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General Interest Areas

What if we aimed to
understand a general
evolution of the ionosphere
as opposed to focusing on

phenomena that may or
may not happen?

Travelling lonospheric
Disturbances (TIDs)
Decaying Layers .

Sporadic E (Es) Layers

Transition between E and F
Regions

F-region Advection

The goal of this experiment is to gain a general understanding
of how the E and F regions examining the temporal and spatial
evolution of the E/F-region lonosphere.
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Experiment Setup

Ve

E and F Region Observations

PFISR2 Mode
® Long Pulse (F-region)
e Alternating Codes (E-Region)

Long Pulse (480 us):

Good for F-region observations where
there is a larger scale height and the
electron density is lower.

Alternating Code:

Good for E-region observations where the
scale height is smaller and more structure
is present.

lonosphere - F Layer

Thermosphere

lonosphere - E Layer

lonosphere - D Layer
Mesosphere

Troposphere

UCAR
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Experiment Setup

Ve

Temporal and Spatial Observations

® 8 Beams
e Daytime Experiment
® 5 min 2 Integration Time 2 1 min

Spatial Resolution
Beams selected to be similar to Nicolls and
Heinselman, 2007 (TIDs). |_‘

® Increasing the number of beams gives a higher
spatial resolution at the cost of a lower temporal
resolution. s

Temporal Resolution 274 ]

Daytime Experiment
® Better signal to noise ratio due to the higher
densities allowing for shorter integration.

Use shorter integrations times since
temporal resolution decreases with
increasing integration time.

Mag. Long. (degrees)

6l6 6I7 6l8 6I9 7IO
Mag. Lat. (degrees)
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Experiment Conditions

Experiment Start: 2026-07-21 00:00:00 UT
(2026-07-20 16:00:00 AKDT)

Experiment End: 2026-07-21 02:00:00 UT
(2026-07-20 18:00:00 AKDT)

In general, conditions were quiet and
stable with little to no geomagnetic
activity. This timeframe is a good
measure of background ionospheric
conditions that could be used to
compare with predicted elevated
conditions in the near future.

/

2026-07-21 00:00Z

Plasma Density (/cm”)

~ 15 | EARTH )

; P T Conditions

— e No Solar Flares or CMEs

Prior or During the
Experiment

e No Proton Events
e Quiet Geomagnetic

v Conditions
b , o Ap=4

Space Weather Prediction Center Run Time: 2026-07-21 00:00Z Mode: Ambient Image Created: 2026-07-21 01:26Z

SWPC WSA-Enlil Model
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Data Products

15 Data Files
® 6 Alternating Code
® 6 Long Pulse
e 3 Long Pulse Vectors

} E-Region

} F-Region

Product

Parameters

Available Integration Times [min]

Alternating Code (AC)

N,T,T,v
e’ e 'V Tlos

1,3,5,10,15, 20

Long Pulse (LP)

N, T,T,v
e’ el i

los

1,3,5,10,15, 20

LP Vectors

vels

1,3,5
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The radar was stable, and the ionosphere remained sunlit

'I\E/pr:jeriment 2I3()I:2IgOIR’7221LCI)30-|1- AC * LP: primary F-region product.
ode : VA ! o
Interval 00:01-01:59 UT AC: E/lower-F product; noisier here.

Beams 8 » Separate 1-, 3-, and 5-min fits.

Mean power 0.930 MW
Local solar time 14.07-16.05 h
Solar zenith 49.2-59.4°

Run quality and observing geometry

Transmitter power Array health
3500 1
0.9325 - 9
— K=
2 0.9300 = 3000 -
c
= Q
@ 0.9275 | < —_—Tx
= K0 — RX
o .
20,9250 - o 2500
X >
& £
0.9225 2 5000
0.9200 1
Still sunlit: SZA 49° to 59° Afternoon-sector coverage
o 16.0 1 — solar
g 4 - magnetic
o) . v 15.5
g 3
© (]
£ 544 £ 14.5 -
£ =
N 52 © 14.0 -
— o
© -
° 13.5 4
S 501
00:00 00:30 01:00 01:30 02:00 00:00 00:30 01:00 01:30 02:00

uT 2026-jul-21 uT 2026-Jul-21




The radar was stable, and the ionosphere remained sunlit

One, three, and five minutes: precision improves, but time resolution is spent

LP at 275 km AC at 150 km
: —— N, —o=T, —o=T. ——N. —=T —o=T.

