that were re-sampled again to a 1-min
time resolution at their target point, the front side magne-
topause. For this study, we used a moving box-car interval
of 30min length to find running averages of the normalised
IMF vectors in the GSM y-z-plane. The resulting average
vector is referred to as the “bias vector”. The bias vector is

www.ann-geophys.net/26/2685/2008/ Ann. Geophys., 26, 2685–2700, 2008

Polar cap convection patterns from Cluster EDI electron drift
observations (Förster et al., 2008). Dayside potential patterns are
complex, and likely lead to shears and mesoscale flow structuring.



Heating Statistics at RISR

1. Walk the RISR-N database from January 2010 – February 2020 for
long-pulse experiments

2. Filter out data points with a large error or “poor fit”

3. Post-integrate all experiments to 5 minute cadence

4. Extract the median plasma parameters (Ne , Ti , Te) between
300-400 km in the highest elevation beam

5. Use a similar procedure to extract the 3D plasma drift velocity from
the RISR-N resolved velocities database (Heinselman and Nicolls,
2008)

6. Compute netural temperature and velocity from empirical models

7. Bin data in MLT and IMF clock angle (θc = 0 corresponds to
northwards IMF)

8. Average median ion temperature in each bin



Relative Temperature Enhancements

▶ Ti from RISR-N

▶ Tn from MSIS-E

On average, both ion temperatures and relative ion temperature are
enhanced in the noon sector under northwards IMF.



Relative Velocity Enhancements

▶ V⃗i from RISR-N

▶ V⃗n from HL-TWiM

The relative ion velocity is enhanced in the noon sector under northwards
IMF, suggesting the ion velocity routinely opposes the statistical neutral
velocity.



IPWM

▶ The Ionosphere/Polar Wind Model (IPWM) is a 3D model of plasma
dynamics and ion outflow in the polar cap (Varney et al., 2015)

▶ Solves eight-moment transport equations for H+, He+, and O+ (4S)
and calculates photochemistry for six other species (Varney et al.,
2016)

▶ Nonorthogonal magnetic dipole coordinate system on approximately
2◦ grid

▶ Neutral thermospheric parameters from NRLMSISE-00 (Picone
et al., 2002), neutral winds from HL-TWIM (Dhadly et al., 2019),
and solar EUV spectrum from HUEVAC (Richards et al., 2006)

▶ Particle precipitation and plasma convection are driven by empirical
or assimilative models to represent realistic conditions



Particle Precipitation - Ovation Prime

▶ Ovation Prime is a model of
discrete and diffuse auroral
precipitation, predicting total
energy flux, total number flux,
and average characteristic
energy (Newell et al., 2009,
2010)

▶ Includes mono-energetic and
broadband precipitation,
primarily in cusp and auroral
region

▶ Based on decades of DMSP
particle energy data

(Newell et al., 2009)



Plasma Convection - SuperDARN

▶ The Super Dual Auroral Radar
Network (SuperDARN) includes
a network of high-latitude HF
ionospheric radars (Greenwald
et al., 1995)

▶ Line-of-sight velocities
measured by individual radars
can be inverted to determine
the likely convection pattern
over the polar cap

▶ When backscatter is not
observed, a statistical pattern is
used (Thomas and Sheperd,
2018)

[http://vt.superdarn.org/]



IPWM Results



IPWM Comparison with RISR

IPWM significantly underestimates the ion temperature during heating
events.



Ion Energy Equation

T̃i = Tn +
mn

3kB

∣∣∣V⃗i − V⃗n

∣∣∣2 (1)

▶ Reasonable approximation of the ion energy equation in the F-region
(St.-Maurice and Hanson, 1982)

▶ Joule heating rates are equivalent to frictional heating rates under
F-region assumptions (Thayer and Semeter, 2004)

▶ To first order in the F-region, the ion temperature is predominantly
determined by the ion-neutral velocity difference

Examine the importance of mesoscale flows by comparing T̃i calculated
from the ion energy equation using V⃗i from SuperDARN convection maps
(global scale) and RISR (mesoscale) against the measured RISR Ti .



Joule Heating from Ion Energy Equation



Conclusions

▶ Ion heating is often observed by RISR, particularly in the noon
sector under IMF Bz northwards conditions

▶ Sunwards flows driven by reconnection in the lobe may be associated
with heating events

▶ Driving IPWM with global-scale convection and precipitation does
not produce the extreme heating observed by RISR

▶ This suggests there are additional factors important for ion heating
that are not fully captured by the model and require further
investigation
▶ Small- and mesoscale flows are not traditionally captured in

global-scale convection
▶ Neutral winds that oppose the plasma drift velocity can cause

enhanced heating
▶ Small-scale precipitation features not captured by global models may

enhance conductance
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