0:6 1.8+ :
5 5
= o 1.6
<05 5 !
c c
el 2 144
k9] o
£ 041 -
© ©
E E
£ 03 & 1.01
c =
© ©
] T 0.8
] ]
= 0.2 = =

0.6 4

220 -8 dVios 3307 -8~ dVios
7S ~=- 1-min errorVT @ 325 B ~==- 1-min error'T
E 200 ———Nn—"99———"8—————— "+ e chosen 3-min product E o ey s chosen 3-min product
§ § 300 +
@ 180 A @
z > 275
§ 160 - E
[ o 250
> >
© ©
£ 140 A E 2251
o o
= c 200
g 120 A ;g
@ [}
= s 1751

100 -

150 A
1 3 5 1

Fitted integration length (min)

Dashed: 1-min formal error scaled by 1/sqrt{T}
LP: follows ideal scaling within a few percent
AC:AC has lower SNR

Choice: 3 min balances precision and time
resolution
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F-region structure remains stable after QC

LONG-PULSE 3-min N. (m~3): inspect the fit before and after QC

63197 NW 66° 63197 NW 66° 63197 NW 66° 63239 Outer NW 59° 63239 Outer NW 59° 63239 Outer NW 59°
FORMAL ERROR QC-MASKED RAW FORMAL ERROR QC-MASKED
= 7 = = r =
. . BF ~ i I B =
= - ] ) L Y
~ 350 _| | g = B 1 . .
o 300 1 - o 1 1 LB
3 E '
Z 2501 | 1 1 = 1 —
200 A 1 1 g 1 1
150 ———r i . . . B B EE —~ — - . : ‘ ~ . —
63365 East 66° 63365 East 66° 63401 Outer East 59° 63401 Outer East 59°
FORMAL ERROR QC-MASKED FORMAL ERROR QC-MASKED
¥ - S
5
i 1l 2

Rl |
QC: finite Wd e b ' : | FREE
N_e>0 and = :
dN_e/N_e < 2001 | _ |
Stable F-region —

FORMAL ERROR QC-MASKED RAW FORMAL ERROR QC-MASKED

Altitude (km)
Altitude (km)

1 T g ) '] ‘ = . . -— 2
maximum near - P s e T ] .-
: e o g i L
250-320 km et Pl A Fo Bl =1
. 3504 H e 1 1 H L 1 1
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2 =
o 300 1 1 1 o 1 1
o O
2 E |
= = 4 J [
Z 250 1 1 g =
200 1 1 g 1 | g
i | ‘ | |
f i | | i
150 RS | Y Bagd | R i W Rl E L ha WE N TR L,
64055 Central 64° 64055 Central 64° 64055 Central 64° 64157 Up-B 64157 Up-B
FORMAL ERROR QC-MASKED FORMAL ERROR QC-MASKED
By e L T S
1= o == O oy 1= 158 iy =
- k < e y e B e LeT Py i
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Eight-beam LP comparisons

Ne (m™3)
Altitude (km)

Te (K) Ti (K)
Altitude (km)

Altitude (km)

Vios (ms™?)
Altitude (km)

63197 — NW 66°
Az -35.1°, El 66.2°

Outer west/east beam comparison

QC-masked 3-min LP fits; each column is one measured beam

63239 — Outer NW 59°

Az -16.2°, EI 58.7°

e

63365 — East 66°

Az 76.1°, EI 66.2°

63401 — Outer East 59°

Az 57.2°, EI 58.7°

T i

w
400 4 = = - - = - =
- = E o =
3501 B - . ] s 2 u ¥ B - = -
1 = -y w | = . =a = - bl
300 1 o & & =
] . n = ] - =
= = ™ -

250 =
200 4
150 T T T T T T T T T T T T -

00:30 01:00 01:30 02:00 00:30 01:00 01:30 02:00 00:30 01:00 01:30 02:00 00:30 01:00 01:30 02:00

uT 2026-jul-21 uT 2026-Jul-21 uT 2026-Jul-21 uT 2026-jul-21
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Large formal errors

Beam 63239 plasma state near 275 km
nearest measured LP gate: 277.0 km altitude (321.1 km slant range)

10 T
i raw»ﬁnite 1-min fit == QC-screened 3-min fit --- largest retained |VLOS|

— 8 ! 3-min formal 1o
F o s
g 4 * N = (2.49 £ 1.08)
* 2 x1011 m™3

0 ; - . . ‘ | oT; = 2742 + 2327 K:
3000 ; rejected

T, =931+1109
o 2000 A

*VLos = 599 £ 227m/s.
e Gate power SNR: 0.116.
¢ Single beam and narrow

altitude interval.

Ti(
-
o
I3
S

4000 -

~ 3000 A
¥

Te (

2000 A

1000 +

500 A1

{

A B Ao A ATAN A K
S A A TSP T A/ N

{
4

Vios (ms™)
=

—500 A

00:00 00:30 01:00 01:30 02:00
uT 2026-Jul-21

ISR Summer School - 2026



Comparison of PFISR and Digisonde During Sporadic E Event

Motivation
e Can PFISR observe the evolution of a Digisonde-observed sporadic E (Es) event?
e Compare the temporal evolution of E-region electron density measured by PFISR
with Digisonde observations.

/7 Lowell GIRO Data Center Station YYYY DAY  DDD HHMMSS P1_FFS S AXN PPS IGA PS Digisonde
Eielson 2026 Jul2l 202 000000 RSF 1 712 100 03+ CO

foF2 6.000 13575
foF1 4.65 E : .
foF1p 3.93 3 ' Measured:
fot 3-98 42003 - - - - - ‘
foEp 2.84 E Ly
# 6.78 E e foEs (critical frequency)
_oEs 3.60 11004 } | | | | i .

; 2.00 - x- | e  h'Es (virtual height)
MUF(D)  17.912 10007
M(D) 2.99 3 - - - - - - .
D 3000.0 900 . - . | . . . Derived:
h'F 200.0 3 10 2
h*F2 390.0 8004 f— ( )
n 5 o N, = 1.24 X 10*" (foEs
hmF2 265.9 R . .
hmF1 163.4 goo4 i Outputs:
hme 94.5 E ;
yF2 109.7 3 i | .
yEL 53.4 A003 £ e  Peak electron density
y S 3 R
BO 185.3 4007 ° h'Es
Bl 1.46 3
C-level 11 3007
Auto: —
Artists 200 _
500200 = Maximum foEs : 3.60 MHz

803 - — T T T T T T T T ini .
! 1 T L iz i 3 4 = - S Mlnlmum foEs : 2.85 MHz

D 100 200 400 600 800 1000 1500 3000 [km] Maximum Peak Ne : 1.61e+11 m”*-3
MUF 6.7 6.8 7.0 7.5 8.0 8.9 11.5 17.9 [MHz] DIDBasePortal Servlet 0.1 .. . A
db ei764 20260721 000000.rsf / 401fx512h S kHz 2.5 km / DPS-4D EI764 64 / 64.7 N 212.9 E Minimum Peak Ne : 1.01e+11 m”-3
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Temporal Evolution of E-region Electron Density

Evolution of the Sporadic-E Layer Derived from Digisonde

Comparison of Digisonde and PFISR Electron Density Evolution

3.4 Digisonde-Derived Sporadic-E Peak Electron Density
ﬂﬁ ) 1.6 ® pe ® Digisonde
k% 32 == |inear Trend
- 157
3.0 '\,...—0 LE 1.4
1.6 g 1.3
1.5 Zm
=14 5 1.2
ey
1.1 0
10 .\-—-"" '
1.0 181 - hd e PFISR
08 F—‘\‘/‘\‘\Q/’\‘_‘—Q—o\‘__‘ "T %o o ° = © == |inear Trend
Eg 0.6 —_— AE 1.7
gg 0.4 g 1.6
0.2 .*51_5_
0.0 é) 1.4
w //
= 104 00:00 00:15 00:30 OO:‘AS 01:‘00 01;15 01:‘30 01‘45 OZ;OO
102 uTC
o 00:00 0015 00:30 0045 01:00 0115 01:30
Category Digisonde PFISR
Digisonde Peak Ne decreases during the event.
Selected h'Es=102-112  108.27 km PFISR electron density at 108.3 km also decreases.
Altitude km s/Bert?ml()Mom’ e PFISR measurements are consistent with the large-scale
ertica

Maximum (Ne)
Minimum (Ne)

Linear Trend

1.61x10" m=

1.01 x 10" m™

-0.309 x 10"
m=2 hr

1.83 x 10" m™

1.16 x 10" m™

-0.174 x 10"
m=3 hr'

evolution of the E-region during the Digisonde-observed
sporadic E event.

e Decreasing solar EUV production together with ongoing
chemical loss and plasma transport can lead to a gradual
reduction in E-region electron density.
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Tracing the Sporadic E Layer Using PFISR

Objective
Investigate whether the PFISR alternating-code observations can directly identify the sporadic E
(Es) layer observed by the Digisonde.

Midlatitude Sporadic E Layers 449 . . .
Time Resolution 3 min: AC data smoothed over 5 samples
Arecibo ISR : Aug. 1, 1992 Arecibo ISR : Aug. 2, 1992
log10 (Ne) logio (dNe/dz), positive only
£ 11.50 u _—
= 1125 |
=4 25 11.00 LB | 65
'T g% 10.75
% e mé 10.50 6:0
%‘D 2 10.25 -
2
=
ONE LT DAY ONE LT DAY . . .
_ Time Resolution 5 min: AC data smoothed over 5 samples
. Arecibo ISR : Apr. 12, 1988 Arecibo ISR : Apr. 13, 1988 10910 (Ne) log10 (dNe/dz), positive only
i~} & ' £ 7.0
=) 140 11.25
o =
"l‘ BiE‘ 156 11.00 6.5
g §§ 10.75 60
o < 100 10.50
= t 5.5
) o 10.25
= e 1 80
ONE LT DAY ONE LT DAY H
Es layer peak tracing results
Fig. 4 Arecibo incoherent scatter radar HTI (height-local day time-log(d Ne/dz) intensity) plots for 2 time
intervals, each made of two consecutive day continuous radar runs. The local day Ej traces display a regular Beam 64016
and repeating pattern in layer occurrence and altitude descent that follows diurnal and semidiurnal tidal-like 120 ” = TR
periodicities . -
[Haldoupis, 2012] |
110 g

=
=)
a

PFISR did not directly resolve the thin Es layer, ‘u

Altitude (km)
-
[=]
o

©
o

e PFISR vertical resolution = 4 km o . B | a N
. TypiCal ES Iayer thiCkneSS z 1_3 km 8 2106:15 210‘0:30 210‘0:45 210‘1:00 210‘1:15 210‘1:30 210‘1:45

ut
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Ne (m~?)

Ne (m—3)

Electron Density Evolution Across PFISR Beams at ~150 km

E-region Electron Density Across Beams

lell Beam 63197 (Az: -35.09°, El: 66.19°) Beam 63239 (Az: -16.23°, El: 58.68°) Beam 63365 (Az: 76.09°, El: 66.19°) Beam 63401 (Az: 57.23°, El: 58.68°)
6 T T
== Linear Fit == Linear Fit == Linear Fit == Linear Fit
—+— Beam 63197 (~150 km) —+— Beam 63239 (~150 km) —+— Beam 63365 (~150 km) —+— Beam 63401 (~150 km)
5 4
4144 N = \ \/ o
i [
E E £ M-+l b | E
3 FA-L L do = E T5) N | W Y N . . T
TR NS AL- HIH
N AT
21 TN 1
1 T T T T T T T T T v T
00:00 00:30 01:00 01:30 02:00 00:00 00:30 01:00 01:30 02:00 00:00 00:30 01:00 01:30 02:00 00:00 00:30 01:00 01:30 02:00
uT ut ut ut
lell Beam 64016 (Az: 14.04°, El: 90.0°) Beam 64037 (Az: 20.5°, El: 76.0°) Beam 64055 (Az: 20.5°, El: 64.0°) Beam 64157 (Az: -154.3°, El: 77.5°)
6
== Linear fit == Linear Fit == Linear Fit == Linear Fit
=+ Beam 64016 (~150 km) =+ Beam 64037 (~150 km) =+ Beam 64055 (~150 km) —+— Beam 64157 (~150 km)
5
44 ~ -~ P
T Gy T
E E E
N ] o [ L ]
3 444 ""--S:':’_‘ // z - 28 ASEYIERNY -
21 / \
1 T T T T T T T T T T
00:00 00:30 01:00 01:30 02:00 00:00 00:30 01:00 01:30 02:00 00:00 00:30 01:00 01:30 02:00 00:00 00:30 02:00
ut ut ur
Observations

e  Electron density at ~150 km generally decreases during the 2-hour observation period.
e Negative linear trends are observed in most beam directions.
e  Temporal variability differs among beams because they sample different regions of the ionosphere.

Scientific Interpretation

Although sporadic E is confined to ~90-120 km, the widespread decrease in electron density observed across all PFISR beams at
~150 km suggests that the ionosphere was undergoing regional evolution during the observation period. The concurrent decrease near
the Es altitude is therefore consistent with a background reduction in ionospheric electron density.
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A faint plasma-line appears in two look direction

Receiver offset (MHz)
Receiver offset (MHz)

Vertical beam 64016

High-elevation beam 64037, 76°
Selected altitudes: 260-295 km

3000 5000
Seconds from start Seconds from start

L1 spectrum | beam 5/64037 | gate 15 (281.4 km slant) | £1.5x107

L1 spectrum | beam 5/64037 | gate 14 (259.9 km slant) | £1.5x107

Receiver offset (MHz)
Receiver offset (MHz)

2000 3000 4000 2000 3000 4000 5000 6000
Seconds from start Seconds from start
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lon-line measurements predict the plasma-line frequency

3k’kpT.

(27)%m,
e

thermal correction

fi=fo+

S

magnetic/geometry correction

Cold density Warm-electron Magnetic / geometry
f pe? Bohm-Gross correction f ce?(1-k_//?
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Formal ion-line errors explain the prediction offset

L1 + predic

Black line: central prediction f},
Gray band: f; + 1oy,
Propagated from dN,and dN,

=
T
£
-t
2
£
13
—
o
2
]
9
2

3000 4000 5000 6000
Seconds from start




Observations: Vector Velocity Evolution (Long Pulse)

4 I Long Pulse Line-of-Sight Velocity Profiles Across Time and Beams (3 minute integration)
W B Mot Besin sk B

e 3 evenly spaced time -
periods .

e West, North, and East < 201
beams with 3 minute
integration - focussing o 1000 100 <100 -1000 500 0 0 100 1500 -I1500 -1000 500
on F-region
ionosphere By

e All 3 beam show ‘
minimal variation
about zero until the 161;00 T P e o Ao =1t e e I b mto <l e e b Y
final time step g = —

e Velocity fields at final § 2]
time step show a £
perturbation linking
to the plasma line IR —— N W SE— N, C——
de p letion Line-of-Sight Velocity v, (m/s) Line-of-Sight Velocity v (m/s) Line-of-Sight Velocity v, (m/s)
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Observations: Vector Velocity Evolution (Long Pulse)

e N\

Time evolution of lon pulse vector velocity (3 minute integrated)

Steep gradient of activity towards end of simulation

A\ J
East & West Beam Velocity Evolution North Beam Velocity Evolution
Time: 00:00:48 UT Time: 00:00:48 UT
300 300
East Beam —e— North Beam
—=— West Beam
280 1 280 1
260 1 260 1
240 1 240 1
E €
= =
[ Q
3 3
£ 220 A = 2204
= =
< <
200 + 200 4
180 180
160 - 160
-1500 -1000 -500 0 500 1000 1500 -1500 -1000 -500 0 500 1000 1500
Line-of-Sight Velocity v, (m/s) Line-of-Sight Velocity v, (m/s)
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Observations: Vector Velocity Evolution (Alternating Code)

-

E-region velocity
fields with
alternating code

Again, low activity
varying about Om/s
until final timestep,
peaking over 500m/s

This could suggest a
vertically
propagating wave to
the F-region
ionosphere

Altitude (km)

Altitude (km)

Altitude (km)

150

Alternating Code Line-of-Sight Velocity Profiles Across Time and Beams

West Beam

North Beam

East Beam

00:00:48 UT

140 -
130
120
110
100

90

[

00:00:48 UT]

00:00:48 UT)

80 T
-1500 -1000

150

-500 0 500 1000 1500

-1500 -1000

-500 0 500

1000

1500 -1500 —1000

-500 0 500

1000

1500

01:01:37 UT|

140
130
120
110
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80
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-500 ) 500 1000 1500
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-500 0 500

1000

1500

150
140
130

120

110

100

90

01:59:24 UT)]
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2

80 T
-1500 -1000

T T T
-500 0 500 1000
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Observations: Vector Velocity Evolution (Alternating Code)

Larger uncertainty at lower altitudes

| Increased variability seen on final timestamp

Time evolution of alternating code vector velocities (3 minute integration)

East & West Beam Velocity Evolution
Time: 00:00:48 UT

180
East Beam
—=— West Beam
160 A
140 A
€
=
]
°
2
£
<C
120 A
100 A
80 T T T T T
—1500 —1000 -500 0 500 1000 1500

Line-of-Sight Velocity v, (m/s)

SR Summer School -

North Beam Velocity Evolution

Time: 00:00:48 UT
180

—e— North Beam

160 +

140 4

Altitude (km)

120 A

100 A

80 T T T T T
—-1500 —1000 -500 0 500 1000 1500

Line-of-Sight Velocity v, (m/s)
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Observations: Ne Comparison North and Vertical Beams

1e12 Electron density at ~280 km

1.0 —4— vertical beam (near-zenith)

e iy B Looking at the last half hour
| | of experiment, north and
vertical beam electron
density overlap suggests
small perturbation in
electron density
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Resolved velocity

Official 3min latitude-binned vector product — bins are magnetic latitude, not altitude
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Resolved velocity

Electric field comes from the official all-look solution

07 VECTOR VELOCITY AND ELECTRIC FIELD

One-minute timing versus three-minute precision in the official all-look solution
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PFISR ISR Summer School 2026 — Group 2

ISR Summer School - 2026

VE =E x B/ B?
El=-v.ixB



Observations: F-region Ne spatial distribution

F-region long-pulse: all eight beams
20260721.001, 3-min fitted product F2 peak-height surface in M
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The eastern side exhibits higher N,, possibly
due to better illumination conditions resulting
greater electron accumulation.

Ne exhibits regional variation.
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Observations: F-region Ne temporal and spatial evolution

PFISR F2 peak-surface evolution - 2026-07-21 00:02 UTC

3-min integration + robust 3-point temporal smoothing - labels are PFISR beam numbers
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https://docs.google.com/file/d/12I46CSRi8KNUHWJHk8I8-UfMOh_rtFSv/preview

Observations: F-region westward flow

Vector Velocities 7-21-2026
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https://docs.google.com/file/d/14XHjct7dt0FmjCp5TQoSUtsSqRhCos4O/preview

Observations: F-region ExB drift and Joule Heating

PFISR E x B plasma drift: eastward and northward components

MLAT median; vector bins with component error =300 m s-* retained | thin: 1-min product | thick: 3-min product
Eastward component V, ¢ Northward component V ,

800 T T
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Joule Heating assuming neutral wind is zero  @; = J op |E + U, xB|?dz

op (z) dz.
1

Peterson Conductivity: ops = Y, =
Toms vi 403 i 05 km

(a) Zero-neutral-wind Joule-heating estimate; shading is spatial IQR
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The partial Pedersen conductance over 105-200 km decreased, indicating a F-region decay within 2

hours.
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Observations: F-region Ti and Te

PFISR height structure of 7, — T; across eight beams

PFISR LP 3-min fits - centered 3-record median after QC « white = missing/rejected
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0 the electrons are likely being
continuously heated.

Altitude {km)

01:00 02:00  00;00 01:00
UT on 2026-07-21 UT on 2026-07-21

ISR Summer School - 2026



The goal of this experiment was to gain a general understanding of how the E
and F regions evolve by examining the temporal and spatial evolution of the
E/F-region lonosphere.

We did this by:

e Designing an experiment to
balance spatial and temporal

observations. - >
e Examining the E-region. . -
o Sporadic-E Questions:

- J

® Examining the plasma line.

® Examining the F-region.
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